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Foreword

We have said hello and good-bye to several NCVS investigators in this reporting period. Don Robin has left
Iowa to assume a position in San Diego. We wish him well. Kirrie Ballard, one of our post-doctoral fellows, had
joined forces with him for a brief period at Iowa, but their on-site collaboration was unfortunately cut short. Two of
their contributions are pre-printed in this volume. Shimon Sapir joined Lori Ramig in Denver for less than a year, but
was very productive as a guest researcher. He is an author on four preprints featured in this volume. Hu Ding has
formally left the University of Utah, but continues to work with Steve Gray at a distance. We wish the best for Shimon
and Hu. Finally, to Nelson Roy, it's hello again. Having been a Ph.D. student in Wisconsin with Diane Bless, Nelson
has now returned to the NCVS by joining the team at Utah with Steve Gray and Marshall Smith. Nelson is an author
of two preprints in this volume.

A unique feature of this volume is an index (by author) of all of the preprints distributed by the NCVS since
its organization in 1990. This includes 14 volumes. The volume and page number is given for every article. We
remind the readers again that we do nor wish these preprints to be cited as publications. This would put us in conflict
with journal editors, who offer peer review of our work.

We welcome comments and suggestions on any of the manuscripts.

Ingo R. Titze, Director
September, 1999
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An Investigation of Cricoarytenoid Joint Mechanics

Using Simulated Muscle Forces

David Berry, Ph.D.
Douglas Montequin, M.A.
Roger Chan, Ph.D.

Ingo Titze, Ph.D.

Department of Speech Pathology and Audiology, The University of lowa

Henry Hoffman, M.D.
Department of Otolaryngology, The University of [owa

Abstract

Rotational and translational stiffnesses were cal-
culated for motion around the cricoarytenoid joint. These
calculations were enabled through excised larynx experi-
ments on 5 human larynxes. Known forces were applied to
the arytenoid cartilage, and three markers were tracked as a
function of the applied forces. Assuming rigid body mo-
tion, arytenoid translations and rotations were computed for
each applied force. Translational stiffnesses were obtained
by plotting force versus displacement, and rotational
stiffnesses were calculated by plotting torque versus angu-
lar rotation. A major finding was that the translational stiff-
ness along the anterior-posterior direction was three times
as great the translational stiffnesses in the other two direc-
tions. This non-isotropic nature of the stiffnesses may be
an important consideration for phonosurgeons who, natu-
rally, wish to avoid subluxation of the cricoarytenoid joint
in patients. The computed rotational and translational
stiffnesses currently are being implemented in a 2D model
of cricoarytenoid joint motion. Because 3D calculations
were obtained, these data should also be useful for future
3D models of the cricoarytenoid joint. These stiffness pa-
rameters have a vital influence on pre-phonatory glottal
shaping, which in turn exerts a major influence on all as-
pects of vocal fold vibration, including fundamental fre-
quency, voice quality, voice register, and phonation thresh-
old pressure.

Introduction

The pre-phonatory shape of the glottis exerts a
major influence on all aspects of vocal fold vibration, in-
cluding fundamental frequency, voice quality, voice regis-
ter, and phonation threshold pressure. Several key that which
influence glottal shape include the mechanical properties
of the laryngeal tissues, muscular contractile forces, and the
stiffness of several joints. The present study is an investi-
gation of cricoarytenoid joint (CAJ) mechanics. Specifi-
cally, the mechanics of the CAJ are studied as a function of
simulated muscle forces.

Many prior investigations on excised larynxes have
documented the motion of the arytenoid cartilage about the
CAJ (Frable, 1961; von Leden & Moore, 1961; Ardan, 1966;
Maue & Dickson, 1971; Sellars & Vaugh, 1981; Sellars &
Sellars, 1983; Neumann et al., 1994). Fortunately, most of
these studies report similar findings. They agree that the
principal motion of the arytenoid cartilage is a rocking about
aroughly longitudinal axis of the cricoid cartilage, as well
as a sliding motion along this axis. However, most of these
studies have been qualitative in nature. Although Sellars &
Vaughn (1981) and Neuman et al. (1994) are notable ex-
ceptions, former studies have been exclusively kinematic,
i.e., CAJ movements were studied without regard for the
forces generating such movements.

Tomographic observations (Ardran & Kemp,
1966) on living subjects have also confirmed that the
arytenoid rocks on the cricoid facet during vocal fold move-
ment. Recently, Selbie et al. (1998) conducted a quantita-
tive study on the geometry of the CAJ facet surfaces. Based
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on these geometries, they also reported that the optimal axis
for movement on these surfaces corresponded to a rocking
of the arytenoid on the cricoid.

The present investigation is an important exten-
sion of former CAJ studies because it quantifies and ana-
lyzes CAJ movement as a function of known muscle forces.
With this information, effective rotational and translational
stiffnesses are computed for the CAJ, which are critical for
modeling the pre-phonatory shape of the vocal folds. For
example, ongoing studies are have begun to incorporate
this information into a 2D biomechanical model of CAJ
motion, and future 3D models are also in the planning stages.
Consequently, effective rotational and translational
stiffnesses are computed for both 2D and 3D models of the
CAlJ. In the analysis, rigid body motion is assumed. Al-
though rotation and translation of the arytenoid is allowed,
any deformation of the arytenoid cartilage (within its physi-
ological range of motion) is assumed to be negligible. This
was also the assumption of the Selbie et al. (1998) study,
which used CAJ facet geometry to infer motion of the
arytenoid cartilage.

Methods

Five male larynges were obtained from the autopsy
unit at the University of Iowa Hospitals and Clinics. Atthe
time of death, the males ranged from 44-82 years in age,
and 110-237 Ibs. in weight. Specific data for each subject
is shown in Table 1. No history of voice disorders was known
for any subject and no abnormalities were apparent on any
larynx. i

Immediately after harvest, each larynx was refrig-
erated and stored in saline solution. Experiments were per-
formed within 5-7 days of harvest. Each larynx was dis-
sected and mounted. Initially, the trachea was shortened to
approximately two inches. All extrinsic laryngeal muscles
were removed, and the superior portion of the thyroid carti-
lage was removed to the level of the ventricular folds. Dur-
ing the final phase of dissection, the ventricular folds were
removed to allow an unobstructed view of the true vocal
folds. Throughout the dissection process, care was taken

Table 1.
The Five Males From Autopsy
Age (years) Weight (bs)
Larynx 1 44 110
Larynx 2 56 198
Larynx 3 82 165
Larynx 4 67 196
Larynx 5 56 237
Mean 61.0 181.2
SD 14.3 47.3

to leave as much laryngeal tissue intact as possible. How-
ever, some extraneous tissue surrounding the muscular pro-
cess had to removed to place sutures, and simulate the ac-
tion of laryngeal muscles.

Mounting consisted of fixing both the cricoid and
thyroid cartilages. The cricoid cartilage was fixed by plac-
ing a rigid plastic tube through the opening of the trachea
and into the subglottal space. Screws were placed through
the cricoid cartilage to secure the tube. The hard plastic
tube was clamped in order to hold the larynx in a vertical
position. The thyroid cartilage was sutured to a fixed cross-
bar, thus fixing its position as well.

Superior View
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Figure 1. The three markers used to track arytenoid cartilage motion
are shown from (a) superior, and (b) frontal views. The markers are
denoted by the symbols “a,” “v”, and “m,” which refer to the apex,
vocal process, and muscular process, respectively. The symbol “c”
indicates the location of the anterior commisure. Rough sketches of the
thyroid cartilage (the darker, outer trace) and the aryteniod cartilage
(the lighter, inner trace immediately surrounding the three arytenoid
markers) are shown for orientation.
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In order to document the motion of the arytenoid
as a function of simulated muscle forces, three microsutures
were placed on the arytenoid as markers. Specifically, a
microsuture was placed on each of the following locations:
(1) the vocal process, (2) the muscular process, and (3) the
apex, as shown in Figure 1. Because the arytenoid was as-
sumed to move as a rigid body, a minimum of three points
was needed to define its motion. The positions of the three
microsutures were measured before and after application
of each of the simulated muscle forces using a 3D digitizer
from Immersion Corporation, the MicroScribe-3DX, with
a reported resolution of 0.13 mm.

In this investigation, six laryngeal muscle forces
were simulated including: two components of the poste-
rior cricoarytenoid (PCA) muscle, with separate horizontal
and oblique compartments; the lateral cricoarytenoid (LCA)
muscle; two components of the thyroarytenoid (TA) muscle,
with separate vocalis and thyrovocalis compartments; and
the interarytenoid (IA) muscle. The forces were simulated
by attaching one end of a suture to the arytenoid (roughly
corresponding to the muscle insertion location), coursing
the suture in the direction of the muscle fibers, and attach-
ing the remaining end of the suture to a weight and pulley
system. The average directions of these applied forces (av-
eraged over all 5 larynges) is shown in Table II.

The applied forces roughly approximated the mag-
nitude and direction of physiological musculature forces on
the arytenoid cartilage, as judged by the maximum active in
laryngeal muscles (~100 kPa) multiplied by the cross-sec-
tional areas. In a separate study, precise directions of muscle

Table II.
Average Direction Cosines of the Applied Forces
Muscle n, n n,
PCA horizontal -0.696 -0.665 0.270
PCA oblique -0.396 -0.657 -0.642
LCA 0.026 0.965 -0.261
TA vocalis -0.086 0.995 0.057
TA thyrovocalis 0.116 0.985 -0.128
1A -0.921 -0.383 0.068
Table II1.
Maximum Weights Used to Simulate Various Muscles
Muscle Weight (g)
PCA Horizontal 50
PCA Oblique 50
LCA 50
TA vocalis 100
TA thyrovocalis 80
1A 20

fiber bundles were quantified (Mineck et al., in press).
However, because it was the goal of this study to calculate
effective rotational and translational stiffnesses of the CAJ,
a variety of muscle forces were applied. The applied forces
and resultant displacements were decomposed into rotational
and translational components, enabling the calculation of
the effective stiffnesses. Through application of a large va-
riety of muscular forces, substantial data were collected from
which to infer the stiffnesses. In particular, for each of the
6 muscles, 4-5 force/weight conditions were applied, rang-
ing from zero to a maximum weight, as shown in Table II.
In general, muscles with larger cross-sectional areas had
larger forces.

Theory

In our analysis, the description of arytenoid mo-
tion is performed with rigid body analysis. However, as noted
previously, most of the studies of CAJ motion indicate that
the arytenoid rocks/slides on the cricoid. Rocking is a spe-
cific type of rigid body movement which, qualitatively, might
be described as a rotation about a moving axis. Math-
ematically, rocking is usually implemented as an equation
of constraint. In the following analysis of empirical data,
although rocking/sliding may be the principal type of mo-
tion observed, no attempt is made to a priori constrain the
arytenoid cartilage to such motion.

Assuming the arytenoid to move as a rigid body,
the current position coordinates x” of any point i on the
arytenoid may be expressed as a rotation R of the initial
position x, (about the origin) followed by a translation vec-
tor D:

x/=Rx;,+D )

If, instead, one desires the rotation to occur about the cen-
ter-of-mass of the arytenoid, the equation may be written
as:

x/=R(x; —x_)+x.,, +D )

For a 2D biomechanical model, the rotation matrix R repre-
sents a rotation &, about the z-axis and is written as:

R e cos@, —sin6,
cos6, 3)

sin 6,
In this 2D model, x*, x,,x_ and D are two-dimensional
vectors with x and y components. In a more general three-
dimensional model, these vectors are three dimensional and
the total rotation R is considered to be three independent
rotations about the three coordinate axes, i.e., R = RnyRz,
where:
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(1 0 0
R, =|0 cos@ —sinb,
kO sin@,  cos6, )
(cose). 0 sin@, )
R,=| 0 I 0 @
\—sin6, 0 cos6
(cos, —sin6, 0
R,=|sinf, cosB, 0
0 0 1

In this experiment, for each force applied to the
arytenoid, the initial positions x, and the final positions x,
were measured at the three marked locations on the arytenoid
(the vocal process, the muscular process, and the apex). The
center-of-mass of the arytenoidx __was also estimated. Thus,
for each applied force, only the rotation matrix R and the
translation vector D were unknown. By defining ¥, to be
the average value of the position coordinates of the three
arytenoid markers after an applied force, and ¥, to be the
average value of the three arytenoid markers before the ap-
plied force, the two-dimensional translation vector D could
be expressed, for any angle 6, as:

D=x/-R(X—x,,) —X.p ®

By computing the translation vector D in this way (see for
example, Spoor & Veldpaus, 1980), Equation 2 could be
minimized with respect to just one variable, 6. Specifically,
using the FMIN routine in MATLAB 5.3 Release 11, the
mean square difference between the left-hand side and right-
hand side of Equation 2 was minimized as a function of 6.
For the three-dimensional problem, Equation 5 was also used
to calculate the translation vector D. However, in this case,
Equation 2 required minimization with respect to three vari-
ables: 6, 6,and 6, This was done using the FMINS
routine in MATLAB (similar to the FMIN routine, except
that the FMINS routine allows optimization over more than
one variable).

Each force applied to the arytenoid brought it to a
new state of static equilibrium, which was quantified by
measuring the new position coordinates for the three
arytenoid markers. For each state, the sum of all external
forces on the arytenoid was set to zero, and the sum of all
external torques or moments on the arytenoid was set to
zero. For the two-dimensional problem, the CAJ attach-
ment to the arytenoid was modeled as three separate com-

ponents, including: (1) a linear spring in the x-direction,
(2) a linear spring in the y-direction, and (3) a linear tor-
sional spring about the z-axis. Thus, the equations of equi-
librium were written as:

Fapplied,x _kxdx =0
Foppiiedy —kyd, =0 ©
(ramxched /em XFapplied )z - Kozez =0
Similarly, for the three-dimensional problem, the
CAJ attachment to arytenoid was modeled as 6 separate
components, with a linear spring and a linear torsional spring

associated with each coordinate axis. In particular, the equi-
librium equations were written as:
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Figure 2. Plots used to calculate the rotational stiffness K, for the 2D
model utilizing data from (a) Larynx 5, and (b) all the larynxes.
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F lied,x _kxdx =0

app
Fapph‘ed.y _kydy =0
Fapplied,z _kzdz =0

g
(ranached /em XFapplied ) x —Kgx ex =0

(Tanached rem X<F, applied )y _Kb)'e)' =0

(ranached tem X Fapplied ) : ~Ke; ez =0
The vector r_ ., .~ was measured from the
arytenoid center-of-mass to the suture attachment of the
applied force to the arytenoid. F_ . was the applied force
vector and anplied.x’ Fapplied,y’ me 4o the X, y, and z compo-
nents of the vector, respectively. The magnitude of the total
force was taken as the weight attached to the mass/pulley
system. For each applied force, the direction of the force
was determined by digitizing two locations: (1) the suture
attachment of the applied force to the arytenoid, and a loca-
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Figure 3. Plots used to calculate the translational stiffness k_for the 2D

model utilizing data from (a) Larynx 5, and (b) all the larynxes.

tion on the suture about 1 cm away from the attachment. A
unit vector capturing the direction of each force was deter-
mined by subtracting the first point from the second, and
then normalizing. The center-of-mass of the arytenoid was
estimated on the basis of the resultant translation and rota-

tion of the arytenoid.

Larynx 1
Larynx 2
Larynx 3
Larynx 4
Larynx 5

Mean
SD

Table IV.

Translational and Rotational

k,(Nfm)  k (Nim)

93
86
93
82
57

82.2
14.9

Stiffnesses from the 2D Analysis

K, (Nm/rad)
250 00117
225 0.0056
311 0.0103
331 0.0026
146 0.0046
252.6 0.0070
73.6 0.0039

Translational Sllﬂhessky (N/m), 2D Analysis, Larynx 5

-

Fy fo the arytenoid (N}
s °
© o &

Applied force

.
™
(]

&

(a)

-1 0 1
Translation y of the arytenoid (m)

3
x10°

-

Fy to the arylenoid (N)
s o
O g; [

Applied force
&

Translational Stiffnass ky {N/m), 2D Analysis, All Larynxes

A
o

Figure 4. Plots used to calculate the translational stiffness k, for the 2D
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model utilizing data from (a) Larynx 5, and (b) all the larynxes.
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It may be of some interest to note why it would be
necessary to conduct separate optimizations for both 2D and
3D models. Couldn’t the 2D model be considered merely a
projection of the 3D? In theory, perhaps yes. However, in
practice, the optimization problem is different in 2D than in
3D. For example, in the 2D optimization, the z-data is ig-

Table V.
Translational and Rotational
Stiffnesses from the 3D Analysis

kx k kx KOJ 8 Kﬂ 3

Vm) (Vm)  (Wm) (Novred)  (Nmvred)  (Nmirad)
Larynx1 75 267 94 0.0044 00030 00112
Larynx2 90 217 132 0.0078 00031 00054
Larynx3 92 302 50 0.0042 00034 00102
Larynx4 41 156 46 0.0038 00055  0.0024
Larynx5 64 132 34 00018 00022 00049
Mean 724 2148 712 0.0044 0.0036  0.0068
SD 210 718 409  0.0022 0.0012  0.0037

Translational Stiﬁhessk‘ (N/m), 3D Analysis, Larynx 5
0.6[
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-3 2 %) 0 T 2 3
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Figure 5. Plots used to calculate the translational stiffness k_for the 3D
model utilizing data from (a) Larynx 5, and (b} all the larynxes. Compare
with Figure 3 from the 2D model.

nored. Thus, because the 2D and 3D models optimize over
distinct data sets, the end results could be slightly different.

Results and Discussion

After decomposing the forces and displacements
into angular and translational components, plots of force
(or torque) versus displacement (or angular rotation) were
made for each of the equations of Equation 6. The transla-
tional (k,, k) and rotational Figure 3. Plots used to calcu-
late the translational (K,) were then computed by deter-
mining the slope of the best-fit line through the data with a
least-square error procedure, as shown in Figs. 2, 3, and 4
respectively. Figs. 2b, 3b, and 4b show the data from all the
larynxes on one plot. Although the data may appear noisy,
this is not necessarily the case when the data from a single
subject is used, as illustrated in Figs 2a, 3a, and 4a. Thus,
much of the noise may be attributed to a relatively large inter-
subject variability, which is often a common feature of bio-

Translational Stffnessk, (N/m), 3D Analysis, Larynx 5
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Figure 6. Plots used 1o calculate the translational stiffness k for the 3D

model utilizing data from (a) Larynx 5, and (b) all the larynxes. Compare
with Figure 4 from the 2D model.
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mechanical data. The translational and rotational stiffnesses
of each of the 5 larynxes, as well as mean values and standard
deviations, are summarized in Table IV.

In these data, perhaps the most noticeable feature
is that k, the stiffness along the y-axis (the anterior-poste-
rior direction), is roughly three times k , the stiffness along
the x-axis (the medial-lateral direction). This would seem
to imply that, while some arytenoid translation may occur
in connection with arytenoid adduction, relatively little
arytenoid translation occurs in connection with lengthening
and shortening of the folds. Alternately, it could simply
mean that larger anterior-posterior forces components are
used to generate arytenoid translation along the anterior-
posterior length of the folds, about three times as large as in
the medial-lateral direction. In either case, our data suggest
that medial-lateral gliding is less constrained than anterior-
posterior gliding.
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Figure 7. Plots used to calculate the translational stiffness k_for the 3D
model utilizing data from (a) Larynx 5, and (b) all the larynxes.

Similarly, rotational and translational stiffnesses
from the 3D analysis were calculated from the slopes of the
force-displacements/torque-angular rotation in Figs 5-10.
Again, composite data is shown in Figs. 5b-10b, and an
example of single subject data is shown Figs. 5a-10a. The
translational and rotational stiffnesses of each of the 5 lar-
ynxes, as well as mean values and standard deviations, are
summarized in Table V.

In general, the three-dimensional model tells a simi-
lar story to the two-dimensional model. In particular, the
values of k, k, and K are similar for both models, al-
though not identical for the reason mentioned earlier (e.g.,
z data not included in the 2D optimization). Again, the an-
terior-posterior translational stiffness, k , is about three times
greater than the stiffnesses in the other two directions. In
terms of rotational stiffnesses, the stiffness about the z-axis,
K, is approximately 55-90% greater than the stiffnesses
about the other two axes.

. 6§araﬁonal Stifinossx, , (N-mfed), 3D Analysis, Larynx 5
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Figure 8. Plots used to calculate the rotational stiffness K, for the 3D
model utilizing data from (a) Larynx 5, and (b) all the larynxes.
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Summary

Rotational and transitional stiffnesses of the CAJ
were calculated for both 2D and 3D models of the CAJ. To
calculate these stiffnesses, arytenoid motion was studied as
afunction of applied forces. Although many previous stud-
ies of arytenoid motion have been conducted, this is the
first investigation to study such motion as a function of
known applied forces. A major finding was that the trans-
lational stiffness along the anterior-posterior direction was
roughly three times larger than the translational stiffnesses
in the other two directions, suggesting that the primary con-
straint of the ligaments around the CAJ is to keep the
arytenoid firmly attached to the cricoid during vocal fold
elongation. Medial-lateral and vertical gliding are less con-
strained. This non-isotropic nature of the stiffnesses may

lational Sti i
xw_ﬁol ' S&ﬁnessxey(N-mh;d).SDAnalys:s.La:ynxS
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L-Y
T

[X]

X
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Figure 9. Plots used to calculate the rotational stiffness K, for the 3D
model utilizing data from (a) Larynx 5, and (b) all the larynxes.

be an important consideration for phonosurgeons who, natu-
rally, wish to avoid subluxation of the CAJ in patients.

These rotational and translational stiffnesses are
critical for modeling the pre-phonatory posturing of the vocal
folds, which exert a major influence of many aspects of vocal
fold vibration. Preliminary investigations yield reasonable
results when these CAJ stiffness values are inserted into
our models of vocal fold posturing. In particular, laryngeal
muscles are able to both adduct and abduct the vocal folds.
We note that the effective stiffnesses calculated in this in-
vestigation were computed based on a linear fit to the data.
However, to implement the data with finite element mod-
els, it may be necessary to use higher-order (strain-depen-
dent) stiffnesses. This would allow for less constraint at
small displacements and greater constraint at large displace-
ments, a condition often encountered in biomechanics to
avoid injury. ‘

1 oﬁolational Stiffnessx, , {N-tMad). 3D Analysis, Larynx §
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Figure 10. Plots used to calculate the rotational stiffness K, for the
3D model utilizing data from (a) Larynx 5, and (b) all the larynxes.
Compare with Figure 2 from the 2D model.
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Abstract

The relation between subglottal pressure (P ) and
fundamental frequency (F,) in phonation was investigated
with an in vivo canine model. Direct muscle stimulation
was used in addition to brain stimulation. This allowed the
P -F  slope to be quantified in terms of cricothyroid muscle
activity. Results showed that, for ranges of 0-2 ma constant
current stimulation of the cricothyroid muscle, the P-F,
slope ranged from 10 Hz/kPa to 60 Hz/kPa. These results
were compared to similar slopes obtained in a previous study
on excised larynges in which vocal fold length was varied
instead of cricothyroid activation. A physical interpretation
is given for the varying slopes in terms of the amplitude-to
length ratio of the vocal folds and a dynamic stiffness.

Introduction

It is well known that the fundamental frequency
(F) of vocal fold vibration is influenced by the subglottic
pressure (P) during phonation (1-6). An F rise with P,
has been consistently observed and shown to be a nonlinear
stiffness phenomenon (6). The effective dynamic stiffness
of vocal folds increases with vibrational amplitude, which
increases with P_. The interesting result has been that, due
to cancellations of flow and tissue nonlinearities, the rela-
tion between P_and F, has been nearly linear over a wide
region of subglottal pressure (6). Thus, the change of F,
with P_has been describable by a series of slopes (ranging
from 10 to over 100 Hz/kPa) as reported in the literature,
whether in human subjects (2-5,7,8), excised larynges (6),

or an in vivo animals (9). Theoretically, the slope was shown
to be affected by different pre-phonatory vocal fold lengths
(6). More specifically, the amplitude-to-length ratio (A/L)
determined the slope. Shorter vocal folds and greater am-
plitudes of vibration caused F, to be more dependenton P_
This has been verified in the experiment using an excised-
larynx model.

The results have yet to be verified in an in vivo
canine model with active laryngeal muscle tensions. We will
show here that the degree to which F_ changes with P, is
quite dependent on CT activity, the determinant of vocal
fold length. Recent reports on human subjects reveal that
the effects of transglottic pressure on the F, of phonation in
different pitches are not monotonic (7,8). They attribute the
results mainly to the different combinations of cricothyroid
(CT) and thyroarytenoid (TA) muscles action, but these ac-
tions were not specifically controlled. Inasmuch as CT ac-
tion alone can elongate and stiffen the vocal folds under
constant TA action, we will control CT action separately by
independent stimulation. In the in vivo canine evoked pho-
nation model, which we will use, consistent phonation with
similar (and constant) patterns of muscular activity in the
larynx can be elicited repeatedly more than 50 times (9,10).
Each repeated evoked phonation provides coordinate ac-
tion pattern of the laryngeal muscles with little variability.
Specific and variable CT activation can then be superim-
posed. Under these repeated conditions, we will show that
a greater degree of CT action results in precise changes of
the P -F slope. We will quantify this slope change and re-
late it to previous theoretical findings.
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Materials and Methods

The in vivo evoked phonation canine model used in
this experiment followed the previously reported procedures
(9,10). In brief, hound-like mongrel dogs weighing approxi-
mately 20 kg were used in this study. After being anesthetized
with pentobarbital (25 mg/kg intravenously) to the surgical
level, the animals were placed on a stereotaxic apparatus. The
cortex was exposed at about 10 mm anterior and 5 mm lateral
to the ear-bar-zero. A coaxial bipolar electrode (Rhodes NE-
100) was inserted into the brain, 20 mm dorsal to ear-bar -
zero, using a stereotaxic manipulator.

The animal was rotated from a prone to a supine
position to expose the ventral side of the neck. The surgical
preparations in the neck included the exposure of the lar-
ynx and trachea, insertion of bipolar hooked-wire electrodes
into CT, TA, lateral cricoarytenoid (LCA) and posterior cri-
coarytenoid (PCA) muscles for electromyographic (EMG)
recordings. Electrical stimulation to sites in the midbrain
was then delivered through the bipolar electrode to elicit
vocalization. The site of the electrode was moved at 1 mm
intervals to seek a proper location for elicitation of a low-
pitched, stable phonation. Brain stimuli consisted of a 2 or
3 s train of 0.2ms pulses at a rate of 200Hz under low cur-
rent levels (about 0.5mA). Once the site for electrical stimu-
lation in the midbrain was selected, it was kept constant
throughout the experiment.

A tracheostomy was performed for placing two
low-pressure cuffed canulae into the trachea. One canula
was for respiration (the caudal one) and the other was con-
nected to an air source supplying humidified and warmed
air to the larynx for phonation (the rostral one). The bilat-
eral superior laryngeal nerves were identified and resected
at the segment between the internal and external branches.
Two pairs of stimulation electrodes were inserted bilater-
ally into the cricothyroid muscles for direct muscle fiber
stimulation (Fig 1). As every train of stimuli was delivered
to the midbrain, about 1.5 s of sustained phonation was
obtained with a consistent pattern of the laryngeal muscle

Electrical Stimulator

Figure 1. Lateral view of larynx showing site of electrical stimulation.

action. The evoked phonation was repeated under different
levels of subglottic pressure and various degree of addi-
tional electrical stimulation to the CT muscle. The electri-
cal stimulations to the CT, for various degrees of muscle
action, were controlled by variable current stimuli of 2 ms
pulses at the rate of 50 Hz during the period of evoked pho-
nation. The current was set at 0.0, 0.5, 1.0 and 2.0 mA to
simulate 4 different degrees of CT action. The constant air
pressure supplying the rostral tracheal canula for phonation
was controlled with a pressure regulating valve (Fairchild
model 10), and was measured with a pressure transducer
(Micro Switch 143PC03G). The air pressure delivered to
the larynx during evoked phonation at a certain degree of
CT action was increased in increments of 0.1 kPa from the
lowest to highest pressure that could sustain phonation in
the modal register.

The EMG recordings from laryngeal muscles (CT,
TA, PCA and LCA), the subglottic pressure, voice signals,
and midbrain stimulation marker were recorded on an 8-
channel DAT data recorder (TEAC RT-130D) for further
analysis. For this report, only the CT changes are of inter-
est and will be reported. The signals were analyzed using
DATAQ and CODAS signal processing hardware and soft-
ware on a personal computer.

Results

Three animals in this experiment completed the
collection of F_-P, data with at least three different degrees
of CT muscle action. The subglottic pressure ranged from
approximately 0.55 to 3.72 kPa, a range that is quite typical
for human phonation under soft and very loud conditions.
The F -P, data pairs of these three animals are plotted in
Figures 2, 3, 4. The different symbols represent various lev-
els of electrical stimulation current to the CT muscle. The

300

250 -

Fundamental Frequency (Hz)

200 F
CTSt. Slope R
(mA) (Hz/kPa)
s 20 1882 0762
o 1.0 4085 0.968
150 |- o 00 6250 0975
‘00 i 1 1 L 1 ]
05 10 15 20 25 30 35

Subglottic pressure (kPa)

Figure 2. Fundamental frequency versus subglottal pressure for three
levels of cricothyroid stimulation (canine 1).
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solid lines are the linear regression for each data set. The
regression coefficients (R?) for the data sets were between
0.8 and 1.0, the better fit being for the data groups with
smaller electrical current stimulation to CT. These results
reflect the fact that F, changed linearly with P under vari-
ous degrees of CT muscle action. The slope of the regres-
sion lines ranged from 9.79 to 62.5 Hz/kPa. The values be-
came smaller as the CT muscle action increased in each of
the animals’ data. The F, in all the evoked phonations in
this experiment, with or without CT stimulation, ranged from
95 Hz to 277Hz. The register was perceived (informally)
to be modal in all cases, although it is sometimes difficult to
assign a register to animal phonation.

Analysis and Discussion

To interpret the results, a simple mathematical
model was revisited from previous investigations on excised
larynges (6). Fundamental frequency was computed by a
“thick string” formula with active and passive fiber proper-

ﬁes (14),
F 1 P a “m ' (1)
e 2LJ p[ ! d ¢ “]

where L is the vocal fold length, o, is the passive tissue
stress (in the anterior-posterior tissue fiber direction, o, is
the maximum active stress (100 kPa), p is the tissue density
(1.03 g/cm3), d is the depth of the vocal fold in the lateral
direction (5 mm), d =a,,d is the active (muscular) portion

of the depth, and a,, is the thyroarytenoid muscle activity
(ranging from 0.0 to 1.0). The vocal fold length was com-
puted as

L = L(+g |, )

where L is the resting length and ¢ is the vocal fold strain,
which has a static (postural component € _and a dynamic
component £, The static component was determined by the
muscle activities according to a previously determined em-
pirical relation (14),

e, =02Qay-ay)-04 &)

were a..is the normalized activity of the CT muscle (rang-
ing from 0.0 to 1.0. The constants were determined experi-
mentally by recurrent and superior nerve stimulation in anes-
thetized dogs (14,15).

The dynamic strain was shown theoretically to have
an amplitude and length dependence (6),

2
R @

where A is the vibrational amplitude at the mid-membra-
nous vocal fold. The total strain is then the summation of
the two component strains

€ = g +g 5)

which determines the passive tissue stress according to an
empirically-fitted exponential curve for vocal fold tissue (16)

cp(f-:) =0 kPa for e < -0.5
= 0.1(g + 0.5) kPa  for -0.5 < g < -04 6)
= 0.1(g + 0.5) + 35[e%%¢*%) _ 25(c + 04) - 1] kPa  fore> -04
250
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[ s
N o ~—
£ a s N o, 200 |
> 4 g
2 200t a o g
[
S o ™ =
g 5 :
£ ’,_: 150 |
E ° 2 T e ©
2 3 2z, a
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Figure 3. Fundamental frequency versus subglottal pressure for three
levels of cricothyroid stimulation (canine 2).

Subglottic pressure (kPa)

Figure 4. Fundamemal frequency versus subglottal pressure for three
levels of cricothyroid stimulation (canine 3).
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Figure 5. Stress-strain for passive and active tissue in the model.
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Figure 6. Amplitude of vibration versus subglottal pressure for four
levels of cricothyroid muscle activity a_, in the model.

This exponential curve is plotted in Figure 5, along with a
small active stress (for a,, = 0.1). It represents an average
of canine vocal fold tissues (mucosa and muscle) as deter-
mined by measurement (16). ‘
The final two relations needed to complete the

model are
P-P 17”2
A = o.u,[ ‘P "'} ' )

th

where P, is the phonation threshold pressure (17),

F 2
P, = 014 +o.os[ 55 ] kPa @®

0 05 25 3

1 1.5 2
Subglottal Pressure in kPa

Figure 7. Amplitude-to-length ratio versus subglottal pressure for four
levels of cricothyroid muscle activity a_, in the model.
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Figure 8. Fundamental frequency versus subglottal pressure for four
levels of cricothyroid muscle activity a, in the model.

Figure 6 shows the vibrational amplitude versus subglottal
pressure for four values of a ., (0%, 30%, 60%, and 90%).
Thyroarytenoid muscle activity (a,, ) was held at a constant
value of 0.1 (10%). Note that vibrational amplitude A de-
creases with increased a ... The intercepts on the horizontal
axis are the phonation threshold pressures (P ,) for different
values of a,. The P, intercept increases with a .. because
F, increases with a . according to Equation 8.

The length of the vocal fold also increases with
a., as Equations 2 and 3 indicate. This makes the ampli-
tude-to-length ratio (A/L) highly sensitive to a . Figure 7
shows this A/L ratio plotted as a function of P, for different
values of a_... It is this ratio that governs the slope between
F_and P, vis a vis the dynamic strain in Equation 4. Finally,
Figure 8 illustrates the resulting F_ versus P, curves. Fora .,
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=90%, the slope is only about 10 Hz/kPa, while fora =0
the slope is 60 Hz/kPa. This agrees well with the measure-
ments reported here, although it is difficult to assign a per-
cent of maximum stimulation to the currents used for direct
muscle stimulation in the experiment. Also, the exact value
of a,, was not known. Nevertheless, the similarity between
the curves is compelling.

Conclusion

The relation between F, and P is nearly linear
when TA activity is held constant and CT activity is varied.
This has been shown by using an in vivo canine model with
active laryngeal muscle action (9,11,12,13). In this series
of three animal studied, the linear relation between F and
P_was confirmed under different levels of CT action.The
wide range of slopes is attributed to the amplitude to length
ratio (A/L) of the vocal folds. In order to increase F, the
vocal folds must be lengthened to increase the tension. Un-
der this tension, the amplitude of vibration becomes smaller,
dramatically lowering the A/L ratio. Kitajima and Tanaka
(7) claimed that the F_-P relation at different F is not mono-
tonic. They discuss several reasons why F -P_relation may
have varied. They mainly attribute the results to different
combinations of CT and TA action at different F . It is true
that in human subjects the increasing F, of chest voice needs
concomitant action of CT and TA (14). Therefore, due to
the different levels of TA action, the mechanical character-
istics, including the length and tension of vocal folds, may
not follow the presumed simple rules given here. In this
study, there was a relatively constant TA action during re-
peated evoked phonations in the in vivo canine model (9,10).
Under these circumstances, different degree of CT action
gave lengths and stiff nesses of the vocal folds as predicted
by theory.
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Abstract

The biomechanics of vocal fold abduction and ad-
duction during phonation, respiration, and airway protec-
tion has yet to be completely understood. Specifically, the
rotational and translational forces on the arytenoid cartilages
resulting from intrinsic laryngeal muscle contraction have
not been fully described. Anatomical data on the lines of
action and moment arms for the intrinsic laryngeal muscles
are also lacking. This study was conducted to quantify the
three-dimensional orientations and the relative cross-see-
tional areas of the intrinsic abductor and adductor muscula-
ture of the canine larynx. Eight canine larynges were used
to evaluate the three muscles primarily responsible for vo-
cal fold abduction and adduction: the posterior cri-
coarytenoid (PCA), the lateral cricoarytenoid (LCA), and
the interarytenoid (IA) muscles. Each muscle was exposed
and divided into discrete fiber bundles whose coordinate
positions were digitized in three-dimensional space. The
mass, length, relative cross-sectional area and angle of ori-
entation for each muscle bundle were obtained, allowing
for the calculations of average lines of action and moment
arms for each muscle. This mapping of the canine laryn-
geal abductor and adductor musculature provides impor-
tant anatomical data for use in laryngeal biomechanical
modeling. These data may also be useful for surgical pro-
cedures such as arytenoid adduction.

Introduction

The physiology and biomechanics of vocal fold
abduction and adduction during phonation, respiration, and
airway protection (e.g. in swallowing) have not been stud-
ied completely. Traditionally, it has been assumed that each
laryngeal muscle functions as a unit, with a single direction
of action. However, recent research has demonstrated that
at least some of the intrinsic laryngeal muscles are com-
posed of different compartments that may function inde-
pendently. For example, Sanders et al. showed that the pos-
terior cricoarytenoid (PCA) muscle has two to three sepa-
rate bellies that may each function as an independent unit
during different types of abduction.!*# Sanders and his co-
workers also showed that the innervation of the human PCA
muscle stems from two separate nerve branches to supply
two different compartments, further lending support to in-
dependent function.?* Therefore, it was the purpose of this
study to characterize the three-dimensional orientations and
relative cross- sectional areas of the laryngeal abductor and
adductor muscles for the purpose of biomechanical model-
ing. The canine larynx was chosen because the active con-
tractile properties of some canine laryngeal muscles had
previously been measured.>$” Because it is practically dif-
ficult to measure the active properties of viable human la-
ryngeal muscles, the canine offers a model similar in laryn-
geal muscle morphology, anatomy, and possibly function.

The motion of the arytenoid cartilage on the cri-
coarytenoid joint (CAJ) is complex and has been examined
extensively.#%-101L1213.14 Clagsically, arytenoid motion on the
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CAJ has been described as a rotation around a “vertical”
axis.'* However, many anatomical and vocal fold kinematic
studies have suggested that the two major arytenoid mo-
tions are (1) rocking around the longitudinal axis of the CAJ
facet, in a somewhat anterior-posterior direction, and (2)
sliding along this axis, in a somewhat medial-lateral direc-
tion.810.11.13.14 Selbje et al. showed that the rocking axis could
be congruent with the classical “vertical” axis, such that the
rocking motion is often perceived as a rotation under the

(@)

()

Figure 1. Classical descriptions of arytenoid motion and vocal fold
abduction/adduction associated with the contraction of (a) the lateral
cricoarytenoid (LCA) muscle, (b) the posterior cricoarytenoid (PCA)
muscle, and (c) the interarytenoid (IA) muscle. [After Netter, FH (1997).
Atlas of human anatomy (2nd edn.) East Hanover, NJ: Novartis. Used
with permission]

perspective of an endoscope.!* Current beliefs suggest that
the arytenoid motion is critically determined by several
major factors, including the geometry of the CAJ facets, the
anatomy of the fibroelastic connective tissues in the syn-
ovial joint, and the actions of the laryngeal abductor and
adductor muscles.'¢

The laryngeal abductor and adductor muscles are
believed to have rapid contraction rates relative to the other
respiratory and laryngeal muscles.”” Tetanic contraction
times have been estimated to be on the order of 10 msec,"”
in comparison to around 50 msec for the thyroarytenoid
muscle and around 90 msec for the cricothyroid muscle.>’
With such rapid contraction times, these muscles play a pri-
mary role in rapid opening of the glottis during inspiration,
and in rapid closure of the glottis for protection against for-
eign body inhalation (e.g. during swallowing).

The PCA muscle originates at the posterior sur-
face of the lamina of the cricoid cartilage and converges on
the laterally directed muscular process of the arytenoid car-
tilage. This muscle has been described as having three parts
in canines and either two or three parts in humans. For the
canine PCA, a horizontal, a vertical, and an oblique belly
has been described by Sanders et al.? For the human PCA,
Bryant et al. described a medial and a lateral belly,'® but
Sanders et al. divided this muscle again into a horizontal, a
vertical, and an oblique portion.* The PCA rocks the
arytenoid posteriorly so that the vocal process swings later-
ally, superiorly, and posteriorly, abducting the vocal fold
(Figure 1, part a).

The LCA muscle originates on the superior bor-
der of the anterior arch of the cricoid and courses posteri-
orly to the muscular process of the arytenoid cartilage. The
LCA is believed to adduct the vocal fold by rocking the
arytenoid cartilage anteriorly such that the vocal process
moves medially, inferiorly, and anteriorly' (Figure 1b).

The IA muscle is composed of a transverse and an
oblique portion. The oblique portion originates on the su-
perior aspect of the arytenoid cartilage, crosses the midline,
and inserts into the muscular process of the contralateral
arytenoid cartilage. The transverse portion connects the
lateral borders of the two arytenoid cartilages together. Thus,
during IA contraction, the arytenoid cartilages are drawn
together, adducting the vocal folds (Figure 1c).

This study was conducted to characterize the three-
dimensional orientations and the cross-sectional areas of
the intrinsic abductor and adductor musculature of the ca-
nine larynx. Data acquired through this study should be
useful in establishing a database for three-dimensional bio-
mechanical modeling of vocal fold posturing. Specifically,
they should allow for the calculations of the lines of action
and moment arms for the intrinsic laryngeal muscles during
vocal fold abduction and adduction.
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were x,,y,, Z, are the coordinates of the origin and x,, y,, 2,
are those of the insertion.
An orientation vector r was defined for each muscle
bundle as:
r o= i+ ryj +rk 2
where i, j, and k are unit vectors along the orthogonal axes,
and that

s n-x ®
I, =XY"% O]
., =4 % &)

As the mass m of each bundle was measured and the length
was calculated, the cross-sectional area A was determined
by:

m
pl (6)

where pis the density of canine laryngeal muscle obtained
previously (0.001043 g/mm?).?® The assumption here was
that the muscle bundle has a uniform cross-sectional area
along its entire course.

Resultant Vectors For Muscle Bundle Groups

The relative contribution of each muscle bundle
to the total action of a muscle was estimated using cross-
sectional area data. The orientation vector r for each bundle
was multiplied by that bundle’s cross-sectional area A. This
product was defined as the scaled force vector rA. The as-
sumption here was that all muscle fibers have equal con-
tractile force per unit cross-sectional area. The scaled force
vectors were summed and divided by the total cross-sec-
tional area for that grouping of muscle bundles to yield an

average resultant force vector R,
n

D3 7%
R = Ri+Rj+Rk = = )
2 A,

i=1

A resultant force vector was calculated for each of
the following muscle bundle groups, or muscle portions:
1) left posterior cricoarytenoid, oblique portion (L PCA o)
2) left posterior cricoarytenoid, vertical portion (L PCA v)
3) right posterior cricoarytenoid, oblique portion (R PCA o)
4) right posterior cricoarytenoid, vertical portion (R PCA v)
5) left lateral cricoarytenoid (L LCA)

6) right lateral cricoarytenoid (R LCA)

7) left interarytenoid, inferior portion (L IA inf)

8) left interarytenoid, superior portion (L IA sup)

9) right interarytenoid, inferior portion (R IA inf)

10) right interarytenoid, superior portion (R IA sup)

Data on the superior portion of the interarytenoid

are not reported because its anatomy was found to be grossly
different from that of human. Our observations showed that
it did not connect the two arytenoid cartilages together.
Rather, both its origin and insertion appeared to originate
from the same side in the canine larynx.

R . (Rx, Ry, Rz)

: >y
X
(a)
z
A
R (Rx, Ry, Rz)
Y
B
> Y
o
X
(b)

Figure 3. Three-dimensional illustration of (a) the two-dimensional
projection angleﬁw of the vector R, (b) the angles o, B, and y of the
vector R.
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Planar Projection Angle Calculations
For two-dimensional planar analysis, the resultant
force vector R for each muscle portion was used to calcu-
late the projection angle in each of the three orthogonal
planes. The projection angle in the xy plane was calculated
using the formula (Figure 3a):
Xy

9 = tan"% ®)

The positive x direction was medial to lateral on
the right side and the positive y direction was posterior to
anterior. Angles were reported in standard fashion, with
positive rotation defined as counterclockwise from the x-
axis toward the y-axis.

Projection angles in the yz and xz planes were simi-
larly calculated for each muscle portion:

o ak

8, = tan’ ©)
b4

4R (10)
8, = tan‘E’i

Thus, the xy plane was horizontal, the yz plane
sagittal, and the xz plane coronal.

Direction Cosines

For the purpose of three-dimensional modeling,
the direction cosines were also calculated. The direction
cosines were defined as the cosine of the angle between a

given resultant force vector R and each of the three axes

(Figure 3b),
_ & . X . R
cosa = cosf = -IIR_[I cosy = Wu)

where [|R || is the magnitude or length of the resultant force
vector.

Results and Discussion

Measurement Reliability

During the data acquisition process, there were two
major sources of experimental and measurement errors.
First, muscles and other soft tissues of the larynx sometimes
showed slight movement and deformation under the pres-
sure of the digitizer probe. Second, external forces applied
on the larynx during muscle bundle dissection sometimes
also caused slight tissue movement and deformation. Be-
cause of these errors, there was some variability in the mea-
sured coordinates across different sampled points of the
same muscle bundle insertion or origin.

Experimental error or variability of the data was
quantified for Canine 7, which was chosen because there
was a large number of muscle bundles in each of its differ-
ent muscle portions. Error in length measurement was esti-
mated by first finding the maximum length possible based
on the three origin data points and the three insertion data
points for each muscle bundle. The maximum lengths were
then averaged across bundles for each muscle portion. Table
2 shows the deviations between the maximum lengths and

Table 2.
Measurement Reliability
Magnitude of measurement errors by muscle portion (also in percentage errors)
Length (mm) | Cross-sectional | 9,, (degrees) | 0y, (degrees) | 6, (degrees)
area (mm?)
LPCAo 0.772 (5.20%) | 0.207 (0.81%) | 2.97 (1.65%) | 2.42 (1.35%) | 4.50 (2.78%)
LPCAvV 1.277 (8.81%) | 0.525 (4.99%) | 6.03 (3.35%) | 4.34 (2.41%) | 3.90 (2.16%)
L PCA (total) | 0.916 (6.22%) | 0.298 (0.83%) | 3.79 (2.10%) | 2.94 (1.63%) | 4.70 (2.61%)
RPCAo 0.755 (4.99%) | 0.238 (1.07%) | 2.41(1.34%) | 2.77 (1.54%) | 4.86 (2.70%)
RPCAv 0.767 (5.05%) | 0.271 (2.55%) | 3.60 (2.00%) | 2.29 (1.27%) | 3.66 (2.03%)
R PCA (total) | 0.759 (5.01%) | 0.249 (0.76%) | 2.80 (1.56%) | 2.61 (1.45%) | 4.46 (2.48%)
LLCA 0.791 (5.47%) | 0.355 (1.65%) | 2.18 (1.21%) | 4.56 (2.53%) | 14.18 (7.88%)
RLCA 0.850 (5.91%) 0.35 (1.68%) 3.15 (1.75%) | 5.66 (3.15%) | 9.42 (5.23%)
L IA inf 0.718 (8.02%) | 0.746 (6.60%) | 4.23 (2.35%) | 3.81 (2.12%) | 7.44 (4.13%)
R IA inf 0.714 (7.42%) | 0.919 (7.06%) | 4.82 (2.68%) | 5.10 (2.83%) | 8.49 (4.72%)
Mean error 0.792 (6.21%) | 0.486 (2.80%) | 3.49 (1.94%) | 4.11 (2.28%) | 8.11 (4.51%)
S.D. 0.168 (1.41%) | 0.240 (2.47%) | 1.18 (0.65%) | 1.21 (0.67%) | 3.32 (1.85%)
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the average lengths for the eight different muscle portions,
and their percentage errors. As shown in Table 2, the mean
error for all muscles was 6.2%.

The maximum possible cross-sectional area for
each bundle of Canine 7 was calculated using Equation 6
based on the measured mass, the balance reliability (0.1
mg), and the average length data. The minimum possible
cross-sectional area was calculated similarly but it was based
on the maximum calculated length for each bundle. The
difference between the maximum and the minimum for each
bundle was obtained and an average was calculated for each
muscle portion. Table 2 shows that the error ranged from
about 1-7%. The maximum and minimum orientation angles
(2-D projection angles) were calculated from the three ori-
gin and the three insertion points for each bundle to esti-
mate the error in vector calculations. The difference be-
tween these angles was obtained for each bundle and an
average error was computed for each muscle portion. Table
2 shows that the percentage error values, reported with re-

spect to 180°, ranged from about 1-8% with most of them
smaller than 3%.

Muscle Mass, Length, Cross-Sectional Area and
Orientation

Table 3 shows the mass of each muscle portion for
all subjects and their averages. It can be seen that the PCA
muscle was always the most massive, whereas the 1A had
the smallest mass and the LCA was in between. The ob-
lique portion of the PCA was consistently more massive
than the vertical portion, in many cases by two to three times.
The data also showed that muscles of the right and the left
sides were basically symmetric to each other in terms of
their mass. These results were consistent with previous clas-
sical anatomical descriptions of the laryngeal abductor and
adductor muscles.

Table 4 shows the lengths of the muscle portions
which were averages of individual muscle bundle lengths.
Note that the lengths of the PCA were not simple averages

Table 3.
Mass of Canine Laryngeal Abductor and Adductor Muscles (in grams)
Mass by muscle portion (g)
Subject 1 2 3 4 5 6 7 8 Mean | S.D.
LPCAo 0.429 0.580 0.480 0.580 0.210 0.359 0.300 0.305 | 0.405 | 0.136
LPCAv 0.161 0.168 0.206 0.137 0.148 0.136 0.169 0.121 0.155 | 0.027
L PCA (total) | 0.590 0.748 0.686 0.716 0.358 0.495 0.469 0449 | 0.564 | 0.142
RPCAo 0.337 0.511 0.353 0.529 0.213 0.301 0.273 0.266 | 0.348 | 0.115
RPCAvV 0.171 0.143 0.263 0.135 0.118 0.201 0.191 0.181 0.175 | 0.046
R PCA (total) | 0.507 0.655 0.616 0.664 0.331 0.502 0.464 0.447 | 0.523 | 0.115
LLCA 0.273 0.351 0.402 0.466 0.184 0.346 0.268 0.269 | 0.320 | 0.089
RLCA 0.269 0.304 0.357 0.448 0.182 0.358 0.276 0.270 | 0.308 | 0.080
L 1A inf 0.123 0.068 0.139 0.130 0.082 0.128 0.106 0.112 | 0.111 | 0.025
RIA inf 0.154 0.095 0.152 0.182 0.073 | 0.143 0.112 0.139 | 0.131 | 0.036
Total 1.916 2.221 2.351 2.607 1.210 1.972 1.695 1.686 | 1.957 | 0.439
Table 4.
Length of Canine Laryngeal Abductor and Adductor Muscles (in millimeters)
Length by muscle portion (mm)
Subject 1 2 3 4 5 6 7 8 Mean S.D.
LPCAo 14.527 | 14.199 | 16.142 | 15.911 | 14.161 | 15.261 | 13.096 | 15.081 { 14.797 1.005
LPCAvV 11.899 | 15.082 | 15.634 | 16.029 | 14.885 | 14.568 | 13.310 | 14.540 { 14.493 1.325
L PCA (total) | 13.943 | 14.396 | 16.029 | 15.933 | 14.342 | 15.113 | 13.149 | 14.965 | 14.734 0.979
RPCAo 14.287 | 14.486 | 15.378 | 16.763 | 14.827 | 15.322 | 13.441 | 14.948 | 14.932 0.967
RPCAVvV 14.509 | 15.373 | 17.008 | 18.892 | 15.732 | 16.600 | 14.940 | 13.852 | 15.863 1.604
R PCA (total) | 14.342 | 14.683 | 15.786 | 17.150 | 15.128 | 15.748 | 13.903 | 14.583 | 15.165 1.036
L LCA 13.259 | 14.993 | 14.768 | 14.918 | 13.913 | 15.394 | 14.431 | 13.976 | 14.457 0.701
R LCA 14.407 | 15.006 | 13.954 | 16.152 | 12.803 | 13.982 | 15.442 | 15.276 | 14.394 1.210
L 1A inf 9412 | 7.834 | 9.210 | 9.744 | 8.897 | 6.887 | 8.945 | 8.920 8.951 0.527
R IA inf 10.054 | 8.728 | 14.280 | 10.489 | 8.048 | 8.622 | 7.761 9.807 9.626 1.969
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of those of the oblique and vertical portions, because there
was always a larger number of muscle bundles in the ob-
lique portion as evidenced by its larger mass (see Table 3).
Nonetheless, the data showed that their lengths were quite
similar to one another (mean differences < 1 mm). The
lengths of the LCA were also close to those of the PCA,
whereas IA was about 30-50% shorter.

The cross-sectional area for each muscle bundle
was estimated from the measured mass and the calculated
length. The average cross-sectional area for each muscle
portion was calculated and results are shown in Table 5.
Similar to the mass data, the PCA was consistently the larg-
est in cross-sectional area, whereas the LCA was often about
40% smaller and the 1A was about 60% smaller. Besides,

the oblique portion of the PCA was again about 2-3 times
larger than the vertical portion.

Table 6 shows the average projection angles and
direction cosines of the eight muscle portions. The angles
of orientation were averaged across all subjects. They were
oriented such that the muscular process of the arytenoid car-
tilage was the geometric origin and a positive angle was
defined as rotating in a counterclockwise direction from x
toy,ytoz,orztox.

Figure 4 (following page) illustrates the angles of
the two portions of the PCA on the Xy, yz and xz planes.
The orientation angles of the arrows represented the lines
of action of the muscle portions, while the lengths of the
arrows were indications of their relative force magnitudes

Table 5.
Cross-Sectional Area of Canine Laryngeal Abductor and Adductor Muscles (in mm?) as
Computed from Muscle Mass, Length, and Density [c.f. Eq. (6)]
Cross-sectional area by muscle portion (mm?)

Subject 1 2 3 4 5 6 7 8 Mean S.D.
LPCAo 27.20 38.10 27.95 33.46 14.03 | 22.13 21.44 19.04 25.42 7.86
LPCAvV 13.02 10.42 12.96 8.12 9.54 8.89 12.03 9.21 10.52 1.91
L PCA (total) | 40.22 48.52 40.91 41.58 23.57 | 31.02 33.47 28.25 35.94 8.24
RPCAo 22.84 33.32 21.73 29.89 14.29 | 18.99 19.47 17.34 22.23 6.41
RPCAvV 11.26 8.92 14.82 6.87 7.16 11.47 12.18 12.46 10.64 2.77
R PCA (total) | 34.10 42.25 36.55 36.76 21.44 | 30.46 31.65 29.80 32.88 6.16
L LCA 19.48 23.03 | 25.83 31.78 13.11 | 22.16 17.79 19.37 21.57 5.61
R LCA 17.82 19.60 23.91 26.63 14.05 | 25.12 17.55 17.61 20.80 4.41
L 1A int 12.81 8.34 14.44 12.83 8.94 13.73 11.34 12.01 11.30 2.54
R IA inf 14.71 10.47 14.41 16.55 8.84 15.77 13.88 13.73 13.02 2.90
Total 140.14 | 15420 | 159.05 | 170.13 | 95.96 | 145.26 | 133.68 | 129.73 | 141.02 22.6

Table 6.

Mean Projection Angles (two dimensional) and Direction Cosines (three dimensional) of
Canine Laryngeal Abductor and Adductor Muscles

Mean angles of orientation by muscle portion

2-D projection angles (degrees) 3-D direction cosines

. Oxy Oyz Ozx coSs a cos B cosy
LPCAoO -22.3 -115.5 130.7 0.739 -0.293 -0.607
LPCAvV -17.0 -97.2 157.6 0.372 -0.119 -0.920

L PCA (total) -21.1 -108.6 139.0 0.647 -0.247 -0.721
R PCA o -158.6 -117.6 -126.9 -0.759 -0.298 -0.579
RPCAv -169.8 - -94.3 -157.4 -0.413 -0.063 -0.909

R PCA (total) -161.2 -107.4 -137.3 | -0.666 -0.228 -0.710
LLCA 75.0 -25.6 150.9 0.238 0.869 -0.433
RLCA 99.7 -23.6 -158.6 -0.158 0.902 -0.403

L IA inf -43.0 157.5 68.9 0.701 -0.660 0.269

R 1A inf -137.7 152.1 -64.3 -0.692 -0.627 0.358

NCVS Status and Progress Report ¢ 23



a) xy-plane (8xy) b) xz-plane ( 8 zx)
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Figure 4. (a) Superior view of the resultant force vectors of the oblique
and vertical portions of PCA projected onto the xy plane, (b) posterior
view of the resultant force vectors of the oblique and vertical portions of
PCA projected onto the xz plane, (c) lateral views of the resultant force

vectors of the oblique and vertical portions of PCA projected onto the yz
plane.

as they were scaled according to the muscle cross-sectional
areas. Hence, the arrows represent projections of the result-
ant force vectors of the two PCA portions onto the three
orthogonal planes. Not surprisingly, the oblique portion
was always at a more oblique orientation than the vertical
portion. It was also always stronger, especially for its com-
ponent on the xy plane. .

Figure 5 summarizes the resultant force vectors of
all the three abductor and adductor muscles, namely LCA,
PCA (the resultant of the two portions), and IA (the inferior
portion). Again, the orientation angles represented their
lines of action, while the lengths were estimations of the
relative magnitudes of their forces projected onto the three
planes. In terms of the orientation angles, the data were
qualitatively consistent with classical descriptions of the
muscles. The lines of action as shown in Figure 5 suggested
that the LCA tends to pull the muscular process of the
arytenoid cartilage anteriorly, inferiorly, and medially,
thereby moving the vocal process medially and adducting
the vocal fold. The PCA, on the other hand, tends to move
the muscular process posteriorly, inferiorly, and medially,

a) xy-plane (6xy) b) xz-plane (82x)

Superior View Posterior View
antarior Y i
superior
l— x l— x
LIA RIA
LLCA RLCA
LLCA RLCA
LIA - RIA Rpca LPCA
LPCA

inferior
posterior

<) yz-plane (8yz)
Lateral Views

LIA RIA

anterior posterior anterior

Left side

LPCA

Figure 5. (a) Superior view of the resultant force vectors of the PCA,
LCA, and IA projected onto the xy plane, (b) posterior view of the resultant
Jforce vectors of the PCA, LCA, and IA projected onto the xz plane, (c)
lateral views of the resultant force vectors of the PCA, LCA, and IA
projected onto the yz plane.

abducting the vocal fold. Interestingly, the IA seems to be
somewhat of an antagonist of the LCA based on their orien-
tation angles on the xy and the yz planes. Nonetheless, its
superior-medial direction of action as shown on the xz plane
suggested that it might move the arytenoid towards the mid-
line, thereby adducting the vocal fold. These data on the
average lines of action of the abductor and adductor muscles
may be useful clinically for certain phonosurgical proce-
dures. For example, data on the orientation angles of the
LCA may serve as quantitative guidelines for clinicians to
establish a more physiological direction of the sutures used
in arytenoid adduction.

In terms of the relative force magnitudes, the data
suggested that the PCA was always stronger than the LCA
and the IA, especially on the xz plane where it was 3-4 times
stronger. The LCA was slightly weaker than the PCA on the
xy and the yz planes but the difference was much larger on
the xz plane. The IA was always the weakest, especially on
the yz plane where it was 2-3 times weaker than the other
two. These findings were consistent with the cross-sectional
area data as the muscle’s resultant force vectors were com-
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puted partly based on their cross-sectional areas. The as-
sumption was that the maximum active stress was similar
for the three different muscles, such that the relative magni-
tude of force generated by a muscle is proportional to its
cross-sectional area.

Limitations and Suggestions for Further Studies

One limitation of the present study was that the
calculations of muscle lengths and orientation angles were
made assuming the muscle bundles form a straight line be-
tween the origin and the insertion points. However, this
was not always the case for some muscles, especially the
PCA, where muscle fibers were seen to often course around
the curved laryngeal cartilage surfaces. Besides, fiber
bundles on a muscle’s surface were often more curved than
the internal bundles. Such errors likely led to underestima-
tions of length, overestimations of cross-sectional area, and
discrepancies in estimations of the effective line of action
in some of the muscles. In future experiments, increasing
the number of sampling points for each bundle might help
to reduce such errors. For example, by taking an extra data
point at the midpoint of each muscle bundle, more accurate
estimations of the muscle bundle length and its effective
orientation angle can be established based on the best-fit
curve for the three data points (origin, insertion, and mid-
point).

During data collection, the cricoid and the
arytenoid cartilages were securely fixed in the cadaveric
position in order to minimize specimen movement and to
assure accurate measurements of the 3-D coordinates. How-
ever, slight movements of the cricoid and the arytenoid
cartilages were still sometimes observed during muscle
bundle resection and data acquisition. Such movements
likely introduced random errors into the 3-D coordinate data
sampled by the digitizer. In future experiments, extra pins
and/or other devices should be used to more securely fix
the cartilages so as to eliminate these errors.

Anatomical differences between the canine and the
human larynx must be acknowledged when canine data are
used for modeling of the human larynx. The canine larynx
is similar to the human in terms of size, morphology and
basic vocal fold anatomy, but there are also some signifi-
cant differences. The human IA muscle is made of a trans-
verse and an oblique portion, both of which clearly and con-
sistently cross the midline. For the canine IA, however, our
observations showed that it can be divided into a superior
and an inferior portion. The inferior portion was distinctly
separated into left and right halves joined by a sheet of ten-
don-like connective tissue at the midline, while the superior
portion stayed on the same arytenoid cartilage and extended
anteriorly to insert into the structures above the arytenoid
(the cuneiform and corniculate processes). Furthermore,

the arytenoid cartilages of the canine are proportionately
larger than those of the human.

Considering such anatomical differences between
the canine and the human larynx, the three-dimensional char-
acterization of the canine laryngeal muscles may only rep-
resent a rough approximation of the human. However, the
two species exhibit sufficient similarities in basic laryngeal
anatomy that the canine model remains a valuable approxi-
mation of the human larynx.

Conclusions

The posterior cricoarytenoid, lateral cri-
coarytenoid, and interarytenoid muscles are important in
the control of vocal fold abduction and adduction. These
muscles function in a well coordinated manner during pho-
nation, respiration, and airway protection to allow for vari-
ous adjustments of the anatomical orientations of the vocal
folds. This study quantified the mass, length, relative cross-
sectional area, and angle of orientation in three-dimensional
space of these laryngeal abductor and adductor muscles in
eight canine larynges. This three-dimensional anatomical
characterization allowed for the calculations of average lines
of action and moment arms for the muscles, providing im-
portant data for biomechanical modeling of vocal fold pos-
turing. These data may also be useful as clinical guidelines
for certain phonosurgical procedures such as arytenoid ad-
duction.
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Abstract

A methodology is developed for the quantifica-
tion of the medial surface of the vocal folds in excised lar-
ynxes. Lead molds were constructed from the glottal air-
way of a canine larynx for three distinct glottal configura-
tions corresponding to “pressed” folds, just barely adducted
folds, and 1 mm abducted folds measured between the vo-
cal processes. Using a high-resolution laser striping sys-
tem, the 3D molds were digitally scanned. Low-order poly-
nomials were fitted to the data, and goodness-of-fit statis-
tics were reported. For all glottal configurations, a linear
variation (flat surface) approximated the data with a coeffi-
cient of determination of 90%. This coefficient increased
to roughly 95% when a quadratic variation (curvature) was
included along the vertical dimension. If more than the top
5 mm or so of the folds were included (the portion usually
corresponding to vibration), a cubic variation along the ver-
tical dimension was necessary to explain a change in con-
cavity at the conus elasticus. These data suggest the utility
of a model based on a convergence and a bulging coeffi-
cient (Titze, 1989). For all glottal configurations, the con-
vergence coefficients and bulging coefficients were com-
puted. Because pre-phonatory conditions have a profound
influence on vocal fold vibration and on the quality of pho-
nation, such shaping parameters are highly significant. With
the viability of this methodology substantiated, it is envi-
sioned that future studies will characterize greater quanti-
ties of glottal shapes, including those of human folds.

Introduction

Initial conditions and boundary conditions have a
profound impact on many nonlinear dynamical systems. In
vocal fold vibration, which represents such a nonlinear sys-
tem, a small change in the pre-phonatory shape of the me-
dial surface of the vocal folds can mean the difference be-
tween a chest-like, falsetto-like, or fry-like vibration pat-
tern, or it can mean the difference between periodic and
aperiodic oscillations (Berry, Herzel, Titze & Story, 1996).
For phonosurgeons who alter the glottal geometry in recon-
structive procedures, pre-phonatory vocal fold shape is in-
creasingly understood as a critical variable. For example,
measurement of the angle of glottal opening and precise
positioning of the arytenoid cartilage are becoming more
and more common in phonosurgery (Inagi, Khidr, Ford,
Bless & Heisey, 1997; Woodson & Murray, 1994; Woodson,
Hengesteg, Rosen, Yeung & Chen, 1997).

Several simulation models of vocal fold vibration
have been used to quantify subtleties of vocal fold shape
(Titze & Talkin, 1979; Alipour & Titze, 1985; Berry, Herzel,
Titze & Krischer, 1994). These models solve second-or-
der partial differential equations to describe the resultant
vibrations. In such models, the specificity of initial condi-
tions, or pre-phonatory shape, is essential in order to make
areasonable prediction of the oscillations. A series of nor-
mal mode studies on the vocal folds has shown that phona-
tion frequency has a remarkable correspondence with the
lowest resonance frequency of the folds, as measured im-
mediate prior to phonation (Kaneko et al., 1981; Kaneko et
al.,, 1983). Such resonance frequencies are known to be
strongly influenced by glottal geometry (Berry & Titze,
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Data Analysis, Results and Discussion

The first step of the analysis consisted in fitting
low-order polynomials to the medial surface of the molds.
Polynomials were expressed in the following general form:

X(»2) = ﬁ i: Ay’ €))

i=0 jaO
where A were coefficients determined by computing a best-
fit polynomial to the image data based on a least-square
error procedure. In particular, the FMINS routine in
MATLAB, a commercial software package, was used for

this purpose.

Table 1.
COD Percentages for the Three Molds of Larynx 1
Open Larynx Just Barely Adducted Pressed Arytenoids
:/lu Max. poweriny (M) Max. poweriny (M) Max. poweriny (M)
ower
inzM |0 | 2 3 0 1 2 3 0 1 2 3
0 - 3| - - - 23. | - - - 10. | ~ -
1 54. |1 89. |93 | -~ 56. | 92. | 92. - 61. | 83. ) 83 | -
2 - | 92. |93 |94 f — |95 [96 |90 ] ~ |95 |95 | 9.
3 ~ 93195 )9} - |96 |96 |99 —~ |95 |95 |09.
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Figure 4. Plus marks (+) indicate the 3D data points of the scanned
mold corresponding to the glottal configuration with the arytenoids “just
touching.” The mesh corresponds to the best polynomial fit for M=1
(linear in the anterior-posterior direction) and N=2 (quadratic in the
vertical direction).

Best-fit polynomials were computed for each mold.
For each glottal configuration, the values of M and N were
systematically modified, thus altering the degree of the poly-
nomials in y and z (see Eq. 1). For the linear cases (M < 1
and N < 1, excluding the case where M = N = 1), a unique
solution was obtained using a standard linear optimization
procedure. However, for higher order polynomials, results
were dependent on the initial values supplied to the FMINS
routine. This was because nonlinear optimization proce-
dures do not necessarily capture a global minimum, but only
alocal minimum. To deal with this problem, initial guesses
for higher order polynomials were based on solutions al-
ready computed for the lower order polynomials. Because
of the smoothness of the surfaces of the molds, the linear
polynomials already gave reasonable estimates of the sur-
face shapes.

For every polynomial, the coefficient of determi-
nation (COD) was computed in order to assess its good-
ness-of-fit with the data. A standard term in statistics, de-
fined in the following equation, the COD helped assess the
goodness-of-fit of the polynomials to the empirical data:

Y (x-n)

CoD =1- 2)

Pressed

z (mm)

y (mm)

x (mm)
Figure 5. Plus marks (+) indicate the 3D data points of the scanned
mold corresponding to the glottal configuration when the arytenoids
are “pressed” together I mm past the “just touching” configuration.
The mesh corresponds to the best polynomial fit for M=1 (linear in the
anterior-posterior direction) and N=2 (quadratic in the vertical
direction).
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where y, referred to predictions from the model, x, referred to
the empirical data, and % referred to the average value of the
empirical data. The value of COD could range between zero
and one. A value zero didn’t capture any of the variance of
the data (i.e., if the model was no better than an average value
estimate), and a value of 1 gave a perfect match between model
and data. With a computed table of COD percentages for
various values of M and N, one could objectively assess the
order of polynomial necessary to fit the data. The results for
the three molds are shown in Table 1.

For all the glottal configurations, the data strongly
suggested that the N=M=1 condition was a satisfactory con-
dition. If either N or M was lowered, the COD dropped
dramatically, indicating that the model could no longer ad-
equately explain the data. For N=M=1, the COD ranged
between 83 and 92%. An additional 3-8% percent gain
could be obtained by increasing N to 2, suggesting that a
quadratic variation in z might also be important in explain-
ing the curvature of the folds. For the most part, only small
gains were achieved by further increasing the values of M
and N.

Using N=2 and M=1, a visual portrayal of the
polynomical fit to the data is shown for the “adducted” and
“pressed” conditions, as shown in Figs. 4 and 5, respec-
tively. Notice that for the “adducted” mold, no data points

Open

1wy
12\

10d..1

Z (mm)

y (mm)

x (mm)
Figure 6. Plus marks (+) indicate the 3D data points of the scanned
mold corresponding to the 1 mm “open” glottal configuration. The mesh
corresponds to the best polynomial fit for M=1 (linear in the anterior-
posterior direction) and N=3 (cubic in the vertical direction).

were available for the superior-anterior portion of the mold.
This illustrates a general limitation of the molding proce-
dure: in order for the mold to exist in a particular region,
the glottal airway needs to have a finite width (on the order
of 0.1 mm). Thus, the mold did not exist (the molding ma-
terial simply broke off) in any region where glottal airway
had a width less than 0.1 mm. For the purpose of data analy-
sis, such regions were zero-padded. While this was a limi-
tation of the procedure, given that the accuracy of the mea-
surements was on the order of 0.1 mm, this was not viewed
as a serious limitation, and zero-padding these regions
yielded a reasonable estimate of the “missing” data. For
the “pressed” mold as shown in Fig. 5, the entire top 5 mm
of the data were missing.

For the case of the separated folds there were no
missing data; however, there were ambiguities associated
with the data analysis. In this case, the COD data alone was
not sufficient to make a convincing argument as to which
power of y and z might best describe the curvature of the
folds. For example, was a quadratic function of z sufficient
to describe the curvature of the folds, or was a cubic func-
tion necessary? In the y variable, did a linear adequately
describe the curvature, or was a quadratic necessary? Plot-
ting the various models against the raw data yielded somes
clues.

Fig. 6 shows the results of a cubic fit of the z cur-
vature (M=3 and N=1). Although the cubic polynomial
(COD = 93.9%) was not a great deal better than the qua-
dratic (COD = 92.5%) according to the data in Table 1,
physically the cubic yielded a much better representation of
the mold. As can be seen in Fig. 6, the convexity of the
folds changed from top to bottom (i.e., from concave to
convex). A cubic polynomial was necessary to capture this
variation in curvature.

Notice, however, that the polynomial fit was opti-
mized over the top 13 mm of the airway. Although this
thickness was chosen in order to capture some of the
subglottal airway (which is important for modeling airflow),
traditionally it is understood that only the top 3 - 5 mm of
the folds are important in terms of vocal fold vibration. For
the case of the cubic polynomial, the vertical inflection point
was calculated in order to isolate just the “upper” curva-
ture. The inflection point was 7.61 mm from the top ante-
riorly, and 8.23 mm from the top posteriorly. Midway along
the vocal fold length, the inflection point was calculated to
be 7.9 mm from the top. For simplicity, the inflection point
was rounded off to 8 mm even. Because the mold captured
the top 13 mm of the glottal airway, this inflection point
corresponded to roughly the top 5 mm of the mold.

In Table 2 (following page), the COD percentages
were calculated again using only the data corresponding to
the vibrating portion of the molds (the upper 5 mm). Tak-
ing this in account, across all glottal configurations, the data
suggest that a linear function in y and a quadratic function
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Table 2.
Re-Calculation of COD Percentages for the Open
Larynx Using Just the Upper 5§ mm of the Mold

Max. Max. poweriny (M)

Power
inz (N) 0 1 2
0 00 443 -
1 29.1 897 9038
2 -- 964 98.0
3 - 96.6 -

in zare sufficient to capture the curvature of the folds. This
is a preliminary confirmation of the hypothesis proposed
earlier by Titze (1989) that the y curvature of the pre-pho-
natory glottis is linear and that the z curvature is quadratic.
Specifically, he hypothesized the pre-phonatory glottis could
be characterized as follows:

X(%9) = (1- %) [5,,+ (z,- 45,5%)[ 1- %) ] @)

where L is the anterior-posterior length of the folds, T'is the
vertical thickness, £, is the superior glottal half-width, £ is
the convergence coefficient describing the linear variation
in z, and &, is the bulging coefficient describing the qua-
dratic variation in z. The physical meaning of these coeffi-
cients is further illustrated in Fig. 7.

Although the polynomial of Equation 3 is linear in
y and quadratic z, it is obviously more restrictive than the
general polynomial of Equation 1. However, one advan-
tage of the more restrictive definition is that each parameter
has a precise physical interpretation. Of course, the useful-
ness of this characterization must be judged by how well it
matches the empirical data. To perform this evaluation,
Equation 3 was fit to the same data as Equation 1. Inevery
case, the z equals zero level was set 5 mm below the as-
sumed top of the folds. The results of this optimization
procedure are shown in Table 3.

By comparing Tables 1 and 3 (Tables 2 and 3 for
the case of the open larynx), one can see that the COD per-
centages drop any where from 0.1 - 2.0%. The values of
Tables 1 (Table 2 for the open larynx) which correspond to
Table 3 are found in the column where M equals 1 and in
the row where N equals 2. This slight drop in the goodness-
of-fit did not appear to be significant. While the fit of ei-
ther equation was acceptable, the direct physical interpreta-
tion of the shaping parameters from Equation 3 seemed to
outweigh the slight loss in goodness-of-fit. An illustration

o0,2)= (1-2) [+ (&~ 26Z) (1- 2)]

Figure 7. A drawing of the pre-phonatory shaping function previously
proposed by Titze (1989), illustrating the coefficients introduced in
Equation 3.

Table 3.
Shaping Parameters (in mm) From Equation 3 and
COD Percentages for the Three Molds of Larynx 1

E | E | & | L T || COD(%)
Open Larynx 171 [ 275 | 1.03 | 200 | 5.00 94.4
Just Barely Adducted | 0.01 | 1.65 | 0.16 | 18.7 | 4.12 94.7
| Pressed Arytenoids 0.00 ] 0.26 ] 0.18 } 200 | 5.07 95.2

of how the “optimized” polynomial (for Equation 3) fit the
“open” mold is shown in Fig. 8.

The shaping parameters of Table 3 appeared to be
quite descriptive of the molds, at least the upper portions of
the molds corresponding to the vibrating folds. The open
larynx had the greatest glottal half-width £ the greatest
linear convergence £ (the surfaces converged medially when
traversing the surfaces in a superior direction), and the great-
est quadratic bulging E,. For both the adducted and pressed
molds, the glottal half-with was essentially zero as expected.
The glottal convergence of the adducted mold was only 60%
of that of the open larynx, and the glottal convergence of
the pressed mold was less than 10%. In terms of glottal
bulging, both the adducted folds and the pressed folds had
small values, i.e., less than 20% of that of the open larynx.

One might argue whether the vocal fold length L
and the thickness T should have been allowed to vary in the
optimization procedure. Certainly, if the model gave large
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Figure 8. Plus marks (+) indicate the 3D data points of the scanned
mold corresponding to the I mm “open” glottal configuration, focusing
on just the top 5 mm or so where most tissue vibration would occur. The
mesh corresponds to the best polynomial fit to Equation 3, using the
optimized shaping coefficients presented in Table 3.

deviations from measured values, the technique would be
suspect. There are several reasons why it was thought valid
to allow such an optimization here. One reason is that the
vocal fold length and effective thickness of the folds might
truly vary as a function of glottal adduction. Another rea-
son was that the data didn’t necessarily extend all the way
to the anterior commissure as the model assumes. For ex-
ample, as indicated in our earlier description of Fig. 3, some-
times the length had to be trimmed posteriorly or anteriorly
because of noisy data near these end points. By allowing
the geometrical dimensions L and T to vary, an optimum
alignment between model and data was allowed, while still
retaining the basic form of the equation. Finally, in compar-
ing the optimization results of Equations 1 and 3, Equation
1 had six parameters to vary (for the case where M equals 1
and N equals 2), whereas Equation 3 would have only three
parameters if the values of L and T were fixed. By allowing
a variation in L and T for Equation 3, both Equations 1 and
3 had a similar number parameters to optimize. Optimiza-
tion results yielded comparable goodness-of-fit statistics for
the two equations.

Summary and Conclusions

A technique was presented for quantifying the pre-
phonatory shape of the vocal folds mathematically on ex-
cised larynxes. A primary limitation of this method is that
the thyroarytenoid muscle is not activated in an excised lar-
ynx. However, this is a limitation that can only be over-
come with imaging at higher levels of precision than are

currently available on human subjects. Thus, a molding
procedure was used to capture the shape of the excised lar-
ynxes. Ultimately, a lead mold was generated, which was
subsequently digitized using a 3D laser-striping system with
a precision of 0.1 mm. Three molds were created, digi-
tized, and fit to low-order polynomials.

Through analysis of the coefficient of determina-
tion for various polynomial models of glottal shape, it was
argued that, minimally, a linear variation in y and z was
needed to capture the curvature of the folds. Further mod-
est gains were achieved by allowing a quadratic variation in
z. However, any further increase in the order of the polyno-
mial did little to improve the correspondence between model
and data. Consequently, based on the three molds analyzed
in this preliminary study, it was argued that a linear varia-
tion in y and a quadratic variation in z was sufficient to cap-
ture the curvature of the folds across a range of glottal ad-
ductions.

This result is a preliminary confirmation of an ear-
lier hypothesis by Titze (1989), in which he presents an
equation (Equation 3) to describe the pre-phonatory shape
of the folds based on glottal convergence and bulging coef-
ficients. In this study, the coefficients were optimized for
each of the three molds, and were enumerated in Table 3.
These coefficients provided a useful description of the pre-
phonatory shape of the vocal folds, and could be directly
inserted into our models of vocal fold vibration.

Our technique has been shown to capture the pre-
phonatory glottal shape with a precision on the order of 0.1
mm. With the technique and results presented in this study,
we now have the confidence to proceed with further studies
in which greater numbers of molds will be generated, digi-
tized, and analyzed. Such investigations are of extreme
importance because initial conditions and boundary condi-
tions are know to have a profound impact on vocal fold
vibration, just as they do on many other nonlinear dynami-
cal systems.
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Abstract

During phonation, air pressures act upon the vocal
folds to maintain their oscillation. The air pressures vary
dynamically along the medial surface of the vocal folds,
although no studies have shown how those pressure pro-
files vary in time. The purpose of this study was to examine
time dependent glottal pressure profiles using a canine
hemilarynx approach. The larynx tissue was cut in the
midsaggital plane from the top to about 5 mm below the
vocal folds. The right half was replaced with a Plexiglas
pane with imbedded pressure taps. Simultaneous record-
ings were made of glottal pressure signals, subglottal pres-
sure, particle velocity, and average airflow at various levels
of adduction. The data indicate that the pressures in the
glottis vary both vertically and longitudinally throughout
the phonatory cycle. Pressures vary most widely near the
location of maximum vibratory amplitude, and can include
negative pressures during a portion of the cycle. Pressures
anterior and posterior to the maximum amplitude location
may have less variation and may remain positive through-
out the cycle, giving rise to a new concept cailed dynamic
bidirectional pressure gradients in the glottis. This is an
important concept that may relate strongly to tissue health
as well as basic oscillatory mechanics.

Introduction

Vocal fold oscillation during phonation depends
upon changing tissue and aerodynamic factors throughout
the cycle. Numerous models of phonation suggest that the
air pressure within the glottis changes in the vertical direc-
tion through the glottis and is dependent upon glottal shape,
diameter and transglottal pressure. Numerous studies have
investigated these intraglottal pressures, including steady

flow physical models'#, multi-mass computer models*?,
computational models®"', and excised tissue'>!>. It appears
that longitudinal (anterior-posterior) pressures within the
glottis have not been examined. The glottis is not a rectan-
gular orifice as some modeling has assumed (for simplic-
ity). Also excised laryngeal research has shown that the air
velocity through the glottis varies depending on the longi-
tudinal location'*'¢, Knowing how the longitudinal pres-
sures vary, and how pressures vary in general throughout
the three-dimensional glottis, are prerequisites to more com-
plete models of phonation and associated implications for
clinical and training interventions.

The primary purpose of this research was to de-
scribe longitudinal and vertical pressure variations within
the glottis. In order to do so, a hemilarynx canine model
was selected. For this research, pressure transducers were
placed within a Plexiglas wall opposite an oscillating vocal
fold. As the vocal fold vibrated due to an imposed subglottal
air pressure, the pressures within the glottis varied, and those
pressures on the Plexiglas wall were recorded. An array of
pressure transducers was used so that pressure variations
vertically as well as longitudinally could be obtained si-
multaneously. In this research, shims at the vocal processes
were used to vary the level of adduction. Also, hot wire
anemometry was used above the vocal folds to help deter-
mine timing aspects of the pressure fluctuations.

The hemilarynx set-up involves using only one of
the vocal folds vibrating next to a flat surface. The advan-
tage to such an approach is bench-control of the experi-
mental set-up, as suggested above. The vocal fold does not
meet a similar vocal fold on the other side (with the associ-
ated compression between the two vocal folds during clo-
sure), but meets an immovable pane. Differences in the col-
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Results

Mean subglottal pressure versus mean glottal flow:
The authors recently presented data'? showing relatively lin-

ear relationships between the mean subglottal pressure and
mean glottal flow at different glottal adduction levels for
excised canine larynxes. The linear relationship also appears
to hold for the hemilarynges of this study. Figure 3 illus-
trates this for hemilarynx HL55. The slopes of the lines in-
dicate the (differential) flow resistance values for each value
of adduction. The range of flow resistance in the current
study was approximately 14 to 69 cm-H,O/LPS. The mean
resistance in this study of 31 + 14 cm-H,O/LPS was about
half that found in the earlier study'” (64 cm-H,O/LPS over
a range of 28 to 109 cm-H,O/LPS).

Cyclic orientation of pressure signals: In this ex-
periment, EGG or some other signal that would indicate
phase characteristics of the cycles was not feasible. To sug-
gest the cyclic correspondence of the pressure signals, the
jet velocity signal measured with an anemometry system
was used. Figure 4 shows two pressure signals and the ve-
locity signal for hemilarynx HL51. The hot wire was placed
approximately 1.0 mm away from the Plexiglas pane, 11
mm above the vocal folds, and 9 mm (60%) from the ante-
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Figure 3. A typical pressure-flow relationship for a hemilarynx during
phonation at various adductionn levels (shim sizes).

rior commissure. Pressures P3 and P4 were placed oppo-
site the medial portion of the vibrating vocal fold, and ap-
pear to be in the lower half of the glottis during vocal fold
vibration (seen from the stroboscopic record). Pressure P4
was placed about 11 mm (73%) from the anterior commis-
sure, P3 was about 1 mm in front of the vocal process, and
the vocal fold length (anterior commissure to vocal pro-
cesses) was approximately 15 mm (see figure insert). For
this case, the adduction shim was 0.47 mm, subglottal pres-
sure was 28.9 cm-H,0, and maximum excursion of the vo-
cal folds occurred at a distance of approximately 5 mm from
the anterior commissure. The peak velocity would have
occurred near the time when the vocal folds were nearly
maximally displaced, at which time the pressures are seen
to be negative at the P3 and P4 locations. This was fol-
lowed by apparent lack of closure upon the P3 and P4 taps
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Figure 4. Typical pressure and velocity waveforms for hemilarynx HL51
during phonation. V, is the velocity signal, P3 and P4 are pressures in
the glottis. See the insert for locations of the pressure transducers. Refer
to the text for details.
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themselves, but movement toward closure just above those
two locations, giving rise to the positive pressures regis-
tered by P3 and P4. During the maximum closure interval,
the velocity was at minimum values (essentially zero) and
the P3 and P4 pressures were at their maximum values (about
10 % below the mean subglottal pressure value). The stro-
boscopic record indicated that the closed quotient in the
vicinity of P3 and P4 was approximately 30 % or 1.7 ms
(obtained by counting frames). This amount of time appears
to correspond to the width of the top portion of the two
pressure signals, between the strongly sloped sides.

Pressure distributions in the glottis: Figure 5 shows
another example of the relative timing between the velocity
signal and pressure traces, but this time the pressures are
distributed in two dimensions, vertically and longitudinally.
The figure is for hemilarynx HL52, for a subglottal pres-
sure of 28 cm-H, O and shim size of 0.14 mm. Glottal length
was 14 mm from the anterior commissure to the vocal pro-
cesses. Pressure tap P1 was situated below the glottis about
1.5 mm anterior to the vocal processes. P2 was approxi-
mately on the lower edge of the dynamic glottis and 3 mm
anterior to the vocal process. P3 was within the glottis and
8 mm from the anterior commissure, and P4 was in the glot-
tis and 4 mm from the anterior commissure (see the figure
insert). Greatest vocal fold lateral motion was located be-
tween P3 and P4 at approximately 5 mm from the anterior
commissure (closer to the P4 than to the P3 position). Clo-
sure proceeded from posterior to anterior, and opening was
essentially simultaneous along the superior glottal margin.
This visual observation is consistent with the timing of the
upswing of the pressure signals. A rise in pressure presum-
ably reflects glottal closure above or in the vicinity of the
pressure taps. P1 and P2 rise prior to P3, and P3 rises just
prior to P4, reflecting the posterior to anterior closing mo-
tion. The simultaneous decrease in all pressure signals is
consistent with the visual observation of simultaneous lon-
gitudinal opening of the superior glottis, such an opening
releasing the aerodynamic pressures on the taps.

The velocity probe was located above the P3 loca-
tion. It appears, however, that the primary effect on the ve-
locity is from the P1 and P2 locations: the rise and fall of
the velocity signal corresponds to the fall and rise, respec-
tively, of the P1 and P2 pressure signals. This could be ex-
plained by a direction of flow that is slightly slanted from
posterior to anterior, which would be consistent with the
airway bend created by the arytenoid cartilage. That is, the
air that bends around the arytenoid from the trachea may
cause a slant to the flow, so the velocity at the fiber-film
probe would be influenced by glottal activity slightly pos-
terior at the P3 location.

Approximate closure quotients were estimated by
frame counting the stroboscopic record. The estimated clo-
sure quotient for the lower glottis near P2 was 38%, and
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Figure 5. Simultaneous pressure and velocity waveforms for hemilarynx
HLS52 during phonation. Ps is the subglottal pressure, V, is the velocity
signal, and Pl through P4 are glottal pressures. See the insert for
locations of the pressure transducers. Refer to the text for details.

near P3 was 21%. These correspond to 2.09 ms and 1.2 ms,
which are the approximate widths of the flatter portions at
the top of the P2 and P3 pressure traces, respectively.

Itis noted that the P4 pressure tap shows negative
pressures during the glottal open phase, and P3 nearly so.
This may be consistent with the findings from other lar-
ynxes in this study that pressures appear to reach more nega-
tive values near the location of maximum oscillation. The
mean pressure for the P4 location was lower than for the P3
location. The greatest negative pressures appear to be fol-
lowed by a relatively fast upswing of pressure during (pre-
sumed) glottal closure. This relation, seen in figures 5 and
6, is similar to the mean glottal air pressure signal idealized
by Titze'.

Also shown in Figure S is the AC portion of the
subglottal pressure signal (about 10 cm below the glottis).
The subglottal pressure is in phase with the P1 and P2 glot-
tal pressures and appears to be affected by subglottal reso-
nance. Most of the subglottal signals of this study show
that the subglottal pressure is in phase with the glottal pres-
sures.
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Figure 6. Pressure waveforms for two rows of three pressure transducers
in the glottis, one row more inferior to the other. The top traces refer to
the upper row, the bottom traces to the lower row. See insert figure and
text.

Figure 6 shows glottal pressures for hemilarynx
HL54. There were two longitudinal rows of three intraglottal
pressure transducers for HL54 (see figure insert). The top
row was within the glottis at 28%, 59%, and 89% (anterior,
mid and posterior) distances from the anterior commissure
to the vocal processes. The exact location of the taps during
glottal vibration was not possible to determine from the stro-
boscopic record. The bottom row was estimated to be just
below the glottis and at 39%, 72%, and 103% (anterior,
mid, and posterior) distance from the anterior commissure
to the vocal processes. The last mentioned pressure tap was
below the vocal processes. The stroboscopic record indi-
cated that the greatest dynamic adduction (how close the
vocal fold gets to the Plexiglas pane during the oscillation)
was near the anterior pressure tap, less adduction near the
mid section pressure tap, and the least amount of adduction
at the posterior pressure tap. Figure 6 overlaps the pres-
sures from the three upper locations within the glottis (top
trace, for a subglottal pressure of 27 cm-H,0 and a shim
size of 0.75 cm). The mid glottis pressure trace indicates a
negative pressure dip, whereas the other two pressure traces
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Figure 7. Maximum and minimum pressure in the hemilarynx of Figure
6 at the lower posterior pressure tap.

remain positive. The pressure variation for the mid pres-
sure tap was about 35 cm-H,0, which exceeded the mean
subglottal pressure. Consistent with the discussion above
for HL52 (Figure 5), the greatest negative pressure (and the
lowest pressures for the anterior and posterior pressure taps)
occur just prior the upswing in pressure during (presumed)
glottal closure. The negative pressure for the mid-glottal
location would suggest that the folds were aided in their
return, at least in that section of the glottis. It was difficult
to determine from the stroboscopic record if the pressure
variation was due to any phasing differences among those
three tap locations. The average pressure for the three pres-
sure taps was largest for the anterior location, and lowest
for the mid-glottis location (similar to that found for HL52).

Figure 6 also gives the pressures for the lower row
of pressure taps in the Plexiglas pane for HL54. These pres-
sures were all positive, with the mid and posterior taps giv-
ing the lowest pressures. The pressure variations were less
than the mean subglottal pressure (by about half).

Figure 7 is arecord of how the maximum and mini-
mum glottal pressures at tap P1 (located at the lower poste-
rior position of the glottis) changed as a function of the
subglottal pressure and shim size for HL54 just discussed.
Solid symbols represent maximum and hollow symbols rep-
resent minimum values. Both the maximum and minimum

pressure values increased essentially linearly with subglottal
pressure.
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Figure 8. Maximum and minimum pressure in the hemilarynx of Figure
6 at a upper medial pressure tap.

Figure 8 shows similar maximum and minimum
values for the pressure at tap P5 (located at the upper me-
dial position of the glottis) for the same hemilarynx. Unlike
the pressures at P1, the maximum pressure values increased
essentially linearly with subglottal pressures while the mini-
mum pressures decreased with a linear trend. This indi-
cates an increase of the AC pressures at this mid-glottis lo-
cation as subglottal pressure increased, with increases in
both the maximum positive and maximum negative values
of phonatory cycle. This would be consistent with the in-
crease of amplitude of oscillation at this point.

Figure 9 shows pressure tracings for a vertical and
longitudinal array of transducer taps for hemilarynx HL.57.
There were three pressure taps along the medial vocal fold
region, and three in the vertical direction (see figure insert).
Glottal length was 15 mm and subglottal pressure was 23
cm-H,0, with a 0.5 mm shim. Pressure taps in the glottal
region from the anterior commissure were 13 mm, 10 mm,
and 5 mm for taps P5, P2, and P6, respectively. Thus these
taps indicate posterior, mid, and anterior tap locations. Tap
P1 was 15 mm below the top of the vocal folds, and repre-
sented a subglottal pressure location. Tap P3 was located 8
mm from the anterior commissure, just above and anterior
to tap P2, and represented a superior glottal tap position.
The stroboscopic record indicated that the glottis closed in
the posterior to the anterior direction, but opened simulta-
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Figure 9. Pressure waveforms within the glottis in the vertical direction
(lower traces) and along the length of the glottis (upper traces).

neously along the glottis. There appeared to be full closure
over P2 and P3, almost (but not quite) closure over P6, and
lack of closure at the posterior tap, PS. The closed quotient
for the P2 location was about 19%, and 13% for the P3
location. The maximum amplitude of glottal motion was
approximately at the P2 location. Figure 9 once again indi-
cates that the mid glottal pressure tap was associated with
negative air pressures during a portion of the cycle, while
the anterior and posterior locations were not associated with
negative pressures (upper figure), a finding consistent with
the results seen in Figures 5, 6, and 8. The pressure fluctua-
tion at the mid glottis location was larger than those for the
anterior and posterior pressure taps, a finding also consis-
tent with earlier observations. The lower figure, showing
pressure traces for the vertical set of taps, suggests that the
upper glottal pressure tap (P3) was associated with greater
negative pressure values than the lower glottal tap (P2). One
possibility may be that the upper tap P3 was influenced more
by possible rarefaction pressures during closure than P2.
The subglottal pressure P1 appears similar to the subglottal
pressure tap in Figure 5 for HLS52 in that it shows relatively
smaller AC variations.
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Discussion

The hemilarynx was chosen for this study of dy-
namic intraglottal pressures because of the difficulty in se-
curing pressure transducers or pressure responsive materi-
als to the vocal folds, and the ease of attaching small pres-
sure transducers within a rigid sheet against which the vo-
cal fold could vibrate. The lack of two vocal folds may alter
the vibratory characteristics of the one vocal fold due to the
unnatural wall against which it must come into contact.
Reasonable vocal fold motion can be obtained, however'2.
The primary assumption made in this study is that the aero-
dynamic pressures that are present on the flat wall opposite
the vibrating vocal fold are similar to the pressures on the
vocal fold itself at the same vertical (axial) levels. This as-
sumes that pressures are relatively constant across the cross
section of the glottis, even for asymmetric glottal shapes.
Recent studies with steady flow through rigid models with
oblique glottal shapes (Scherer & Shinwari, in review) sug-
gest that the pressures may not be the same on the two sides.
But those studies do not take into consideration the unsteadi-
ness of the flow and the moving walls, for which the un-
steady pressures may dominate (Alipour et al., in review).
We will make the assumption here that the pressures re-
corded from the Plexiglas sheet do reflect to a reasonable
extent the pressures acting on the vocal folds at the axial
positions indicated.

A relatively consistent and interesting finding in
this study is that the intraglottal pressures near the location
of maximum vocal fold motion reach lower or more nega-
tive values compared to more anterior and posterior glottal
locations. Also, those pressures near the greatest excursion
have the greatest variation in value but do not reach the
largest positive pressure. This suggests that the glottal tis-
sue associated with maximum glottal motion receives the
greatest change in pressure and the greatest negative aero-
dynamic closure forces (and probably the greatest restoring
tissue force due to the largest excursion). Therefore, those
tissues may undergo the greatest external (and internal)
stresses. Furthermore, the case with hemilarynx HL57 (Fig-
ure 9) suggests that more downstream (superior) glottal
positions may accentuate the negative pressure swing, al-
though the explanations for two locations may differ. That
is, negative pressures for the upstream glottal sections may
be due to Bernoulli forces, acceleration of the flow, and
flow separation effects*!®. This happens when the glottis
takes on diverging shapes during the maximum opening and
during closing. The negative pressures in the upper portion
of the glottis may be due to rarefaction of the pressure as
the vocal folds come together'® and vocal fold curvature*®,
The delay of the pressure trace of P3 compared to P2 in the
lower figure of Figure 9 is consistent with this view be-

cause of the tissue motion delay of the P3 (superior glottal)
location compared to the P2 (lower glottal) location.

The large pressure swings and negative pressures
at the location of greatest lateral vocal fold motion, and the
positive pressures within the more anterior and more poste-
rior glottal locations, suggest a relatively strong (dynamic)
pressure gradient along the longitudinal axis of the glottis.
Figure 9 for HL57 illustrates this well. For example, the
upper traces of that figure at the time of 10 ms indicate that
the pressures along the longitudinal glottis near closure are
all about the same value. But then as the glottis opens, the
pressure differences between the locations increase, and at
time 14 ms there is about a 14 cm-H,O difference in the
pressure at the maximum excursion versus the anterior and
posterior positions. Indeed, the pressure difference is 14
cm-H,O between two locations that are 3 to 5 mm apart,
yielding an intraglottal bidirectional pressure gradient of
about 3 to 5 cm-H, O per millimeter of distance. The results
for the hemilarynx HL.54 seen in Figure 6 suggest a similar
conclusion. For that larynx, the maximum vibration was
closer to the mid position pressure tap than to the anterior
tap. The pressure taps of the upper traces were 4.1 mm apart.
The pressure gradients at a time of about 5 ms were about
4.9 cm-H,0 per mm of distance for the mid location to the
posterior location, and 6.6 cm-H,O per mm of distance for
the mid location to the anterior location. These pressure
gradients vary throughout the cycle, as shown by the figure.

The bidirectional pressure gradients along the lon-
gitudinal direction of the vocal folds suggest important
mechanistic consequences. The location of the largest pres-
sure fluctuations and greatest negative pressures in the glottis
suggested in this study is consistent with the location of
tissue damage at the midmembranous portion of the glottis.
Itis also consistent with the intraglottal impact studies'***?',

The bidirectional pressure gradient in the glottis
also suggests a protective mechanism for the vocal fold tis-
sue. The records of this study indicate that the air pressures
in the anterior and posterior glottal regions may be positive
over the entire cycle. Positive pressures would apply repel-
ling forces to the two glottal walls. The consequence of this
may be to protect the anterior and posterior glottal sections
from undue collisions forces. Thus, the dynamic bidirec-
tional pressure gradients may help guarantee vocal fold os-
cillation while protecting most of the tissue from undue
contact forces.

The pressure signals at different locations within
the glottis appear to allow an approximation to the relative
closed quotients for those different locations. The estima-
tions of this study appear to be consistent with the conclu-
sion that the relatively flat tops to the pressure signals indi-
cate when there is contact near that location. An array, then,
of pressure transducers may help to map the dynamic pro-
gression of contact of the vocal folds.
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Conclusions

This study used a hemilarynx model to study dy-
namic pressure profiles in the glottal region. A Plexiglas
pane with imbedded pressure transducers was used as the
flat side opposite hemilarynx canine tissue. The results of
this study strongly suggest that the pressures vary along the
vertical dimension of the glottis during the phonatory cycle.
The range of pressure change at one location may exceed
the mean subglottal pressure, and the minimum value may
be lower for more superior locations in the glottis. The pres-
sures also vary greatly along the longitudinal aspect of the
glottis, with greatest pressure variations near the location
of the maximum amplitude of motion. The pressures near
the maximum amplitude location may be negative at the
same time the pressures are positive at more anterior and
posterior locations. Furthermore, the pressures within the
glottis may remain positive except for the region near the
maximum vibratory motion. The phenomenon of longitudi-
nal pressure differences in the glottis is called here dynamic
bidirectional pressure gradients. This finding may have a
strong relation to the health of the tissue because the nega-
tive pressures would tend to pull the tissue together, but the
positive pressures away from the maximum amplitude lo-
cation would help to soften the collisions between the vocal
folds.
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Irregularities in vocalization signals reveal the
dynamical complexity of the vocal organs in humans, mam-
mals, and birds (Nowicki and Capranica, 1986; herzel, 1996,
Fee et al., 1998; Mergell et al., 1999; Wilden et al., 1998).
Irregular vocal fold vibrations are mostly perceived as a
rough voice sound. They are observed in newborn cries
(Sirvio and Michelsson, 1976; Mende et al., 1990),in con-
versational speech (Dolansky and Tjernlund, 1968) and es-
pecially in patients with vocal fold lesions, paralysis and
other voice disorders (Herzel et al., 1994). Vocal instabili-
ties can be induced either by dysfunctions of the central
neural control or by pathologically changes of the mechani-
cal properties intrinsic to the larynx. The understanding of
the mechanisms leading to vocal instabilities is essential
for the standardization and the objectivation of the clinical
diagnosis as well as for voice training concepts.

There are strong indications that many vocal in-
stabilities are manifestations of bifurcations and low-dimen-
sional attractors of the highly nonlinear voice source. In-
deed, subharmonics, coexistence of two independent fun-
damental frequencies (biphonation) (Ishizaka and Isshiki,
1976; Isshiki et al., 1977, Wong et al., 1991; Smith et al.,
1992), and chaos (Steinecke and Herzel, 1995)have been
found in biomechanical simulations of the vocal fold vibra-
tions. So far, however, no quantitative comparison of ob-
servations and modeling of irregular vocal fold dynamics
was achieved.

One important focus of this study is the
conceptualization of the quantitative description of vocal
irregularities due to laryngeal paralyses by combining digi-

tal high-speed cinematography and biomechanical model-
ing. We report on direct observations of non-stationary asym-
metric vocal fold oscillations in a female patient. Our re-
sults show that a slowly decreasing tension of the healthy
vocal fold, with nearly constant tension of the left paraly-
sed vocal fold, induces transitions between different phase-
locked episodes. Simulations with an asymmetric two-mass
model are presented, which are in quantative agreement with
the observations.

Modem high-speed CCD cameras provide the tem-
poral and spatial resolution required for the analysis of asym-
metric irregular vocal fold vibrations. Pattern recognition
software is applied in order to evaluate the recorded digital
image sequences. We used subsequent image processing and
data reduction methods for obtaining time series of vocal
fold oscillations (Fig. 1; following page). From a digital
high-speed sequence we extract one single horizontal scan
line from each frame intersecting the vocal folds at half vocal
fold length. The resulting gray scale array (kymogram) vi-
sualizes the change of the distance from one to the other
vocal fold during phonation. By means of a subsequent bi-
nary segmentation, the space between the vocal folds, i.e.
the glottis (black-coded) is raised from the glottal environ-
ment (white-coded). The upper and lower separation lines
between the black and white regions correspond to the left
and right vocal fold vibrations. We call the extracted time
series of the left and right vocal fold vibrations high-speed
glottograms (HGG) (Eysholdt et al., 1996; Wittenberg et
al., 1995). The extracted oscillation episode is character-
ized by a 2:3 phase-locking as it can be detected by count-
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ment was performed by using the experimentally determined
asymmetry coefficient. All these pathological parameter
changes are typical for many cases of laryngeal paralyses.

An overview of the various nonlinear phenomena
occurring in the recorded high speed video sequence can be
obtained from differentiated amplitude contours of the vo-
cal fold oscillations (Fig. 3). For direct comparison, these
diagrams show the differences of subsequent oscillation
maxima of the HGG and of the simulated time series plot-
ted over time. Obviously, the characteristic features of the
experimental data can be described authentically by the
model simulations. The structural similarity of the differen-
tiated amplitude contours is most evident in the regions
around 0.5 s and 2 s where phase-locking appears indicated
by a relatively high order of the data sequence. In these
time intervals the right-left comparison of the number of
contour branches clearly exhibits a 3:4 relation (Q =~ 3/4)
around 0.5 s which is more pronounced in the model con-
tours and a 2:3 relation (Q = 2/3) around 2 s. Moreover, the
simulations also reveal narrow intervals of 4:6 and 6:9 rela-
tions between 1 s and 1.5 s and a 4:5 relation around 0.2 s
which can hardly be detected in the HGG contours. Never-
theless, the model data guide the eyes to episodes of phase
locking as it can be verified by zooming into the correspond-
ing time intervals of the HGG.

Exemplarily, we show several 2:3 phase-locked
oscillation cycles for direct comparison of the experimen-
tal and simulated time series (Fig. 3b). The corresponding
oscillatory patterns are very similar to each other. Although
the observed vocal fold oscillations are non-stationary and
irregular, the simplified two-mass model allows to repro-
duce their temporal characteristics apart from small devia-
tions of phase and modulation amplitude adequately.

The presented method can be applied for a vast
array of voice disorders. The observed vocal fold oscilla-
tions are representative for the class of frequently occur-
ring pathologies characterized by laryngeal asymmetry with-
out morphological changes, increased glottal opening, and
abnormally increased lung pressure. Moreover, the non-
stationarity of the oscillations is a common feature of patho-
logical phonation, since a patient with laryngeal lesion tries
to compensate the rough voice sound via auditory feedback
and additional motor control.

At present, the combined application of high-speed
laryngoscopy, image processing, signal analysis, and bio-
mechanical modeling as it has been proposed in this study
is a highly efficient way to investigate mechanisms leading
to vocal instabilities. A quantitative diagnosis of voice dis-
orders can be given in terms of model parameters which
encompass informations about the myoelastic, geometrical,
and aerodynamical properties of the laryngeal system. Once
alaryngeal configuration is changed pathologically, the cen-
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Figure 3. (a) Differentiated amplitude contours of the non-stationary
left (blue) and right (red) asymmetric vocal fold oscillations. Prior to
maximum detection the observed vocal fold oscillations have been filtered
using a bandpass FIR filter (passband 50-750Hz) in order to remove
higher order harmonics due to vocal fold contact and low frequency
contamination arising from movements of the endoscope relative to the
larmyx. On the ordinates the differences of subsequent oscillation maxima
are plotted (HGG: dark dots, simulations: light dots). (b) Several periods
of the simulated time series (fine lines) and the filtered HGG (thick
lines) showing 3:2 phase-locking. This episode corresponds to the time
interval which is highlighted by the green markers in differentiated
amplitude scatter plots of this figure. The subsequent maxima (green
dots) are extracted by using a peak picking algorithm with quadratic
interpolation. Since the amplitudes of the experimental and the simulated
data are of the same order of magnitude the time series have been divided
by their maximum values, i.e. about 1 mm,

tral nervous system is temporarily not able to handle the
anomalous position in the parameter space. During voice
training, compensatory strategies are learned helping to find
the way out of the instability regions. If the laryngeal injury
cannot be compensated, adequate phonosurgery is indicated
for readjusting the crucial parameters.

NCVS Status and Progress Report » 45



References

H. Bloss, C. Backert, and A. Roguse. CAMSYS high speed camera sys-
tem. Fraunhofer Gesellschaft IS, Erlangen, Germany, 1993.

L. Dolansky and P. Tjernlund. On certain irregularities of voiced-speech
waveforms. JEEE Transactions. AU-16:51-56. 1968.

U. Eysholdt, M. Tigges, T. Wittenberg, and U. Proschel, Direct evalua-
tion of high-speed recordings of vocal fold vibrations. Folia Phoniatr.
Logop., 48:163-170, 1996,

M.S. Fee, B. Shraiman, B. Pesaran, and P.P. Mitra. The role of nonlinear
dynamics of the syriny in vocalizations of a songbird. Nature, 395:67-71,
1998.

L. Glass and M. Mackey. From Clocks to Chaos. Princeton University
Press, 1988.

H. Herzel, D.A. Berry, LR. Titze, and 1. Steinecke. Nonlinear dynamics
of the voice: Signal analysis and biomechanical modeling. Chaos, 5:30-
34, 1995.

H. Herzel. Possible mechanisms of vocal instabilities. In P.J. Davies and
P.J. Fletcher, editors, Vocal Fold Physiology: Controlling Complexity and
Chaos, pages 63-75. Singular Publishing Group, San Diego, 1996.

K. Ishizaka and N. Isshiki. Computer simulation of pathological vocal-
cord vibration. J. Acoust. Soc. Am., 60:1193-1198, 1976.

N. Isshiki, M. Tanabe, K. Ishizaka and D. Broad. Clinical significance of
asymmetrical vocal cord tension. Ann. Otol., 86:58-66, 1977.

W. Mende, H. Herzel, and K. Wermke. Bifurcations and chaos in new-
born cries. Phys. Lett. A., 145:418-424, 1990,

P. Mergell, W.T. Fitch, and H. Herzel. Modeling the role of non-human
vocal membranes in phonation. J. Acoust. Soc. Am., 105:2020-2028, 1999.

S. Nowicki and R.R. Capranica. Bilateral syringeal interactions in vocal
production of oscine bird sound. Science, 231:1297-1299, 1986.

P. Sirvio and K. Michelsson. Sound-spectrographic cry analysis of nor-
mal and abnormal new-born infants. Folia phoniatr., 28:161-173, 1976.

M.E. Smith, G. S. Berke, B. R. Gerrat, and J. Kreiman. Laryngeal pa-
ralyses: Theoretical considerations and effects on laryngeal vibration. J.
Speech Hear. Res., 35:545-554, 1992.

1. Steinecke and H. Herzel. Bifurcations in an asymmetric vocal fold
model. J. Acoust. Soc. Am., 97:1571-1578, 1995.

1. Wilden, H. Herzel, G. Peters, and G. Tembrock. Subharmonics,
biphonation, and deterministic chaos in mammal vocalization. Bioacous-
tics, 9:171-196, 1998.

T. Wittenberg, M. Moser, M. Tigges, and U. Eysholdt. Recording, pro-
cessing and analysis of digital high speed sequences in glottography.
Machine Vision and Applications, 8:399-404, 1995.

D.Wong, M. R. Ito, and N. B. Cox. Observation of perturbations in a
lumped-element model of the vocal folds with application to some patho-
logical cases. J. Acoust. Soc. Am., 89:383-394, 1991.

NCVS Status and Progress Report * 46



NCVS Status and Progress Report - 14
September 1999, 47-54

Quantifying Correlations in Pitch- and Amplitude

Contours of Sustained Phonation

Hanspeter Herzel, Ph.D.

Institute for Theoretical Biology, Humboldt University, Berlin
Robert Reuter, M.S. :
Institute of Electronics, Technical University, Berlin

Abstract

Nonlinear phenomena such as subharmonics,
biphonation, or deterministic chaos induce characteristic
patterns in pitch- and amplitude contours. We introduce a
novel measure of correlations in contours termed MAC
(Mean Average Correlation). For uncorrelated and weakly
correlated noise the values of MAC are calculated, and they
turn out to be rather small. Moreover, we analyze simula-
tions of the circle map and find high values of MAC for
subharmonic and chaotic data. We present examples of se-
verely rough voices where correlations in contours are quan-
tified by MAC. Finally, we study the connection between
perceived voice quality and MAC with the aid of 120 per-
ceptually evaluated voices.

Introduction

Many of the observed irregularities in voiced
speech are related to the intrinsic nonlinearities in the vi-
brations of the vocal folds. Bifurcations of this nonlinear
dynamical system to subharmonics, biphonation (two inde-
pendent fundamental frequencies), or deterministic chaos
often induce rough voice qualities [1-5]. Since the pioneer-
ing studies of Lieberman [6, 7] pitch- and amplitude con-
tours'are widely used tools in voice analysis. From series of
periods and amplitudes various perturbation measures can
be derived [8-11]. There are numerous attempts (see, e.g.,
[12-14] to relate perturbation measures to perceptual cat-
egories such as hoarseness, breathiness, and roughness. The
perception of voice quality plays a central role in clinical
practice and, therefore, a quantification via acoustic param-
eters would be helpful. However, there is only limited suc-
cess in that direction [15]. There are several problems asso-
ciated with the application of perturbation measures:

* The pitch detection itself is still problematic [16-18].
* The statistical properties of the derived perturbation
measures have not been studied systematically.

* Trends, measurements noise, frequency jumps, or out-
liers may influence perturbation measures strongly.

* Roughness is a complex psychoacoustic category
[19-22]. For example, the perceived roughness depends
strongly on carrier and modulation frequencies. Conse-
quently, the perception of subharmonics depends, for ex-
ample, on the pitch [23-25].

In this paper we discuss some methodological as-
pects of perturbation analysis. In particular we argue that
correlations in pitch- and amplitude contours are good indi-
cators of nonlinear phenomena. We introduce a novel mea-
sure of the amount of correlations - the Mean Absolute
Correlation MAC. This quantity is calculated for stochastic
and chaotic data and will be used to distinguish roughness
and breathiness.

Mean Absolute Correlation - MAC

According to the textbook [26] hoarseness is re-
garded as an overall measure of perturbations. Breathiness
is associated with turbulent noise and a relatively low in-
tensity of overtones [27]. Roughness is related to irregular
vibration patterns of vocal folds leading to amplitude- and
frequency modulations [12, 28]. Frequently, a four point
scale (0 ... 3) is used to evaluate the degree of hoarseness
(H), breathiness (B), and roughness (R).

It was suggested [3, 28-30] that correlations in
pitch- and amplitude contours are appropriate indicators of
roughness. This point of view can be justified by nonlinear
dynamics theory: The characteristic bifurcations from a
normal voice (a “limit cycle”) are jumps to subharmonic
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regimes, the appearance of another frequency, and the on-
set of deterministic chaos [3-5]. These nonlinear phenom-
ena induce certain correlated patterns in pitch- and ampli-
tude contours. Thus the amount of correlations may serve
as a measure of roughness due to complex vibratory pat-
terns of the vocal folds. Contrarily, turbulent noise induces
primarily uncorrelated fluctuations of periods and ampli-
tudes.

Consequently we test in this paper the hypotheses
that the overall amount of perturbations (measured by jit-
ter, shimmer, or standard deviations) quantifies hoarseness
(roughness and breathiness) whereas correlations in con-
tours distinguish roughness from breathiness.

In the following we introduce the corresponding
statistical quantities. We denote the sequence to be analyzed
by x,(i=1, 2, ..., L). These values x, may represent periods
or amplitudes directly or differences of them. In many cases
it is desirable to study first- or second-order perturbation
functions in order to remove trends [3, 10]. In this paper we
study generally first-order differences, i.e. the x; are differ-
ences of subsequent periods or amplitudes. The variance of

the sequence can be estimated by
1 L 1 L
VAR =~ E(a:.- - :i.‘)z with Ii=— Z.’B,‘. (l)
L L3

We estimate covariance coeffficients as follows:

Ck) = ﬁlg‘xi " Tigk — (ﬁg&) . (L—izlikxnk)'
2)

i=1

" The mean absolute covariance is defined by

1 11
<ICk) >= 15 kZ=; |C(k) - @3)

We exclude the value C(l) from averaging since
this value is affected by the trend elimination (see below).
The mean is taken over a range of 10 values (k=2, 3,..., 11)
since most periodicities of interest are in that range [3, 28,
31]. Moreover, since contours contain typically a few hun-
dred values (2 s with a pitch of 100 Hz give, e.g., L = 200)
the correlation coefficients up to k = 11 can be estimated
reliably.

Of course, the mean in Eq. (3) can be generalized
easily to another k-range or one can introduce some
k-dependent weights to improve the signal-to-noise ratio.
In order to be specific, we choose in this paper an averag-
ing given by Eq. (3).

Since covariances cannot be larger than the vari-
ance, the normalized quantity

<|C(k)| >

MAC = —3n

@

is in the range between zero and one. It will be shown in the
remainder of this paper that MAC is indeed a convenient
quantification of the strength of correlations in contours.

MAC for Random Noise

Any statistical quantity derived from contours is
affected by the finite sample size of the available data. In
this section we discuss the statistical properties of estima-
tors of correlation functions [32, 33].

White Noise

For turbulent noise one can assume that subsequent
pitch periods or amplitudes are uncorrelated. For simplic-
ity we assume that the x; are Gaussian white noise. In the
limit L - the correlation coefficients C(k) approach zero.
For finite samples, however, there are systematic and statis-
tical deviations from zero. It has been shown [33] that the
bias E [C(k)] decays quickly proportional to 1/L. Here E
[...] denote expectation values. The standard deviation,
however, decays slowly as v 1/L and has to be considered
in some detail. Straightforward calculations [34] show that
the variance of correlation coefficients is about 1/L. These
statistical fluctuations lead to the following expectation value

of the Mean Average Correlation MAC [34]:

2
E[MAC] = \/ = )

For L = 100 we obtain, e.g., a value of about 0.08. The
standard deviation of MAC for white noise is much smaller
than its expectation value. Hence the value according to
equation 5 can be considered as characteristic for white
noise.

Correlated Noise
Here we discuss an autoregressive model of first
order as a first approximation of correlations between sub-
sequent values X,
Tipn =a-5; + R; (a<1). ©)
Ri represent independent random numbers. The
autocorrelation function is given by

Even for L -« we obtain a positive value of MAC:

18, 2(1-d% o .
MAC‘TO,%“ -0 10 ®

Hence, weak correlations between subsequent periods or
amplitudes give only small values of our correlation mea-
sure MAC. For example, a= 1/L. leads to MAC = 0.05 which
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is in the order of the noise level calculated in the preceding
section.

Effects of Trend Elimination
Trend elimination can be regarded as a high-pass
filter. It is not surprising, therefore, that correlations are in-
duced. Even for uncorrelated values y, the first order differ-
ences
Ty =Y — Yi-1 )

exhibit correlations. In the following we derive the corre-
sponding correlation function of x.. For simplicity we as-
sume that the mean values of X, and y, vanish. Then we ob-
tain

1 L-k
Clk) = I 2 Ti - Tipk
1 Lok 10)
=I-% Y Wik = Yio1¥irk = Yilisk—1 + Yic1Yirk=1)
i=1

The term y, y,, | induces correlations for k =1:

c() 1
VAR~ "2 an

Second-order differences yield [34]

co _ 2 c® _ .1

VAR~ "3 ™ TuR=7s (12)

VAR~ 3

This implies that differentiated contours introduce
alternations and may mimic period-doubling. Since we use
in this paper first-order differences, we calculate MAC just
for k-values above 1 in order to avoid spurious correlations.

MAC for Subharmonics and Chaotic Data
Period-Doubling and -Tripling

As described in the introduction, nonlinear phe-
nomena induce typically correlations in pitch- and ampli-
tude contours. For example, period-doubling (or “octave
jumps”) yield zig-zag sections in contours. The correspond-
ing correlation functions alternate between -1 and +1. Con-
sequently, we obtain MAC,, = L It can be shown that pe-
riod 3 implies [34] :

oW _

VAR = +1 for k=3,6,9,... 13)
C(k) 1
VAR =-3 for k=1,2/4,.. 14)

This gives MAC,, = 0.65.

These examples illustrate that period-doubling and
period-tripling correspond to fairly high values of MAC
compared to noisy contours. In order to study the variation
of MAC for more complex data we apply our concept to
simulated time series of the circle map.

Simulations of the Circle Map

It has been shown previously that subharmonics
and chaotic vibrations of the vocal folds lead to rough voices
{3, 35]. Moreover, analog simulations of a vocal fold model
sound clearly rough [36]. Here we study for illustrative pur-
poses a simple discrete model that generates easily
subharmonic and chaotic contours. We analyze MAC for
subharmonic and chaotic data from the well-known circle
map [37, 38].

Vi =3+ Q- %sin(%ys) +R;  (mod 1) (15)

This is a representative model of two coupled os-
cillators. The quantity y, refers to a phase variable. If there
is no coupling (K = 0) there is just a constant phase shift Q.
For increasing coupling strength K entrainment regions as-
sociated with subharmonics and chaos appear [39-41].

Since voice instabilities are closely related to bi-
furcations of coupled oscillators, this model is particularly
appropriate. In the above equation Q represents the fre-
quency ratio of the two oscillators and the trigonometric
term models a nonlinear coupling. In order to model the
omnipresent noise we add independent random numbers
(equidistributed in [-0.001, 0.001]). This small amount of
noise affects subharmonics and chaos only minimally [42].
The mod I operation guarantees that the variable y, is con-
fined to the interval [0,1].

Around each rational value of Q = p : q we find
for 0 < K < 1 entrainment regions (“Arnold tongues”), i.e.,
cycles with a period q. For K > 1 these regions begin to
overlap and deterministic chaos appears.

Figure 1 shows sequences x, =y, -y, forK=1.1
and increasing Q. For each value of Q a random initial con-
dition y_ was chosen and the first hundred iterates have been

-

3 08
4
2os
[-%
) i
E 04 A
o )
0 02- ;,
; . - !
R s, | - 1
0.40 0.50 0.60 0.70 0.80
1. v v -
‘ i
Q :
< 05 !
: | I I I ]
N I I I I I O B
0.40 050 060 0.70 0.80

frequency ratio Q

Figure 1. Contours from the circle map with superimposed weak noise
(compare equation 15). The frequency ratio Q was taken at the values
0.35, 040, ...,0.85. For each value 400 data points are plotted. The lengths
of the vertical bars in the lower graph display the value of the
corresponding MAC.
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discarded to remove transient. The following 400 values
are plotted subsequently in Figure 1. This representation
can be regarded, therefore, as a concatenation of several
contours for slightly different parameters. It can be seen
that there are various periodic regimes and chaotic bands in
between. However, these chaotic oscillations are not totally
random but exhibit some residual periodicities. This is due
to weakly unstable cycles within the chaotic attractors.

As predicted, the measure MAC in the lower graph
is about 1 for period 2 (at Q = 0.5) and 0.65 for period 3 (at
Q = 0.35 or 0.65). These periodicities correspond to 1 : 2
and 1:3 or2: 3 entrainment. 1 : 1 entrainment at Q = 0.85
leads to almost constant values of the series x,. Consequently,
MAC is close to the value for random noise.

Higher periodicities (3 : 4 and 4 : 5 entrainment)
and deterministic chaos lead to MAC-values clearly beyond
the noise level of about 0.04. Thus, MAC reflects also cor-
relations which persist in chaotic regimes. There are, how-
ever, also strongly chaotic systems with a fast correlation
decay [43] where correlation functions cannot distinguish
chaos from random noise.

MAC for Contours of Hoarse Voice Samples
Representative Pathological Voices

In this section we present contours, correlation
functions, and MAC values for characteristic voice samples
from the university hospital Charité [35]. The examples are
selected from 22 extremely hoarse voices with various pa-
thologies. A fully automatic algorithm was applied to de-
tect pitch periods and amplitudes [34]. It starts with a rough
estimate of the pitch range via spectral analysis. The pre-

cise pitch detection is based on waveform matching of sub-
sequent cycles. Moreover, a range of up to 2 seconds is
chosen automatically from which pitch- and amplitude con-
tours are analyzed. In this section we study only the middle
100 cycles of that range.

It can be seen from our figures 2 and 3 that various
complex pattern are found reminiscent to simulations of the
circle map in the preceding section. The correlation func-
tions extract the dominant periodicities and the resulting
MAC-values are clearly beyond the noise level for rough
voices.

Figure 2 shows amplitude contours from three pa-
tients with papilloma. The first voice is predominantly
breathy (H3,B3,R1) and, therefore, the amplitude fluctua-
tions are seemingly random leading to a small value of MAC
= 0.06. Contrarily, the other two cases exhibit strong oscil-
lating components. The second voice (H3,B3,R2) is char-
acterized by episodes of biphonation (two audible pitches).
During these biphonic episodes the left and right folds are
desynchronized [35]. The third voice (H3,B1,R3) exhibits
strong low frequency modulations leading to the peak atk
= 10 in the correlation function.

The contours in figure 3 are derived from patients
with unilateral paralysis. In all three cases pronounced
subharmonic components are found leading to oscillating
correlation functions and, hence, to large MAC-values.

Excised Larynx Experiment

Figure 4 shows a highly irregular contour from an
excised larynx experiment. A dog larynx was dissected and
firmly mounted on a tube supplying heated and humified
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Figure 2. Differentiated amplitude contours from three patients with
papilloma. The contours are normalized for visualization and, therefore,
no vertical scales are given. The vertical range of the corresponding
correlation functions (right) is between -1 and 1.

Figure 3. Differentiated amplitude contours from three patients with
paralysis with strong subharmonic components.
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air (see [44] for details). For large driving pressure a transi-
tion to irregular vibrations via period-doubling was observed
(compare Figure 8 of [44]).

Beside the strong irregularity there is a
subharmonic component leading to a period 3 in the corre-
lation functions. Near the end of the segment a period 6 can
be seen. The correlation functions in the lower graphs are
derived from the first and second half of the contour. The
function with the period 6 (lower right graph) leads to a
particular high MAC-value.

These examples illustrate that rough voice signals
are associated with complex patterns in pitch- and ampli-
tude contours. The resulting correlations can be quantified
with correlation functions and the value of MAC - a novel
perturbation measure.

Perceptual Categories

As discussed in the introduction it would be desir-
able to quantify the more or less subjective characterization
of voice qualities. The amount of correlations in contours
seems to be good candidate to distinguish roughness and
breathiness [3, 29]. Our quantity MAC was indeed small
for a breathy voice (upper graph in figure 2) and large for
rough voice signals.

In order to test dependencies between perceived
voice quality and our discussed measures we use record-
ings of the vowel “a” of 120 patients from a recent
multicenter study [45]). These voices have been evaluated
by 30 phoniatricians using the 4 point HBR-scale [46]. In
the following we relate the average HBR values to our sta-
tistical quantities VAR and MAC. The contours have been
derived automatically as described above. The number of
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Figure 4. Differentiated pitch contour from an excised larynx experiment.
The correlation functions below are calculated from the first (left) and
second (right) 100 cycles of the contour above.
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pitch periods per voice signal varies between L = 166 and L
= 752 (mean 362, standard deviation 106).

First, we discuss hoarseness H as an overall mea-
sure of voice quality. As expected, any statistical quantity
that measures the amount of amplitude perturbations is cor-
related with H ratings. For example, shimmer[%] and
shimmer[dB] (see [8] for definitions) have correlation co-
efficients of 0.62. Since VVAR of the amplitude contour is
intimately related to shimmer{%] (correlation coefficient:
0.99), it is no surprise that the correlation between vVAR
and H-ratings is similarly high (0.64). Even stronger corre-
lations can be found using semilogarithmic plots. Between
log (VAR) and H-rating a correlation coefficient of 0.82
was obtained. The corresponding scatter plot is shown in
Fig. 5a. Thus the hypothesis is supported that the C(O) =
VAR can serve as a measure of hoarseness.

The second hypothesis was that MAC can differ-
entiate between breathiness and roughness. Thus we calcu-
lated correlations between MAC from the amplitude con-
tours and the difference of R- and B-ratings. For jitter[%],
shimmer{%], shimmer{dB], and vVAR the correlation co-
efficients to R-B were below 0.1. Thus conventional over-
all measures of perturbations are not at all able to discrimi-
nate between roughness and breathiness. The correlation
coefficient between MAC and R-B was 0.32. This value is
significantly above the noise level for 120 voices but re-
flects only weak correlations.

However, the ratings of the various experts exhibit
a wide scatter. Consequently, the difference R-B is strongly
fluctuating from listener to listener. For severely hoarse
voices the ratings were more reliable. Thus we studied also
the subset of 30 voices with an average H-rating above 2.25.

=0.82
1000 | ° ¥

VAR

100 ¢

10t

Figure 5. Scatter plot of the variances of 120 amplitude contours versus
the mean rating of hoarseness H.
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Figure 6. Scatter plot of MAC versus the differences of roughness and
breathiness ratings R-B. Filled circles: 30 voices with hoarseness above
2.25; empty circles: other 90 voices.

For these voices we found a clear correlation between MAC
and R-B (correlation coefficient: 0.65, see Fig. 6). How-
ever, larger studies are necessary to confirm this prelimi-
nary result.

Discussion

Our paper was devoted to the statistical analysis
of pitch- and amplitude contours. The examples in the pre-
ceding sections were derived from acoustic signals. We
empbhasize that the same techniques are valuable for con-
tours from EGG recordings or high-speed glottography.
Recently, in a pioneering study of Mergell pitch-contours
of left and right vocal fold vibrations have been analyzed
separately [47]. :

As a first result we found that correlation func-
tions and their absolute mean MAC are sensitive indicators
of nonlinear phenomena such as period-doubling,
biphonation, or deterministic chaos. In order to evaluate the
significance of large MAC-values it was helpful to calcu-
late the expectation value of MAC for random noise. It
turned out that MAC remains relatively small for white and
correlated noise. This distinguishes MAC from other mea-
sures based on correlation functions. Imaizurm suggested,
for example, the difference of maximal and minimal corre-
lation coefficients [29] as a measure of roughness. This
quantity, however, is a difference of two fluctuating corre-
lation coefficients and exhibits, therefore, large statistical
fluctuations. In contrast, MAC is an average over 10 values
and can be estimated more reliably. Moreover, its expecta-
tion value and variance can be calculated easily [34].

It was shown that a differentiation of contours can
induce alternating correlation functions that could be misin-
terpreted as period-doubling. Even for random sequences
first-order differences gives for k = 1 correlation coefficients
of -1/2 and second-order differences yield even -2/3. There-
fore, MAC is calculated in this paper for therange k =2, 3,...,
11.

Finally, we looked for relations between percep-
tual categories and correlation functions. Whereas the vari-
ance C(0) quantifies hoarseness, the value of MAC can
differentiate between roughness and breathiness. Correla-
tion coefficients above 0.6 have been obtained that are quite
high compared to earlier studies [12, 48]. However, the
correlations to R-B were not very strict which can be re-
lated to the following aspects:

« Any rating has its own uncertainty due to different ex-
periences and subjectivity.

» Roughness and breathiness are related to several prop-
erties of the acoustic signal and are hardly measurable by
a single quantity.

* Psychoacoustic experiments show that perceived rough-
ness depends on many details of the signal. A signal
sounds rough if spectral peaks fall into the same critical
band [22, 49, 50]. The distances of spectral peaks, how-
ever, depend on the pitch and the specific features of
subharmonics and modulations. Contours describe only
certain aspects of complex signals and cannot, therefore,
correlate perfectly to roughness.

Recently more complicated roughness models from
psychoacoustic theory have been tested [34, 51, 52]. They
are based on the power-spectra of the voice signal and are,
therefore, more closely related to the perception by listen-
ers. A comparison of contour-based measures and
psychoacoustically motivated techniques will be published
elsewhere.
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Abstract

Pitch and roughness were rated as the extent of
amplitude modulation (AM) and frequency modulation (FM)
of a subharmonic (F, /2) were varied. The objective was to
determine the identification boundaries for pitch and rough-
ness and to discover how both kinds of modulation affect
these boundaries. Another objective was to judge the reli-
ability between subjects when identifying pitch and rough-
ness. Three procedures were used: ABX comparisons,
Method of Adjustment, and Rating of Roughness. Results
indicated that the crossover point to the lower pitch (asso-
ciated with the subharmonic) occurred between 10% and
30% modulation, depending on modulation type and F,.
Subjects demonstrated highly variable perceptions of pitch
and roughness with poor inter-subject reliability.

Introduction and Background

The ability to evaluate the perceptual qualities of
the human voice is of practical interest to voice clinicians
and singing teachers. If diagnosis and therapy are to im-
prove, it is crucial that perceptual ratings of broad catego-
ries such as pitch, loudness, roughness, resonance, and
breathiness can be broken down into finer subcategories.
Ideally, the subcategories would reflect specific vocal fold
oscillation properties. For example, roughness resulting from
a subharmonic may be distinguishable from roughness re-
sulting from aperiodicity. Aside from the existing inadequacy
of current terminology for clinical judgment of the voice
(Jensen, 1965), there is a lack of parametric studies of spe-
cific waveform characteristics and their effect on vocal quali-
ties.

Recent research by Kreiman et al (1998) and
Rabinov et al (1995) has demonstrated poor inter-subject
reliability and validity when rating such qualities as rough-

ness and breathiness. “Listeners agreed very poorly in the
midrange of scales for breathiness and roughness, and mean
ratings in the midrange of such scales did not represent the
extent to which a voice possesses a quality, but served only
to indicate that the listeners disagreed” (1998). De Bodt et
al (1997) studied the effect of experience and professional
background on perceptual rating of voice quality using the
GRBAS scale. They presented 9 pathological voices to
speech language pathologists and otolaryngologists with a
14-day test-retest interval. The test-retest reliability was
moderate, with best agreement occurring for the G (grade)
parameter and the worst for the S (strained) parameter. They
concluded that professional background had a greater im-
pact on perceptual rating than experience. Gerratt et al
(1993) compared internal and external standards in voice
quality judgments through the use of standard rating scales
versus scales in which a set of anchors was presented prior
to rating. Their results showed that the use of an anchored
scale (when compared to an unanchored scale) significantly
increases both inter and intra-subject reliability. Other research
(Ebel, 1951) has also shown poor reliability of ratings.

A wealth of literature exists concerning the gen-
eral perception of pitch and roughness. Pitch is affected by
the intensity, duration, and spectrum of a voiced sound.
When the intensity increases, the pitch of a low tone de-
creases, whereas the pitch of a high tone increases (Stevens,
1935). Beerands (1989) found that the pitch of short tones
is less salient than the pitch of long tones. According to the
ANSI standard of 1994, “Pitch is that attribute of auditory
sensation in terms of which sounds may be ordered on a
scale extending from low to high. Pitch depends mainly on
the frequency content of the sound stimulus, but it also de-
pends on the sound pressure and the waveform of the stimu-
lus.”
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The sensation of two interfering simple tones (si-
nusoids) is characterized as roughness in speech and tonal
dissonance in music. Maximal roughness and maximal dis-
sonance are sometimes considered synonymous. The de-
gree of interference among the harmonics of two sinusoids
determines the amount of dissonance or consonance per-
ceived for simple frequency ratios of the fundamentals.
Perception of roughness may also result from either ampli-
tude modulation or frequency modulation of the tone.
Terhardt (1974) found that the roughness of a sinusoidally
amplitude-modulated tone depends primarily on the rela-
tive amplitude modulation (relative fluctuation of the tem-
poral envelope).

Roughness seems to be strongly correlated with
the envelope fluctuations of a sound that has passed through
a critical band filter. A parameter would be the ratio of
fluctuation amplitude to a steady state mean value. “Then,
the entire roughness is composed of the partial roughnesses
which are contributed by adjacent critical bands.” When
subharmonics exist in the source waveform, due to a vari-
ety of possible pathologies or unusual vibration patterns,
roughness is likely to be perceived because the fundamen-
tal and a subharmonic are in a critical band. Furthermore,
the pitch may become uncertain.

Wendahl (1966a) showed that for a given jitter
(usually thought of as a random frequency modulation), a
signal with a low fundamental frequency (F)) tended to be
perceived as rougher than a signal with a high F . Ina 50
Hz. Tone for example, even a sinusoidal (rather than ran-
dom) modulation may be enough to create the perception
of roughness and a lowered pitch. This will be borne out in
our present study.

Purpose and Research Questions

The purpose of this study was to determine what
perceptual judgments occur as a direct result of an F/2
subharmonic modulation, both in frequency (FM) and in
amplitude (AM). We wished to determine an identification
boundary between the F related pitch and the F /2 related
pitch and to investigate whether this perceptual boundary is
discrete (categorical) or continuous. Subjects were pre-

Table 1.
Parameters for Simulation Model
Parameter Default Range | Perceptual Effect of Changes
Flow Amplitude 375 cm'/sec | 200-700 Loudness
Fund; | Frequency 100 Hz 50-1200 Pitch
Open Quotient — Q, 6 1-10 Tightness/Breathi
Skewing Quotient - Q, 1.7 1-5 Timbre
DC Flow Added 0 cm/sec. | 0-300 Breathi
Area of Epilarynx Tube Sem® 0-1 R /Ring
F, Modulation Frequency 0 Hz 0-12 Vibrato (Rate)
F, Modulation Extent 0% 0-12 Vibrato (Amount)
Amplitude Modulation Frequency OHz 0-12 Vibrato (Rate)
Amplitude Modulation Extent 0% 0-12 Vibrato (Amount)
|___Nasal Coupling Area Ocm’ (8] Nasality

sented with tokens of the a synthetic [a] vowel. The re-
search questions to be answered were: (1) Where does the
identification boundary occur as a function of modulation
extent? (2) Is it the same for FM and AM? (3) How does the
modulation affect the perception of roughness? (4) Does
F_have an effect on the perception of pitch and roughness?
(5) How variable is the subjects’ ability to identify pitch
and roughness?

Procedures

Ten subjects were recruited. All of them success-
fully passed a hearing test and were considered to have nor-
mal hearing. The ages of the subjects ranged from 22-57,
with a mean age of 33 years. Amount of musical back-
ground or training ranged from none (1 subject) to moder-
ate (5 subjects) to professional vocalists (4 subjects).

—

Displacement

-

0 0.005 0.01 0.015 0.02
Time (s)

Figure 1. Glottal flow waveform with 20% amplitude modulation with
F,=200 Hz.

180,

Amplitude (dB)

0 200 200 600 800 1000
Frequency (Hz)

Figure 2. Magnitude spectrum of glottal flow with 20% frequency

modulation with F =200 Hz.
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Synthetic stimuli were generated with a computer
model Speak, a computational glottal flow and vowel ar-
ticulation model based on the linear source-filter theory
(Titze, Mapes, and Story, 1994). In this model, both the
glottal source and the filter parameters can be manipulated
and controlled. The glottal parameters are: peak flow fun-
damental frequency, open quotient, skewing quotient, the
size of the area of the epilaryngeal tube, and frequency and
extent of AM and FM (imposed on the first two param-
eters). The filter defines the area function of the vocal tract.
Table 1 represent all available inputs, with typical default
values and ranges.

All default values were used, with the exception of
fundamental frequency (which was chosen to be 100, 200, or
300 Hz.), F, modulation frequency (which was always cho-
sen to be half of the F ,e.g, 50, 100, or 150 Hz.), and either
the amount of amplitude modulation (%) or frequency modu-
lation (%), which was varied from 2% to 98%. Figure 1 shows
a simulated glottal waveform with 20% amplitude modula-
tion. Note the alternation of successive amplitudes. Frequency
modulation of the same extent (20%) is difficult to see on the
time waveform, so we show a magnitude spectrum in Figure
2. Note here that the subharmonics are about 10-15 dB below
the harmonics in two co-existing series.
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Figure 3. ABX comparisons for FM.

For the Method of Adjustment task to match pitch,
triangular waves (rather than pure tones) were generated by a
function generator (Heath 1G-1271, Benton Harbor, MI) to
present the subject a complex, but modulated) spectrum. Ide-
ally, the same SPEAK synthesizer would have been used, but
areal-time version with simple dial control of F, was not yet
available. The intensity of the signal was kept at a comfort-
able dB SPL level for each subject averaging about 60 dB
SPL. Subjects were allowed to adjust the frequency until they
found what they believed to be a “match” to the presented
token. Frequencies chosen by the subjects during the Method
of Adjustment task were measured and recorded by the inves-
tigator (not in view of the subjects) using a frequency counter
with a range of 5 Hz-80 MHz (B&K 1805, Chicago, IL).

Three different listening tasks were requested of
the subjects. All tasks involved the presentation of tokens
of 1-second duration of the vowel [a] presented at 100, 200,
or 300 Hz. All three fundamental frequencies were pre-
sented either in a non-modulated form (1* procedure only)
or were systematically modulated with their corresponding
subharmonic (F_/2) by varying the extent of AM or FM.

The first task involved presentation of the above
tokens in an ABX forced alternative format in which the
subjects first heard the non-modulated fundamental fre-
quency F, as A; then heard the non-modulated subharmonic

10

Number of times selected

-4~ 300 Hz.

10 20 25 30 35 50 70 80 S0 95
Amount of Amplitude Modulation (%)

Figure 4. ABX comparisons for AM.
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F /2 as B; and finally heard the token with the modulation
X. They were asked to listen to A and B and determine if
the pitch of X was more like A or B. There was a 2.5-sec-
ond pause between A and B and between B and X, followed
by a 5-second pause for response. All possible tokens were
presented three times to increase the power and reliability
of our results and to check for intra-subject reliability.

The second task involved the presentation of single
tokens of the modulated tones, with the option to repeat the
stimulus as many times as desired or to continue. The sub-

ject was allowed to adjust the frequency dial of the wave
generator until they believed they had found a pitch to
“match” the given token. When this match had been found,
their choice was displayed on a frequency counter and was
recorded by the investigator. All tokens were presented twice
to check for intra-subject reliability.

The third task involved the presentation of the
above stimuli again as single tokens. Subjects were in-
structed to rate each in terms of roughness on a scale of 1
(very smooth) to 10 (very rough). The subjects were given
a set of anchors prior to this task to provide them with a
frame of reference for the subsequent ratings. These an-
chors represented the entire range of all possible amplitude

and frequency modulated tones.
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Figure 5. Method for adjustment comparisons for FM.

Results and Discussion

Boundary identification was influenced by both F,
and type of modulation. For frequency modulated vowels
(Figure 3), the identification boundary (5 out of 10 selec-
tions) appeared to occur with less than 10% modulation for
100 Hz, 25% for 200 Hz, and 35% for 300 Hz. For ampli-
tude modulated tokens (Figure 4), the identification bound-
ary appeared to occur at 20% for 100 Hz, and approximately
50% for both 200 and 300 Hz.

In the Method of Adjustment task (Figure 5 and
6), there was a high preference for choosing the subharmonic
pitch as the true pitch, but intermediate pitches between the
two octaves were systematically chosen. Thus, there was
not a pitch dichotomy, but a gradual variation. This would
suggest a continuous rather than discrete pitch perception
of these modulated signals. The crossover to the
subharmonic for FM was at 10% modulation for 100 Hz
and at 20% for 300 Hz. For AM, the crossover occurred at
20% modulation for all fundamental frequencies.

From the above results, it appears that FM yields
identification of the subharmonic at a lower modulation
extent than does AM and that lower F, produces earlier
identification of the subharmonic as the true pitch.
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Figure 6. Method for adjustment comparisons for AM.
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Perception of roughness was also influenced by
F_and type of modulation (Figures 7 and 8). FM tones re-
ceived ratings of roughness of 5 or greater (out of 10%) for
10% modulation while AM tones didn’t receive roughness
ratings of 5 or greater until 20% modulation was reached.
Thus, it appears that FM tones cause a somewhat higher
rating of roughness (generally) than do AM tones, but sta-
tistical significance was not reached in our study. The low-
est F_ (100 Hz.) was perceived as rougher than the other
two F s (200 and 300 Hz.) at all modulation amounts and
for both AM and FM. This supports the findings by Wendahl
(1966a).

With regard to the question of subject reliability, at
least half of the subjects (those with little or no musical train-
ing) showed poor pitch matching abilities and their “matches”
appeared to be random and inconsistent. This was demon-
strated by their selection of neither the F , the F_/2, nor any
other harmonic component. However, it is interesting to note
that even the musicians showed great inter-subject variability
when choosing between the F and its subharmonic (Table 2;
following page).

For perception of pitch in both AM and FM, the
subject variance generally increased with increasing F,. For
FM, the variance was particularly great for 100 Hz at the
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Figure 7. Roughness rating for FM.

95% and 98% modulations. There was a slight overall de-
crease in the variance at the 90% level for all three F s and
for both AM and FM. It appears that there is poor inter-
subject reliability in the perception of F_in even the most
“trained” ears and even less reliability in the “untrained”
ears.

In perception of roughness, the lowest F_ (100 Hz)
generally had greater variance in the ratings than the other
two F s (Table 3; following page). This was especially true
for AM. Variance in roughness ratings for 200 and 300 Hz
seemed to dramatically increase at about 10% and then
tended to remain fairly high up to 98%. These findings
support those made by Kreiman et al (1998) and Gerratt et
al (1993). Inter-subject variability was high for all three
procedures, for both AM and FM, and for both pitch iden-
tification and roughness rating.

Statistical analysis for the ABX task showed the
comparison of selected F_ with the presented F yielded a
chi-square value of 37.63 (p < .001). The comparison of
selected F, by type of modulation for AM yielded a chi-
square value of 103.50 (p <.001). The comparison of se-
lected F, with the type of modulation for FM yielded a chi-
square of 54.906 (p < .001). This would imply a very strong
relationship between selected F and presented F, as well
as selected F_ and type of modulation.

10

Rating of Roughness

-4--300 Hz.
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Figure 8. Roughness rating for AM.
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Table 2.
Variabilities in the Method of Adjustment Task
(Note Overall Decrease in Variability at 90%)
Amount of Freqeuncy Modulation
2% 5% 10% 20% 30% S50% 70% 90% 95% 98%
100 Hz. mean 82.75 106 74 6522 4633 58.88 55.88 45 8225 70.37
stdev. 243 46.77 31.26 25.01 25.02 32.11 33.69 12.83 55.18 57.73
200 Hz. mean 200.75 182.25 153.88 121.88 115.22 102.33 115 109.88 114.87 117.57
stdev. 4.02 3736 56.44 4381 51.12 4541 3245 3432 3824 3738
300 Hz. mean 276.62 254 245.55 205.44 164.77 129 160.33 161.66 161.62 169.12
stdev. 41.56 58.01 81.74 7521 5243 3597 3332 2883 5991 577
Amount of Amplitude Modulation
2% 5% 10% 20% 30% 50% 70% 90% 95% 98%
100Hz. mean 99.6 1099 859 8433 54.11 7533 6322 43.88 5637 57.12
stdev. 1.64 40.73 31.78 23.62 8.66 5425 24.17 1135 1796 20.71
200 Hz. mean 201.8 204 153.7 166.44 123 152.22 122.55 98.55 136.25 145
stdev. 3197 12.07 64.12 5524 43.66 58.25 44.36 10.08 49.09 49.66
300Hz. mean 285.6 282.7 247.8 200.88 191 141.22 133.88 158.88 169.87 148.75
stdev. 2941 33.01 65.61 89.08 9447 3262 23.71 28.62 5527 20.67

Analysis of variance for comparison of selected
F versus F_for the Method of Adjustment Task showed an
F-value of 12.38 (p < .0001) for FM tokens and an F-value
of 14.35 (p £.0001) for AM tokens. However, caution must
be taken in interpretation of the relationship between se-
lected F, and presented F since the selected F_ values were
mean values and contained great variability. Comparison
of selected F, versus type of modulation gave an F-value of
2.21 (p < .0001) for FM and an F-value of 2.92 (p < .0001)
for AM.

Statistical analysis of ratings of roughness yielded
an F-value of 3.81 (p < .001) for comparison of the selected
versus presented F_ in FM tokens, while an F-value of 6.45
(p £ .0001) occurred for the comparison of selected versus
presented F,in AM tokens. Comparisons between type of
modulation and selected rating, however, were not as sig-
nificant, yielding an F-value of 1.29 (p < .1889) for FM
tokens and an F-value of .67 (p < .8548) for AM tokens.
This would imply a strong relationship between presented
Fand rating of roughness, but a weak relationship between
type of modulation and rating of roughness.

Conclusions and Implications for Future Research

This study has brought into question the percep-
tion of pitch and roughness for vowel sounds containing
subharmonics. Our findings suggest that there may not be a
single “fundamental pitch” when listening to such sounds.
A modulation of as little as 10% can cause the pitch to drop
toward a lower octave associated with the subharmonic. But
inter-subject variability is high. This may be explainable on
the basis of the “best-fit” or (template-fitting) model pro-
posed by Goldstein et al (1973). According to this model,
subjects pick the best-fitting F, that corresponds to a highly
individualized stereotype.

Further research might involve the investigation
of the perception of lower order subharmonics (F /n, where
n=1, 2, 3, ...) or modulations that have no integer relation
to F_. One possible goal might be the development of a set
of training tapes that contain a great variety of anchors for
modulations typically observed in voice signals. These tapes
could be used by clinicians, otolaryngologists, and vocal
pedagogues who wish to find a more objective, accurate,
and standardized means of perceiving vocal qualities.
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Table 3.
Variabilities in the Perception of Roughness
(Numbers of Greatest Variance are Boldfaced)
Amount of Freqeuncy Modulation
2% 5% 10% 20% 30% 50% 70% 80% 90% 95% 98%
100 Hz. mean 5.12 7 825 737 6.25 7.5 732 7 662 775 7.62
stdev. 1.88 141 1.49 1.5 296 25 255 293 159 3.01 2.72
200 Hz. mean 3 5.5 625 4.62 6.5 525 462 537 787 15 437
stdev. 1.19 1.77 1.75 184 1.19 1.75 2.19 206 1.45 1.3 2.87
300 Hz. mean 2.25 3.37 4 462 512 4.62 4.87 4.87 6 437 5.75
stdev. 0.7 1.68 25 261 241 277 247 29 3.07 261 286
Amount of Amplitude Modulation
2% 5% 10% 20% 30% 50% 70% 80% 90% 95% 98%
100 Hz. mean 2.5 433 5.37 8§ 7.12 775 775 737 737 762 17.12
stdev. 2.13 232 333 1.6 195 265 254 337 266 3.02 247
200 Hz. mean 1.87 1.75 2.87 512 637 487 5.75 3.5 437 5 4.87
stdev. 0.83 0.7 145 223 2.19 1.8 212 169 106 2.13 1.88
300 Hz. mean 1.5 2.12 4 45 5.62 5 5.5 437 4.12 4387 4.12
stdev. 0.75 1.12 2 244 262 2 1.3 226 2.1 253 259
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Introduction

Cells constitute the core biologic processes by
which our vocal folds are alive. Although it is rare for any
voice professional to be cognizant that vocal health or ill-
ness is often times dependent upon cellular well being or
dysfunction, the laryngologist must be aware of this rela-
tionship. In essence, nearly every voice illness can either be
related to a tissue change or disorder, or sub-optimal or in-
appropriate functional use of normal or abnormal tissue. As
physicians we must decide if the tissue is diseased or if it is
being used sub-optimally or both. If the tissue is diseased,
then this implies it’s cellular health is lacking and we should
try to restore that. It is to this matter that this chapter will
address. Although this chapter attempts to summarize the
important information regarding cellular activity, vocal
health, and voice disorders, it will become apparent that much
knowledge is lacking.

The field of vocal health and vocal function has
had a decidedly different past than many other organ sys-
tems. This is in part due to the large volume of research
performed in this field by speech scientists, speech patholo-
gists, and those with engineering backgrounds. As these
investigators have pioneered research in this field, they have
used the tools with which they are most comfortable and
experienced. Consequently, we have a rich foundation in
signal processing and acoustical analysis of voice and vocal
problems. We are also developing a nice foundation in other
areas of science such as computer modeling and integrated
research such as that found in the neuromotor arena. How-
ever, voice research at a biologic cellular or molecular level
has not been done with the same degree of interest. It is the
author’s hope that this chapter will help provide some of the
building blocks for clinicians to understand vocal health and
vocal pathology from a biologic and tissue basis and also to
perhaps stimulate ideas and research in this area.

The vocal folds are composed of various tissue
types: epithelium, lamina propria, striated muscle, nerves,
vascular structures, and cartilage. Although each of these
tissue types are important, this chapter will focus on the
epithelium and lamina propria. Vocal pathologies that are
related to muscle dysfunction are integrated into the neuro-
muscular system and often have a neurologic basis for their
disorder. It is beyond the scope of this chapter to deal with
those diseases. On the other hand, most vocal lesions are
pathologies that are lamina propria in origin. The lamina
propria is certainly an active and vibrant structure which is
deserving of our attention for the next few pages.

The Epidermis

The vocal folds have a stratified squamous epithe-
lium for their covering. Other parts of the larynx have a
ciliated pseudocolumnar epithelium. The majority of the
ciliated epithelium is found in the posterior glottis and there
is also occasionally a small strip of ciliated epithelium right
at the anterior comisure. However, the membranous vocal
folds are covered with squamous epithelium. As opposed
to normal skin, the epithelial cells appear to be metaboli-
cally functional until near the time of desquamation. Squa-
mous cell epithelium is replenished by the top surface (old)
cells being desquamated into the lumen and newer cells (be-
ing produced by division of the basal cells) moving superi-
orly or medially and taking their place. These metaboli-
cally active cells have caused some researchers to wonder
about their role in water transport. Is this epidermis perme-
able to water and if so, how much? The answers to these
questions have not yet been answered although research is
beginning. (personal communication, Kimberly Fisher,
Northwestern University)
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from the lamina densa into the lamina propria and back up
into the lamina densa. Those who are familiar with the base-
ment membrane zone will understand that this a simplified
version but it will suffice to illustrate that securing the epi-
dermis to the lamina propria during intense vibration is not
an easy task and later we will see that this becomes criti-
cally important in some of our vocal pathologies.

It is important to point out that some of the pro-
teins in the basement membrane zone, such as collagen type
7, have been shown to be genetically influenced®. For in-
stance, the number of anchoring fibers (this is termed the
“population density” of anchoring fibers) that one has in
the basement membrane zone is genetically determined".
For example, the average person may have between 80 and
120 anchoring fibers per unit area of their basement mem-
brane zone while someone who has a recessive form of the
gene which doesn’t create as many anchoring fibers may
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Figure 4. This schematic shows the epithelium in the three layers of the
lamina propria with the basement membrane being a thin layer helping
secure the epithelium and lamina propria together. Reprint Courtesy:
Singular Publishing Group, Inc. (800)521-8545, 401 West “A” Street,
#325 San Diego, CA 92101-7904. Gray SD, Hirano M, Sato K: Vocal

Fold Physiology: Frontiers in Basic Science. Tirze IR (ed) “Molecular
and Cellular Structure of Vocal Fold Tissue: 1-34, 1993.
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Figure 5. This schematic shows how the basement membrane zone is
constructed. Essentially the basal cells hold themselves into the collagen
type 4 and other laminar proteins through the use of anchoring filaments.
Then anchoring fibers (collagen type 7) secure these laminar proteins to
the lamina propria. Reprint Courtesy: Singular Publishing Group, Inc.
(800)521-8545, 401 West “A” Street, #325 San Diego, CA 92101-7904.
Gray SD, Hirano M, Sato K: Vocal Fold Physiology: Frontiers in Basic
Science. Titze IR (ed) “Molecular and Cellular Structure of Vocal Fold
Tissue: 1-34, 1993.

have only between 40 and 60 anchoring fibers per unit area.
Those who are homozygous for the recessive gene will have
few or no anchoring fibers®®. This is an indication that there
may be some genetic conditions that possibly predispose a
voice to certain vocal conditions. For instance, if someone
has more anchoring fibers than another, would their voice
be less predisposed towards the occurrence of vocal nod-
ules? The answer to that question is not known. Nor is it
known if a lack of anchoring fibers is a key determinant in
the formation of vocal nodules. Nevertheless, it does raise
some interesting questions and makes us aware that genet-
ics may play a role in vocal health.

The Lamina Propria

The lamina propria of the vocal folds has tradi-
tionally been divided into three layers based on their histo-
logic composition of elastin and collagen fibers: the super-
ficial layer of the lamina propria (SLLP), the intermediate
or middle layer of the lamina propria (MLLP), and the deep
layer of the lamina propria (DLLP)??". The SLLP is char-
acterized by fewer elastin fibers than the MLLP and DLLP.
The MLLP is noticed by a rise in the elastin fiber concen-
tration and the DLLP contains a modest decrease in elastin
fibers coupled with an increase in collagen fibers (figure
6). In reality, such a contrast between layers is not readily
noticeable in every individual specimen. However, as a
general rule, these categories are descriptive and contain
functional importance. The MLLP and DLLP together con-
stitute what is termed the vocal ligament. This is an area of
the lamina propria that bears longitudinal stress and thus
has a more dense collagen fiber composition.

Hammond et. al found that the width of the layers
based on the elastin fiber concentration varies with age but
not so much by gender'®. He described that the collagen
concentration was fairly uniform throughout all layers. The
collagen concentration varied more by gender and not by
age®. The width of these layers also varies individually
and since the collagen concentration is fairly level through-
out all layers, the width is mostly dependent upon elastin
fiber concentration.

Another useful division of the lamina propria is by
biologic components. The lamina propria can be divided
into cellular-and non-cellular contents. In biology, the non-
cellular molecules are also termed extracellular as opposed
to intracellular molecules. In the field of extracellular biol-
ogy, the term applied to the matrix of molecules found be-
tween the cells is the extracellular matrix or ECM. There-
fore, in the lamina propria of the vocal folds, we may divide
the tissue into the cells of the vocal fold and the extracellu-
lar matrix®°, This is a useful division since the contents of
the extracellular matrix influence the properties of tissue
oscillation.
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Table 1.

Proteoglycans Found In the Human Vocal Fold

Proteoglycans Function Localization in Voca! Folds
Hyaluronic Creates and is the means for Found throughout the ECM
Acid control of tissue viscosity, effects of the lamina propria, slightly
tissue flow resistance and tissue  more intense in the inter-
osmosis, provndcs spaccfilling  mediate layer of the LP, found
and space occupying molecules,  in macrophages and fibro-
probably helps determine lamina blasts of the LP, evidence
propria layer thickness!1¢ suggests gender specificity.
Males>females
Decarin Binds to collagen fibers resulting Found in the ECM of the
in delayed fibril formationand ~ lamina propria, may be more
thinner fibril formation'®®, may  concentrated in the SLLP
help reduce fibrosis and scar
following injury
Fibromodulin  Binds to collagen fibers Found in the ECM of the
resulting in delayed and thinner ~ lamina propria, found mainly
collagen fibers, both decorinand  in the intermediate and deep
fibromodulin may effect ligament layers of the LP, seems to be
performance concentrated around the
vocal ligament®>
Versican Has ability like hyaluronicacid ~ Found being manufactured by
to fill space, bind and organize  the fibroblasts and macro-
water molecules phagesin the LP
Heparan Sulfate Binds to fibronectin, collagen Found in the basement
Proteoglycan IV, and laminin®, may play membrane zone of the vocal
arole in tissue morphogenesis folds, found in the fibroblasts
and macrophages of the LP

Aggregan was not found in vocal folds
Biglycan has not been searched for in the vocal folds

ECM - extracellular matrix
LP - lamina propria
SLLP - superficial layer of lamina propria

Data from Pawlak A, Hammond T, Gray SD: Inmunocytochmical study
of proteoglycans in vocal folds. Ann Otol Rhinol Laryngol. 105:6-11,
1996.

been the subject of more intense research in the recent years.
We have already partially discussed two important fibrous
proteins, that of collagens and elastins. Because of the ease
of identifying these two proteins with histologic stains, these
proteins have been studies for the last few.decades. On the
other hand, the interstitial proteins, those proteins found in
between the fibrous proteins, have only been studied dur-
ing this last decade. Pawlak described many of the intersti-
tial proteins and are listed in table 1%.

Fibrous proteins and interstitial proteins have vari-
ous roles within the extracellular matrix. Collagens pro-
vide strength and structure to the tissue. They are useful in
bearing stress and resisting deformation when subjected to
aforce. Elastin fibers convey elasticity to the tissue. Elas-
ticity is defined as the ability to be deformed and return to
the original shape. The vocal folds must be deformed and
retain the ability of returning to their original shape®. In-
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Figure 7. This figure displays the concentration of elastin fibers in human
vocal fold lamina propria by depth in the vocal fold and by age. The x-
axis displays depth in the vocal folds from superficial at 0% to deep in
the lamina propria at 100%. 0% represents the basement membrane
zone and 100% represents the vocalis muscle. The y-axis represents
intensity or concentration of fibers. Displayed are various age groups
and gender. Elastin fiber concentration was significantly different by
age, but not by gender. Reprint Courtesy: Mosby Year Book, Inc.
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Figure 8. This shows the collagen fiber density in the human lamina
propria vocal folds from superficial to deep. The x and y axis is similar
to that described in figure 7. Displayed are various age groups by gender.
Note that collagen fiber density was statistically different by gender but
not by age. Reprint Courtesy: Annals Publishing Company. Hammond
TH, Gray SD, Butler J: Age and Gender Related Collagen Distribution
in Human Vocal Folds. In press, 1999.

terstitial proteins, on the other hand, effect the properties of
viscosity. Viscosity is defined as how easy a substance flows.
If a substance such as tissue flows easily, then the viscosity
is low. Water for instance, would have a very low viscosity.
Grease or something like motor oil would have a higher
viscosity. Interstitial molecules not only effect but often
control the viscosity of the vocal folds. Interstitial mol-
ecules also convey shock absorption properties to the tis-
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the forces found in the superficial layer of the lamina pro-
pria may be of a magnitude to cause different gene expres-
sion than that found at a slightly deeper level.

Extracellular Matrix Regulation

As indicated above, the regulation of this matrix is
performed by the fibroblasts. The extracellular matrix pro-
teins are constantly being surveyed and assessed. Old or
injured molecules are destroyed enzymatically or phagocy-
tized and new molecules are manufactured. This process
of destroying old proteins and manufacturing new proteins
is termed extracellular matrix turnover or regulation. Turn-
over refers to this process of constantly changing new for
old proteins. This extracellular matrix turnover slows with
age. (figure 10)

Regulation of these matrix proteins is accomplished
by enzymes produced by the fibroblasts which destroy old
proteins. Examples of these enzymes are collagenase, which
enzymatically destroys collagen type one and collagen type
three, and gelatinases, which destroy the collagen basement
membrane proteins such as collagen type four. Elastase is
an enzyme which enzymatically destroys elastin molecules.
To make biology a little more complex, the body produces
tissue inhibitors of metalloproteinases (TIMPS).
Metalloproteinases are the class of enzymes comprising
collagenases, elastases, and gelatinases®*, TIMPS are pro-
duced by the body to inhibit the enzymatic activity of these
enzymes. In order to determine regulatory aspects of the
extracellular matrix of the vocal folds, we must consider
the proteins which are producing extracellular matrix pro-
teins, the enzymes which are degrading these proteins, and
the TIMPS which are inhibiting these enzymes. Studies
looking at all three of these have not been performed in
human vocal folds. However, they have been performed in
animal models. In these models, production of collagens in
the vocal folds decreases dramatically with age. Enzymes
which degrade collagens also decreases significantly with
age. See figure 11. TIMPS for these enzymes do not de-
crease with age and stay at a relatively constant level through-
out all age groups. The physiologic effect is that the turn-
over of collagen slows considerably with age. This means
that collagens can become older and more aged before they
are destroyed or replaced.

The effect of age on proteins is that proteins un-
dergo increased cross linking with age. Cross linking is a
process in which biologic bonds are made between parts of
the molecule, which bonds are normally not there. The ef-
fect of these bonds is that they interfere with some of the
normal biologic functions of the molecule. For instance,
following cross linking, elastin molecules are not as elas-
tic*”. Collagen molecules, after cross-linking, become more
stiff2. The older the molecule becomes, the more likely it

is to experience cross linking and consequently, degrada-
tion of its biologic property. The physiological effect of
this slowing extracellular matrix turnover is that as we age,
our vocal folds become less elastic and more stiff. Future
medical treatments may allow us to speed up turnover thus
getting new or fresh proteins which are more elastic and
less stiff.

Pathologies

Pathologies of the vocal folds are related to tissue
changes. This infers that the cells of the vocal folds are
creating and maintaining a tissue state that is not normal.
Nodules, polyps, and Reinke’s edema are all examples of
tissue changes resulting in an abnormal sounding voice. As
a general rule, these pathologies are confined to a superfi-
cial and occasionally intermediate layer. Articles have been
written about the pathogenesis of nodules and polyps and
therefore, these topics will be covered briefly in this chap-
tcr.””’

Nodules

Nodules appear to be the result of injury to the
superficial layer of the lamina propria and the basement
membrane zone due to extensive vibration resulting in de-
struction of the tissue™'*. Nodules display a disorganized
basement membrane zone with proliferation of certain base-
ment membrane zone components which are not laid down
in an organized fashion. Additionally, collagen type four
and fibronectin are increased when compared to normal
vocal folds. These types of histological findings are con-
sistent with chronic repetitive injury to this tissue layer which
results in an aberrant healing response with excessive col-
lagen type four and fibronectin deposition. Undoubtedly,
there are other pathologic protein depositions which have
not yet been described

Polypoid Changes and Reinke’s Edema

Polypoid changes have been associated with vas-
cular lakes, increased fibrin deposition, and less fibronectin
deposition®’. The exact mechanism of injury is not as clear
as that in nodules. However, it is proposed that these changes
may be the result of chronic or acute voice injury whereas it
is usually unlikely that a single acute injury results in nod-
ules. Additionally, environmental effects, such as smok-
ing, may play a role in the pathogenesis of these types of
pathologies. Dikkers et al has provided some nice descrip-
tions comparing polypoid changes with those of Reinke’s
edema®. There is considerable overlap between these types
of lesions and their histological findings. Itis apparent that
the fibroblasts are certainly doing something different in
these types of lesions than those found in normal vocal folds,
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but the cellular activities in pathological states has not been
elucidated.

Summary

In conclusion, the mucociliary blanket helps to
protect the vocal fold and assists in vocal fold vibration by
lubricating our vocal folds. The epithelium is designed for
vibration and protects and gives form to the folds. The
lamina propria and extracellular matrix are an important
part of the vocal folds that influences the viscosity and elas-
ticity of this tissue. This matrix suffers some loss of these
biomechanical properties with age due to the slowing pro-
tein turnover that is present. A study of the cells of the
vocal fold indicate that there is some mild inflammation
present in many normal vocal folds and that most normal
vocal folds undergo frequent injury. Cellular health is im-
portant. Since we know so little about cellular function in
the vocal folds, only broad statements may be made about
prevention and treatment of voice disorders. With more
advances in this area, more specific programs of treatment
will be developed. There are many areas of this science
that need further study.
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Synopsis Page

The chapter discusses some of the tissue, cellular
architecture and physiology relevant to phonation biology.
The mucociliary blanket and its role in external vocal fold
lubrication is presented. The epithelium, basement mem-
brane zone and lamina propria all have specific roles in os-
cillating tissue. Three cell types, the fibroblast,
myofibroblast and macrophage maintain important and
unique roles. Protein turnover in the lamina propria is im-
portant and slowing matrix turnover may be a leading fac-
tor in creating some of the characteristics associated with
vocal senescence. Lastly, aspects of cellular health and cel-
lular pathology are discussed.
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Abstract

To determine if a natural plane of dissection oc-
curs in the normal human vocal fold, semi-blunt instruments
(Bouchayer laryngeal dissector) were used to dissect the
lamina propria. The depth of the plane of dissection was
correlated with the elastin fiber concentration to discover if
the plane occurred at a predictable point in the elastin con-
centration as it increased between the superficial and middle
layers. Eight human larynges were dissected using an op-
erative microscope. The dissection plane consistently oc-
curred between 23-50% depth into the lamina propria. No
consistent correlation was found with the elastin fiber con-
centration. Depth of the plane of dissection has an interest-
ing association with age: dissection planes occurred more
superficial in older specimens.

Introduction

The three layered structure of the lamina propria
of the human vocal fold has received much attention from
laryngologists over the two decades. Clinically, surgeons
have experienced that surgery confined to the superficial
layer of the lamina propria (SLLP) generally heals better
than surgery that violates the middle or deep layers of the
lamina propria. Lesions that invade the deeper layers of the
vocal folds, such as cysts, may prompt the surgeon to take a
different phonosurgical approach, since these lesions may
have a less favorable prognosis than lesions limited to the
SLLP. This concern about confining surgery to the SLLP
has prompted caution and counsel among teachers of laryn-

gology to correctly finding the SLLP and not inadvertently
dissecting into the middle layer when excising lesions or
raising microflaps.

As has been well described, the superficial layer is
histologically different from the deeper two layers based on
their collagen and elastin content. The middle and deep lay-
ers are histologically similar and form the vocal liga-
ment(1,2). The deep layer of the lamina propria is quite
tightly bound to the thyroarytenoid muscle, and dissection
between the two is difficult and generally requires sharp
dissection. In contrast, dissection within relatively normal
(not scar) SLLP seems to be much easier and can often be
performed safely with blunt (non-sharp) instruments or dis-
sectors.

We proposed the following study to determine the
relative ease and safety of developing microflaps in the
SLLP. If the SLLP is truly a pliable, loose tissue then using
non-sharp instruments for the majority of the dissection
should be possible and perhaps preferred. We also wanted
to answer the following two questions:

1. When raising microflaps, is the dissection prone to
occur in the SLLP, at the junction of the SLLP and middle
layer, or occasionally deeper?

2. Does the dissection plane have a relationship to the
elastin content (and vocal ligament) of the lamina propria?

We are curious about the relationship of a surgical
dissection plane as it relates to the elastin fiber concentra-
tion since an increase in the elastin fiber concentration has
been the traditional histologic defining characteristic of the
end of the SLLP and the beginning of the middle layer of
the lamina propria. Depth measurements of the lamina pro-
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Data Analysis

The number of images (high power fields) used to
cross the lamina propria varied because the thickness of the
lamina propria varied between larynges. Each image was
assigned a relative percent value based on its position in the
overall depth of the lamina propria. For instance, in a sample
that required ten fields, the first image spanned 0%-10%:;
thus, the first image was assigned the midpoint of this range,
5%. Similarly, the second image spanned 10%-20%; there-
fore, the second image’s relative depth was 15%.

Elastin amounts by relative depth across the lamina
propria were plotted for the eight larynges. A sequence of
consecutive measurements across the lamina propria was
defined as a pass. For a given location in a larynx (i.e., left
or right anterior, left or right posterior), two or three passes
across the lamina propria were performed. For each pass an
attempt as to the relative location of the level of dissection
(LOD) was made. All measurements for a given location in
alarynx were averaged in order to estimate the relative depth
of the LOD for that given location in a given larynx. If passes
were performed on more than one location for a given lar-
ynx, and the location-specific LOD estimates were within
20% of each other, then the location-specific LOD estimates
for a given larynx were averaged across location. The esti-
mated LOD per individual larynx by age were plotted, and
Pearson’s correlation coefficient (r) was reported.

Association of elastin amounts and relative depth
of the lamina propria were described by reporting
Spearman’s correlation coefficients (r,) per individual lar-
ynx. Spearman’s correlation coefficients were reported in-
stead of Pearson’s correlation coefficients because the scales
for measuring intensity and relative depth of dissection were
extremely different. For example, the scale for elastin fiber

Table 1.
Summary of Results by Larynx

Larynx Curve Pattern Gonder Age Relativo LOD LoD s pevalue
No. Dopth (%) Occurrence
2760  Rise/Descend g . 23 At Initial Rise  0.500 0048
2084 i Male 18 50 . -0.245 0467
2231  Rise/Plateay Female 33 39 At Peak 0685 0.042
2774 Rise/Descend  Male 37 kX At Peak 0.175 0374
2755 Rise/Descend Female 41 5° e 0661 0.038
2632 Rise/Plateau Male 48 3 At Initial Rise 0613  <0.001
2639 Rise/Descend Male 49 31 AtPeak  -0279 0.177
2757  Rise/Plateau Female 76 27 Atlnitial Rise 0.892 <0001

*Sample omitted from descnptive statistic ions b di ion depth

was forced to be unnaturally thin.

**Unknown or unable to determine.

***Depth of dissection plane into vocal fold. {ex:.50-50% depth between

epithelium and vocalis muscle)

intensity for a given larynx might span 0 to 12-million, while
the relative depth ranged from 0%-100%. Descriptive sta-
tistics for the relative depth of the LOD were also reported.

Results

The results are summarized in Table 1. Spearman’s
correlation coefficients (r,), relative LOD depth (%), along
with more detailed description of the elastin curves are sum-
marized by specimen.

The total range of the dissection depth went from
50% to 23%, and the specimen with the deepest depth of
dissection (50%) was the youngest at age 18. The speci-
mens showed a mean dissection depth of 34% (n=5) into
the vocal folds with a standard deviation of 11% and 95%
confidence interval from 20% to 47% depth. Larynx #2755
had surgical artifact from an inadvertent Belluci scissor cut
that changed the level of dissection by greater than 20%.
The average age of the specimens (n = 7) was 43 years with
a standard deviation of 18 years. The age of the specimens
ranged from 18 to 76 years. The gender and age for one of
the specimens was not listed from the coroner’s office and,
despite attempts for information, was not given. There were
not enough specimens to ascertain gender difference.

Depth of the occurring dissection plane and age
appeared to be negatively associated, correlation =-0.93 (n
=4, p = 0.066). The mean level of the dissection became
more superficial with age. The result of this analysis is dis-
played in Figure 2.

Examination of the different passes from the eight
specimens revealed two distinct curve patterns as they re-
late to elastin fiber concentration.

1. Arise and plateau pattern.
2. A rise and descend pattern.

Relative Depth of LOD by Age
60
Corralation = -093, p= 0086
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Figure 2. This figure shows the level of dissection as it correlates with
age in males. Note the level of dissection is thicker in younger patients
and becomes more superficial with age.
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Figure 3. An example of one of the specimens correlating intensity of
elastin fiber concentration and the level of dissection. In this example,
the level of dissection occurred at the initial rise of the elastin fiber
concentration. This project did not demonstrate a correlation between
elastin fiber concentration and the level of the dissection plane. However,
the dissection plane did occur between the rise of the elastin fiber
concentration or at the peak of the elastin fiber concentration.

Three of the eight larynges displayed a rise and
plateau pattern, while four of the eight specimens indicated
the rise and descend pattern. One of the specimens had no
discernable pattern. An example of the elastin curve pat-
tern in relation to the level of dissection is shown in Figure
3.

Consistent association between elastin fiber con-
centration and relative depth into the lamina propria was
not found. Correlation coefficients ranged from —0.279 to
0.892 for the eight larynges (see Table 1).

The plane of dissection did not consistently occur
in the same location on the elastin curves. For either curve
pattern, the dissection plane either occurred just as the elas-
tin fiber concentration began to increase, or the plane oc-
curred at the maximum peak of the elastin concentration.
For example, in Figure 3, the dissection plane occurred when
the elastin fiber concentration began to increase. Table 1
presents in tabular form the dissection plane location in re-
lation to the elastin curve for all larynges used in this study.

Discussion

This study indicates that it is difficult to dissect
deeply into the vocal ligament when blunt dissection is pre-
dominantly used in creating a microflap. The results would
also indicate that as the superficial layer becomes the inter-
mediate layer, an area exists that easily dissects and sepa-
rates more than the surrounding tissue. Consistently the sepa-
ration occurred with 95% probability between 20-47%
depth. Interestingly, dissection did not routinely occur more
superficially. Based on elastin fiber concentration only, one
would expect the plane of dissection to occur anywhere in
the first 40-50%. However, the dissection occurred either

as the elastin fiber concentration was increasing or occurred
at the peak of the elastin fiber concentration. This suggests
that perhaps some other proteins are influencing the areas
of lamina propria weakness and areas of easy separation.

The superficial layer does have elastin and col-
lagen material. The elastin material in the superficial layer
does not appear to be predominantly in fiber form and con-
sequently does not stain with the EVG stain. But the SLLP
does contain considerable elastin in the forms of elaunin
and oxytalan. The SLLP also has other proteins as part of
the normal extracellular matrix. These are fibronectin,
decorin and hyaluronic acid. Fibronectin is a globular gly-
coprotein that has some adhesive qualities. Decorin and
hyaluronic acid are proteoglycans that exert influence over
collagen fibril formation and have viscoelastic properties.
Together, these fibrous and interstitial proteins form a ma-
trix with certain properties(4,5).

Similarly, the intermediate layer is composed of
hyaluronic acid, a proteoglycan called fibromodulin, and
an increased number of elastin fibers. Other proteins, not
yet identified, are likely present in these layers and further
research will contribute to our understanding of these lay-
ers. The composition difference between the two layers ap-
pears to be a) increase in elastin fibers, b) fibromodulin and
c) perhaps differences in hyaluronic acid. The increase in
elastin fibers has traditionally been the area of focus for the
intermediate layer, but the dissection planes did not corre-
late tightly with the concentrations of elastin. The small chain
proteoglycans, especially fibromodulin and decorin, bind
to and interact with collagen fibers and constitute an impor-
tant part of tendons and ligaments. It is certainly possible
that the plane of dissection was influenced by the presence
of these proteins rather than the elastin. Fibromodulin has
been identified to be vocal fold lamina propria layer spe-
cific in some individuals(6). This proteoglycan has only been
studied in a few vocal folds and consequently general state-
ments applying to population groups cannot be made.
Clearly, fibromodulin does appear to be a major constitu-
tional difference between the two lamina propria layers.

The association between depth of the plane of dis-
section and age is intriguing. Hammond et al showed that
the elastin fiber concentration increases with age, and con-
sequently, the superficial layer may become thinner either
because of infiltration from middle layer protein compo-
nents or atrophy of superficial layer components(7). This
study seems to fit with his findings, that the transition of the
superficial and middle layer moves superficially as we age.
The reason for this migration is not known. The clinical
importance of these findings is that the microflaps which
surgeons develop will likely be thinner in older patients, as
the entire superficial layer seems to become thinner with
age.
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In summary, it appears that within the layered struc-
ture of the lamina propria, there is an area that is more likely
to separate surgically than the surrounding tissue. Using blunt
dissection, that dissection plane occurs with 95% probabil-
ity between 20-47% depth. No association was found be-
tween the plane of dissection and the concentration of elas-
tin fibers. It is likely that other molecular components of
the extracellular matrix influence the ease of tissue separa-
tion and consequently the plane of dissection. However,
the blunt dissection plane did move superficially with in-
creasing age. The plane of dissection never went deeper
than 50% into the fold. Researchers may also receive some
confidence that when using blunt dissection in human la-
rynges, components of the SLLP will be in the superficial
flap while components of the vocal ligament will be deep to
the plane of dissection.

Acknowledgement

This work was supported by NIH Grant #P60
DC00976 to the National Center for Voice and Speech from
the National Institute on Deafness and Communicative Dis-
orders (NIDCD).

References

1 Hirano M: Structure of the vocal fold in normal and disease states.
Anatomical and Physical Study. ASHA Report. 1981;11:11-30.

2 Hirano M, Kakita Y: Cover-body theory of vocal fold vibration. In:
Daniloff RG, ed. Speech Science. San Diego, CA: College-Hill Press;
1985:1-46.

3 Hammond TH, Gray SD, Butler JE, Zhou R, Hammond E: A study of
age and gender related elastin distribution changes in human vocal
folds. Orolaryngology HNS J. In press.

4 Gray SD, Titze IR, Alipour F, Hammond TH: Biomechanical and
Histologic Observations of Vocal Fold Fibrous Proteins. Annals of
Otology, Rhinology and Laryngology, in press.

5 Gray SD, Titze IR, Chan R, Hammond TH: Vocal Fold Proteoglycans
and Their Influence on Biomechanics. The Laryngoscope, in press.

6 Pawlak A, Hammond TH, Hammond EH, Gray SD: Immunecy-
tochemical study of proteoglycans in vocal folds. Annals of Orology,
Rhinology, and Laryngology, 1996;105:6-11.

7 Hammond TH, Zhou R, Hammond EH, Pawlak A, Gray SD: The in-
termediate layer: A morphologic study of the elastin and hyaluronic
acid constituents of normal human vocal folds. J of Voice 1997;11:59-
66.

NCVS Status and Progress Reporte 77



NCVS Status and Progress Report - 14
September 1999, 79-87

Splicing Patterns of Fibronectin (FN) Precursor mRNA and
Expression of Genes Regulating FN in Rat Vocal Fold Extracellular Matrix

Hu Ding M.D.
Steven Gray, M.D.
University of Utah, School of Medicine

Department of Surgery, Division of Otolaryngology - Head and Neck Surgery

Abstract

Vocal tissue may become stiffer with age, suggest-
ing a possible contribution of extracellular matrix aberra-
tion to vocal senescence. Using reverse-transcriptase poly-
merase chain reaction (RT-PCR), patterns of alternative
splicing of the EIIIA, EIIIB and V regions of the fibronectin
(FN) precursor mRNA (pre-mRINA) were determined in rat
vocal folds, skin and lungs. mRNA levels for total FN,
EINIA, EINIB and V regions, and FN-degradation related
proteinases were measured for possible senescent changes
in vocal folds of rats of 1.5+0.5 weeks (neonatal), 6.0+0.5
months (adult), and 24+0.5 months (elderly). Alternative
splicing of FN pre-mRNA generates EIIIA+/-, EIIIB+/- and
V+/- FN isoforms in the vocal folds, and EIIIA+/-, EIIIB-
and V+/- isoforms in skin and lungs. Relative abundance in
expression of isoforms derived from the same splicable re-
gions of FN pre-mRNA changes with age and tissue, and in
vocal folds of the elderly rats, significant overexpression of
the EIIIB+ isoform was observed, with mRNA levels for
total FN and EIIIA, also elevated. In summary, the results
demonstrate differential patterns of alternative splicing of
FN pre-mRNA, indicating that the EIIIB+ coded FN isoform
may be important in voice senescence. There is an enhanced
accumulation of FN molecules in the aged vocal folds, which
may contribute to the increased stiffness of the elderly vo-
cal folds.

Introduction

Human voice changes with age (43,19,29). One
contributory factor is that with age human vocal folds be-
come less elastic, more viscous and stiffer (9). These age-
associated alterations in physical properties of vocal folds
have been partially attributed to senescent changes in align-

ment and distribution of connective tissue fibers in the vo-
cal folds (38,23).

Human vocal fold is a laminar structure (20,25).
Configuration and structure of the layers appear to be the
major determinants of their physical properties, and in turn,
the performance of the vocal folds. At molecular levels, it
is recognized that the composition and levels of extracellu-
lar matrix (ECM) proteins are critical in maintaining the
integrity, elasticity, viscosity and stiffness of vocal folds (9).
Thus, any abnormalities or aberration in vocal fold ECM
proteins may theoretically cause alterations in physical prop-
erties of this organ and lead to voice changes.

Fibronectins (FNs) are high molecular weight,
multi-domain/multi-functional adhesive glycoproteins
present in plasma, extracellular matrices and basement mem-
branes, and on the surface of a variety of cell types. FNs
bind to a number of biological macromolecules including
heparin, collagen, fibrin, and cell surface receptors
(integrins). The biological functions of FNs known to date
include cytoskeletal organization, cell morphology includ-
ing oncogenic transformation, cell differentiation and mi-
gration including oncogenic metastasis, embryonic devel-
opment, wound repair, and blood clotting (for review, see
37,22,36). As one of the most prominent structural glyco-
proteins in ECM, FNs play important roles in organization
and integrity of extracellular matrices through their interac-
tions with the other matrix molecules, in particular, collagens
(37,22,36).

FN proteins are composed of three types of repeat-
ing homology units designated as types I, II, and ITI (22,36).
Whereas FN is encoded by a single gene (36), a number of
FN isoforms of variable molecular weight exist (34). A
partial explanation for generation of FN protein species is
that the single primary messenger RNA transcript (pre-
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mRNA) of FN may undergo alternative splicing in three re-
gions, namely EITA, EIB, and V, respectively (36,24,40). The
functional significance of alternative splicing of FN pre-
mRNA is not fully understood; however, it is believed that
the modulation of FN functions in cell-cell and cell-substrate
interactions in a variety of physiological situations is achieved
by the selective expression of different isoforms (24,40).

FNs are abundantly present in the vocal folds as
detected by immunostaining technique. Deposition of FN
proteins in the vocal folds varies differentially in benign
vocal lesions (18,12). That FN may participate in voice
senescence has not been studied yet, but it is strongly indi-
cated by the observation that, in tissues other than vocal
folds, alternative splicing of FN pre-mRNA may change
with age and developmental stages (26,7,33).

To understand the regulation of fibronectin synthe-
sis in the vocal folds and elucidate mechanisms by which
fibronectin may participate in voice senescence, we charac-
terized the splicing patterns of the FN gene transcript in the
vocal folds and evaluated senescent alterations in vocal fold
mRNA levels for FN isoforms. Data obtained from the vocal
folds was compared to the data from the skin and lungs.

Method and Materials
Animals

F344 Sprague Dawley rats were purchased from
National Institute on Aging (Bethesda, MD). Three groups
of rats, aged 1.5+0.5 weeks, 6.0+£0.5 months, and 24+0.5
months, were studied. To obviate gender effects, only male
rats were used. Prior to the study, animals were kept in the
Animal Resource Center of University of Utah Health Sci-
ence Center, with access of regular rat chow and drinking
water ad libitum, for four days to allow the animals to be

adapted to new environment. The animals were then anes- -

thetized; through a middle-anterior incision on the larynges
the vocal folds were exposed and removed under
microdisecting microscope. Skin covering 1 cm of the tail
tip and about 100 mg of lung tissue were also harvested
from each rat. The tissues were immersed immediately in
200 ul to 1000 ul of ice-cold cell disruption solution, RNA
STAT-60 (Tel-Test, Inc. Friendswood, TX), snap frozen with
liquid nitrogen, and saved in —80 oC until being further pro-
cessed for extraction of total RNA.

Extraction of Total RNA
Total RNA was prepared from the frozen tissues
with guanidine-phenol extraction technique (11) using RNA
STAT-60 as the cell disruption solution. The frozen tissues
were thawed on ice and then finely homogenized, first with
aPRO 200 Homogenizer (Intermountain Scientific Co., Salt
Lake City, UT) followed with a glass Tenbroeck Tissue
"Grinders (VWR Scientific Products, Willard, OH). The
following procedures for extracting total RNA from the tis-
sue homogenate were performed according the

manufacturer’s instructions. The quantity of the total RNA
was determined by absorbency at 260 nm, and the quality
was confirmed by sharp bands of 18S and 28S rRNA after
2 ug total RNA is separated on a 1% agarose/formaldehyde
gel and stained with ethidium bromide. ‘

Reverse-Transcription (RT) of Total RNA to First Strand
of Complementary DNA (cDNA)

To eliminate genomic DNA contamination, RNA
samples were treated with RNase-free DNase before being
reverse-transcribed to first strand cDNA. This was carried
out by incubating 1 ug total RNA with 5 units of RNase-
free DNase I (Amersham Pharmacia Biotech, Piscataway,
NJ) in RT buffer (Boehringer Mannheim, Indianapolis, IN),
at 37 °C for 20 minutes. The final concentration of MgCl,
in the mixture was adjusted to 5 mM. After the incubation
the samples were heated at 75 °C for 5 min to inactivate the
DNase I, followed by cooling down to 4 °C.,

The First Strand cDNA Synthesis Kit from
Boehringer Mannheim was used for the RT reaction, but a
modification of the manufacturer’s protocol was adopted to
achieve a significant increase in the yield of reverse tran-
scripts. The total volume of the RT reaction was 20 ul and
the final concentrations of the reagents in the reaction mix-
ture were RT buffer (1x), MgCl, (5 mM), dNTP mixture (1
mM for each dNTP), random primers (total 0.08 A, units),
RNase inhibitor (2.5 units/ul), and AMV reverse tran-
scriptase (>2.5 units/ul). After the assembly of the RT mix-
ture, the reactions were incubated in a thermal cycler
(GeneAmp PCR System 2400 or 9600, Perkin Eimer,
Norwalk, CA) at 25 °C for 10 min, 42 °C for 95 min, 99 °C
for 5 min and 4 °C for 5 min, consecutively. The total vol-
ume of the reaction was then brought to 400 ul with diethyl
pyrocarbonate (DEPC) treated H,0, aliquoted and saved in
—80 °C until use.

Amplification of cDNA With Polymerase Chain Reac-
tion (PCR)

“Hot start PCR” with the application of an anti-
Taq DNA polymerase antibody, TagStart antibody (Clontech
Lab. Inc. Palo Alto, CA) were employed. The total volume
of the PCR reaction was 25 ul in 1x PCR buffer (10 mM
Tris-HCI], 50 mM KClI, pH 8.3). The optimal concentra-
tions of the reagents (especially MgCl,) in the PCR reac-
tions varied with different target genes, but for PCR ampli-
fying most target genes a standard recipe was feasible. The
final concentrations of the reagents in this standard recipe
were dNTP (0.2 mM for each dNTP), MgCl, (1.5 mM),
forward and reverse primers (0.5 uM for each), 1:1 mixture
of Taq polymerase and TaqStart antibody (0.4 ul) and vari-
ous amount of cDNA equivalent to 1.25 ng to 10 ng of total
RNA. After the assembly of the PCR reactions, for most
target genes the mixture was incubated in Perkin Elmer ther-
mal cyclers with the following standard protocol: one cycle
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of 94 °C for 1 min, followed by 35 cycles of 94 °C for 30
seconds (denaturing), 56 °C for 1 min (annealing) and 72°C
for 2 min (extension), and then by 1 cycle of 72 °C 5 min
and cooled to 4 °C.

Experimental conditions for PCR were optimized
including reagent concentrations, thermal cycler protocol
and amount of cDNA added to the reaction. Table 1 lists

the optimal concentrations of MgCl, and annealing tempera-
ture (AT) for the primers that have been used in this work.
To help determine the optimal volumes of the cDNA, lin-
earity of the PCR reactions, defined as the linear relation-
ship between the amount of the starting cDNA that was
added to the PCR reactions and the amount of the corre-
sponding PCR products, was determined, for each gene and

Table 1.
Information of Primers Used in the Study

Gene Name Primer Sequences Size (bp) Mg® AT* Ref.
Total FN F':5’-GTTGGCACTGACGAAGAGCC-3’

R2:5’-AAGCCAGAGTCAGATAACCG-3’ 272 1.5 55 23
FN (EIIIA) F: 5’-GTCAGTCCAGATCAAACAGA-3’

R:5’-GTGCTGTCTGGAGAAAGGTT-3’ 558/287 1.5 55 43
FN(EIIIB) F: 5>-TGACATCAGAAGAATCAAAACCAGTT-3’

R:5’-TTACACTGTCAAAGATGACAAGGAAA-3’ 640/367 1.5 55 44
FN (V) F: 5’-ATGAAATGATGTACTCAGAACTCT-3’

R:5’-ATTACTGGCTACATTATCAAGTATGAGAA-3’ 619/544/259 1.5 55 4
GAPDH F: 5’-ACCCCCAATGTATCCGTTGT-3’

R:5’-TACTCCTTGGAGGCCATGTA-3’ 299 1.5 56 45
Matrilysin F: 5’-GGGGACTGCAGACATCATAA-3’

R:5’-ACTTCTGGATGCCTGCAATG-3’ 322 1.0 56 45
Stromelysin-1 F: 5°-ATCCGAGGTCATGAAGAGCT-3’

R:5’-TATGTGGGTCACTTTCCCTG-3’ 317 1.0 56 45
Stromelysin-2 F: 5’-GTCCAAGCAGGTTACCCAAA-3’

R:5’-TTCAGTGTGTGTGTCACCGT-3’ 307 20 56 45
Stromelysin-3 F: 5’-TATGACGGTGAGAAGCCAGT-3’

R:5’-TCGAGGAAACTTTCCAGGA-3’ 320 1.5 56 45
TIMP-1 F:5’-GACCTGGTCATAAGGGCTAAA-3’

R:5’-GCCCGTGATGAGAAACTCTTCACT-3’ 216 1.5 56 46
TIMP-2 F:5’-TGCAGCTGCTCCCCGGTGCAC-3’

R:5’-TTATGGGTCCTCGATGTCGAG-3’ 590 1.5 56 47
TIMP-3 F:5’-GTGGTGGGAAAGAAGCTGGTGAA-3’

R:5’-CACTAATTTCATTGTCATCAT-3’ 570 1.5 56 48
TIMP-4 F: 5°-GCT! CAGTCGCGGATCTGCAGTGTC-T

R:5’-CTAGGGCTGGACGTGTCAACGTAT-3’ 680 1.5 59 49
F: Forward primer
R: Reverse primer
Mg:MgCl, (mM)
AT: annealing temperature (°C)
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each tissue, by adding different amounts of the starting
cDNA to the PCR reactions and amplifying all reactions
with the same PCR conditions. The densities of the PCR
products were plotted against the volumes of the starting
cDNA. The amount of starting cDNA was defined as the
one that showed a linear trajectory before it reached the
maximum plateau.

To quantitate the PCR products, the PCR products
were electrophoresed through a 2.0% agarose gel with 0.5
ug/ml ethidium bromide. The density of the PCR products-
formed bands were then determined with a Gel Documen-
tation System 760 (GelExpert, Nucleotech Corporation, San
Mateo, CA). cDNA for GAPDH was amplified from the
same sample and electrophoresed and analyzed in the same
ways. The ratios for target gene/GAPDH were determined
and defined as the standardized densitometry values of the
target genes as presented in the result.

The specificity of the PCR products was carefully
verified. To clarify that a PCR product was due to contami-
nation, a negative control reaction, where cDNA was omit-
ted, was always amplified simultaneously with the reaction
for the target gene. The fidelity of the PCR amplification
was confirmed by directly sequencing the nucleotide se-
quence of the PCR product and comparing its homology to
the native sequence of the target gene, and by visualizing
their migration relative to the molecular weight standards
(50 bp DNA ladder, GibcoGRL Life Technologies,
Gaithersberg, MD)

Primers

The primers, previously designed according to the
published gene sequences, were synthesized and crude pu-
rified commercially. Table 1 listed the sequences of the prim-
ers and their optimal MgCl, concentrations and annealing
temperature (AT) that we have employed.

Data Analysis

Statistical analyses were carried out with GraphPad
PRISM (Version 2.0, Intuitive Software for Science, San
Diego, CA). Results are expressed as the mean + S.E. Sta-
tistical significance, set at P<0.05, was determined using
one-way analysis of variance (one-way ANOVA). Each data
point represents a minimum of six individual RT-PCR as-
says.

Results

Splicing Patterns of FN Pre-mRNA in Rat Vocal Folds

EMIA and EIIIB are single type III domains en-
coded by single exons either included or excluded during
splicing (41). Alternative splicing of the V region gener-
ates three possible variants in the rat and five in the human,
all of which arise from exon subdivision of the coding se-
quences (42). FN synthesized in situ, or “cellular FN” typi-
cally retains all these domains. The primers for FN ampli-
fication were initially selected from exons flanking introns
for total FN and from exons spanning each of the alterna-
tively spliced FN exons to obviate the inadvertent amplifi-
cation of genomic DNA (Table 1). Primers spanning the
EIIIA region result in a 526 bp product if this exon is spliced
in (EINIA+) and a 256 bp product if it is spliced out (EITIA).
Similarly, the 640 bp and 367 bp PCR products correspond
to the EIIIB+ and EIIIB- isoforms, respectively. Three dif-
ferent products of 619, 344, and 259 bp are expected with
PCR ambplification using V region primers. By virtue of al-
ternative splicing and exon subdivision, the 619 bp product
contains the complete V region, the 544 bp product retains
part of the V region, and the 259 bp fragment lacks V re-
gion completely. As illustrated in Table 2, all the above-
mentioned splicing patterns are present in rat vocal folds,
generating isoforms of EIIIA+/EIIIA-, EINIB+/EINB- and
V+(619 bp)/V+(544 bp)/V-. The predominant products
from alternative splicing of EIIIA and EIIIB are the spliced-
out forms, while the more abundant mRNA species from

Table 2.
Age Associated Differential Alternative Splicing of Fibronectin
Precursor mRNA in Rat Vocal Folds, Skin and Lungs

Ratio (%) Vocal Fold Vocal Fold  Vocal Fold  Tail Skin
12w 5-6m 24-25m 12w

EIlIA +/- 13.442.1 10.3+23 153433 34.9+3.2

ENIB+/- 249421  23.5+19 65.8+7.2

V(619)/- 211.1419.1 229.4423.5  234.7+26.1  215.1422.2

V(544)/- 2422+16.8 333.2+23.1 32124263  275.2+19.1

Tail Skin Tail Skin  Lungs Lungs Lungs

5-6m 24-25m 12w 5-6m 24-25m
43.2439 38.7+4.3  26.843.1 22.8+3.2 31.0+24
160.0+412.2 103439  78.3+9.6 343+42 36.8+45
359.3+36.5 57.9+8.2  116.5+12.1 115.8+7.9 82.5#4.1
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alternative splicing of the V region are the spliced-in forms.
The patterns of alternative splicing of regions EIIIA and V
in the lungs and the tail skin are identical to those in the
vocal folds (Table 2). However, in the lungs and the tail
skin splicing of EIIIB generates only the spliced-out form
mRNA species, visualized as a 240 bp band on agarose gel
(Table 2).

Age-Associated Differential Alternative Splicing of FN
Pre-mRNA in Rat Vocal Folds

Ratios of the mRNA species that are generated
from alternative splicing of the FN pre-mRNA regions are
used as the index of the relative abundance of the isoforms
(26,7,33). Quantitatively, no new mRNA species, nor miss-
ing existing mRNA species was detected in all the three
studied organs and in the different age groups. Quantita-
tively, the ratios of EIIIA+/EIITA- in all three organs do not
show significant age-dependent changes (Table 2). The ratio
of EIIIB+/EIIIB- in the vocal folds of the adult rats is not
statistically different from the ratio of the neonatal animals,
but it is significantly increased by almost two times in the
elderly rats (Table 2). As compared to the neonatal rats, the
V+(619 bp)/V- ratios in the adult animals show either un-
changed (vocal folds) or slightly but significantly decreased
(skin and lungs), while the V+(544 bp)/V- ratios are either
significantly increased (vocal folds and skin) or remain un-
changed (lungs). In the elderly rats, both V+(619 bp)/V-
ratio and V+(544 bp)/V- ratio remain unaltered in the vocal
folds but significantly decreased in both skin and lungs, in
comparison to the adult rats (Table 2).

Senescent Alterations of mRNA Levels of Total FN and
FN Isoforms in Rat Vocal Folds

To determine the mRNA levels for total FN, prim-
ers flanking introns for total FN were used and amplifica-
tion with these primers results in an expected product of
272 bp (47). For measuring total mRNA levels of the
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Figure 1. Senescent alterations of mRNA levels of the FN and FN isoforms
in rat vocal folds. *P<0.05 vs. the levels of rats of 1-2 weeks; #P,0.05 vs.
the levels in rats of 5-6 months.

isoforms generated from splicing of EIIIA, EIIIB or V re-
gion, the levels of the mRNA species that are products of
the same region were summed up and interpreted as the to-
tal mRNA level of that region. Messenger RNA levels of
total FN in the vocal folds of the adult rats is not different
from the neonates, but significantly elevate, by 25.24%, in
the elderly rats (P<0.05) (Figure 1). Age-associated fluc-
tuation in EIIIA mRNA levels is similar to total FN, i.e.,
there is no difference between the neonatal and the adult
levels, but the levels in the elderly rats significantly increase
(Figure 1). The EIIIB mRNA levels display age-related
changes different from EIIIA region and total FN; it de-
creases in the adult rats by 31% versus the neonatal rats and
significantly increases back in the elderly rats to a level that
is 24% higher than the neonatal level (P<0.05). The mRNA
levels for all the three V region-derived isoforms in the vo-
cal folds do not change with age significantly (Figure 1).

Gene Expression of Fibronectin-Degrading Enzymes
and Their Tissue Inhibitors in Vocal Folds of Rats With
Different Age

Stromelysins 1-3 and matrilysin are the major
matrix metalloproteinases for degradation of fibronectin core
proteins (31,45). These FN-degrading proteinases are abun-
dantly expressed in rat vocal folds (Figure 2) and their ex-
pressions display age-related fluctuations (Figure 3B). The
peak levels of gene expression of FN-degrading enzymes
are detected in the vocal folds of the neonatal rats; in adult
rats the levels decline to 53% to 68% of those in neonates
(P<0.05) but do not show further significant in the 24-25
month old rats (Figure 2). Messenger RNA levels for
TIMPs 1-4 remain relatively unchanged during the life, i.e.,
there is no difference in gene expression for TIMPs 1-4
among the three groups of rats, with the only exception that
TIMP-2 mRNA levels in the elderly rats is decreased to
58% of the neonatal level (Figure 3; following page).

1204 1-2 week wmmm 5-6 month 24-25 month

Densitometry Unit (%)

Figure 2. Expression of genes for fibronectin-degrading proteinases in
the vocal folds of rats with different ages. *P<0.05 vs. the levels of rats
of 1-2 weeks.
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Figure 3. Expression of genes for tissue inhibitors of metalloproteinases
(TIMPs) in the vocal folds of rats with different ages. *P<0.05 vs. the
levels of rats of 1-2 weeks; #P<0.05 vs. the level in rats of 5-6 months.

Discussion
Alternative Splicing of FN Gene Transcript in the Vocal
Folds, Tail Skin and Lungs '

The present study is the first report on the alterna-
tive splicing patterns of FN pre-mRNA in rat vocal folds
and skin and reveals that alternative splicing of the FN pre-
mRNA in the vocal folds results in isofoms that are EITIA+/
EIMIA-, EINIB+/EIMB-, and V+/V-, while in the tail skin,
we found EINIA+/EIIIA-, EIIIB-, and V+/V- (Table 2). We
also confirmed that FN isoforms of EIIIA+/EIIIA-, EIIIB-,
and V+/V- are the products of the alternative splicing of
FN gene transcript in rat lungs, as reported previously
(26,33). Alternative splicing of EIIIA, EIIIB and V regions
of the FN pre-mRNA generate collectively12 different FN
isoforms in the rats (37,24,40), the splicing patterns, how-
ever, differ in individual tissues. For example, in rat skel-
etal muscle are found EIIA-, EIIIB- and V-; brain, heart
and kidney are EIIIA+/EIIIA-, ENIB+/EIIB-, and V+/V-;
while spleen, liver, and lung are completely EIIIB- (or
EIIB+/EIIB- ratios <0.01), but EIITA+/EIIIA- and V+/V-
(26,33). The functional significance of the tissue specific-
ity in the alternative splicing of FN pre-mRNA is not fully
elucidated. Available information indicate that each of the
protein peptides resulted from alternative splicing of these
special regions has unique physiological functions or patho-
genic involvement (21,30,5,16). Therefore, tissue-specific
patterns in the alternative splicing of the FN gene transcript
enable individual tissues to produce different FN isoforms
that may function in tissue-dependent ways. It is not clear
as to what are the mechanisms that are responsible for the
tissue specificity in alternative splicing of FN pre-mRNA,
although a number of factors or molecules are known to
participate in the regulation of the alternative splicing pro-
cess (for review, see 24). It is likely that to-be-discovered
tissue specific factors are involved in tissue specific ma-
nipulation of FN pre-mRNA splicing.

Age-Associated Alterations in Expression of FN Isoforms
in the Vocal Folds

In this study, neither missing of existing isofoms
nor appearing of new isoforms was observed in the vocal
folds as well as the other tissues examined, the integrity of
the alternative splicing machinery appears to be preserved
during senescence process. There are, however, senescent
alterations in relative expression of FN isoforms derived
from the splicing of the same pre-mRNA region, but the
changes are diverse in both tissues and in pre-mRNA re-
gions. The ratios of EIIIA+/EIIIA- in the vocal folds, skin
and lungs show no significant age-dependent changes. In
vocal folds the ratio of EIIIB+/EIIIB- is not different be-
tween the neonates and the adults, but is over doubled in
the elderly rats, indicating significantly increased expres-
sion of the EIIIB+ isoform (Table 2). The changes in the
ratios of V+/V- vary diversely among the tissues (see the
Results) but is not significant in the vocal folds. Previous
studies (35,10,44) suggest that the structure, function, and
molecular size of fibronectin are altered as a consequence
of aging and there is statistically significant changes in splic-
ing with aging in several rat tissues (26,7,33), indicating
the possibility that FNs participate in tissue or organ aging
by variations in isoform shifting. It is important to recog-
nize that, as evidenced by this study as well as previous
(26,7,33), age-related (or development-related) FN isoform
shifting shows marked and diverse tissue variation. This
implies that some FN isofoms may play more important roles
in senescence of individual tissues than the others. Our data
highlights the importance of the EIIIB+ isoform in vocal
aging since this isoform is the only one that is exclusively
increased in the aged vocal folds (Table 2). EIIIB exon
coded peptide has an amino acid sequence that is more con-
served in evolution than any other type ITI repeat (36), which
strongly suggests a biological function for this FN isoform.
However, so far there are no clues as to a specific role for
EINIB+ isoform. It is interesting that the alternative splic-
ing of BIIIB is found under codevelopmental control, i.e.,
the EIIIB+ isoform is minimally expressed in tissues other
than fetal or tumor or wounded tissues (8,32,15). It remains
to be explored as to why the EIIIB+ isoform is upregulated
in aged vocal folds. We speculate that this might be due to
the physical or chemical stimulations that apply to vocal
folds and TGF-bl is likely one of the tissue mediator (4).

Age-Related Changes in Total FN and Total FN Isoforms
Derived From Different Region Splicing in the Vocal
Folds

Histochemical studies demonstrated the presence
of unique deposition of fibronectin proteins, regardless of
the identity of the isoforms, in different benign laryngeal
lesions (18,12). To elucidate possible participation of FNs
in senescent voice alterations, it is important to determine if
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mRNA levels of total FN and total isoforms derived form
each individual variable FN pre-mRNA regions change with
age in the vocal folds. The data indicate that in the vocal
folds, expression of total FN, EIIIA and EIIIB regions sig-
nificantly elevate in the elderly rats as compared to the neo-
natal and the adult rats, but the expression of the V region is
unchanged in this age group. Upregulation of total FN and
regions of EIIIA and EIIIB in the aged vocal folds is unique
and tissue specific because in a separate study, we found
that there is age-dependent decrease in gene expression for
collagenous and elastin proteins in rat vocal folds (13).

It is noteworthy that composition and levels of
extracellular matrix (ECM) components are the reflection
of the balance between the biosynthesis and degradation of
ECM proteins. ECM turnover, either physiological or patho-
logical, is in most cases a highly organized process that in-
volves the selective action of a group of zinc- and calcium-
dependent proteases, namely matrix metalloproteinases
(MMPs) or matrixin protease family (31,45). In addition,
in vivo activities of MMPs are controlled at several levels
including their interactions with specific naturally occur-
ring inhibitors, e.g., the tissue inhibitors of
metalloproteinases (TIMPs) (31). TIMPs are cell-secreted
nonspecific inhibitors that act as negative regulators of
MMPs; four TIMPs have been cloned and well character-
ized and designated as TIMP-1, 2, 3, and 4, respectively.
An imbalance between MMPs and TIMPs results in either
metalloproteinase activation or suppression, and in turn,
determines the rate of matrix accumulation and degrada-
tion (add reference). The core protein portion of fibronectins
is degraded mainly by stromelysins (stromelysin 1, 2, and
3) and matrilysin (31,45). The data indicate that gene ex-
pression of fibronectin-degrading enzymes in the vocal folds
appears to adopt a pattern different from the one of TIMPs.
In comparison to neonatal rats, vocal expression of the
fibronectin-degrading proteinases significantly diminishes
in adult rats. After adulthood, however, mRNA levels for
the proteinases do not show further decrease in the elderly
rats (Figure 2). On the other hand, gene expression of TIMPs
in the vocal folds remain at stable levels at different ages
with only one exception where mRNA level of TIMP-2 in
the elderly rats significantly decreased to 58% of the neo-
natal levels (Figure 3). Combination of enhanced expres-
sion of fibronectin and relatively stabilized expression of
FN-degrading proteinases and TIMPs in aged vocal folds
suggest a possible slowdown of FN degradation and a pos-
sible accumulation of FN proteins in aged vocal tissue.

Clinically it is well observed that the stiffness of
vocal fold lamina propria increase with age, which may
partially be responsible for the voice alterations in the eld-
erly (43). Histology data indicate that senescent alterations
in ultrastructures of vocal fold collagen and elastin fibers
such as fiber alignment and arrangement, and in distribu-

tion and deposit of the fibers in the different layers of the
vocal folds may be among the possible mechanisms (38,23).
One such abnormal structural change is that, like their coun-
terparts in other organs, the collagen and elastin fibers in
the vocal folds may become increasingly cross-linked with
age, rendering the fibers the resistance to digestive enzymes
as well as to deformation and stiffness (27,28,3,1). The
mechanisms underlying the enhanced cross-linking of the
collagen and elastin fibers in aged tissues are multiple and
still not fully understood (2). Itis interesting that fibronectin
has multi-binding domains through which FN can bind to
receptors and other macromolecules including collagens. It
is speculated that the enhanced accumulation of fibronectin
molecules in the aged vocal folds may cause increased cross-
binding between FNs and collagen molecules in the vocal
folds, and in turn, the stereo conformation of the collagen
fibers.

In summary, the present study reveals that alterna-
tive splicing of EIIIA, EIIIB and V regions of the FN pre-
mRNA in the vocal folds generates ENIA+/-, EIIIB+/-, and V+/-
FN isoforms, while in the tail skin, isoforms of EIIIA+/-, EIIIB-
and V+/-. There is age-associated and tissue specific alterations
in the relative abundance of the isoforms generated from splic-
ing of the same variable FN pre-mRNA region, and in the
vocal folds, these changes pinpoint to an enhanced expres-
sion of EIIB+ isoform in the elderly rats. In the aged vocal
folds, mRNA levels for total FN and total EIIIA and EITIB
derived FN isofoms significantly rise, but levels of mRNAs
for FN-degrading proteinase and inhibitors remain un-
changed. These changes suggest a possible accumulation
of FN molecules in the aged vocal folds.
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Abstract

Scientific discovery, technological advances, and
improved outcomes assessment have resulted in advances
and refinements in phonosurgery. Three areas of substan-
tial evolution are phonomicrosurgery, laryngeal framework
surgery, and the use of implantable materials in vocal folds.
Discovery of the importance of the superficial layers of the
lamina propria has led to increased use of more limited
medial microflap approaches and less frequent use of the
classic lateral cordotomy flap approach. Alternative ap-
proaches to managing vocal fold scarring defects have ad-
dressed the separation of body and cover and provided suit-
able lamina propria replacement. Approaches to sulcus
vocalis have been refined to address type II (linear vergeture)
and type III (focal invasive pit) sulcus, where there is loss
of lamina propria, while still recognizing the common
nonpathological type I (physiological) sulcus. Technologi-
cal advancements such as photodynamic therapy, tuned dye
lasers, and laryngeal microdebridement have augmented the
armamentarium for mechanical removal of laryngeal papil-
lomata. Careful infusion-assisted microexcision and adjunc-
tive medical management has been refined and made more
effective. Laryngeal framework surgery has embraced the
development of silastic, hydroxylapatite, expanded
polytetrafluoroethylene, and titanium shims. Anatomical
studies have helped to improve operative precision and
safety, and have led to inventive variations in arytenoid re-
positioning that improve closure of the posterior subunit.
Vocal fold augmentation by injection has been facilitated
by innovative use of the rigid telescope and intraoperative
videostroboscopy. Anatomical studies have focused on the
infrafold region and rheological studies have attempted to
match viscoelastic properties of injectable substances to
those of vocal fold tissues. Alloplastic materials like Teflon
have been largely supplanted by newer bioimplantables such
as fat, collagen, and fascia.

Introduction

The primary goal of phonosurgery is to restore and
improve voice. Advances in phonosurgery have been built
on the established principles of exposure and technique that
formed the foundation for current phonosurgical techniques.
While some current techniques are the result of empiricism
and anecdotal adventures, recent advances are more likely
the result of careful basic and applied science. Disciplined
clinical research has been enhanced by voice assessment
tools that allow clinicians to study the acoustic and aerody-
namic parameters of voice production and to comprehen-
sively study the glottic waveform. Outcomes analysis has
also given clinicians a better appreciation of the impact of
voice disorders and the efficacy of surgical interventions.

Phonomicrosurgery

Phonomicrosurgery is the application of the mi-
croscope and micro-instrumentation in endoscopic laryn-
geal surgery. Recent advances might be considered refine-
ments of the important, visionary contributions of
microlaryngoscopy pioneers. The concept of phonosurgery
was introduced by Albrecht, whose use of a gynecologic
colposcope for microlaryngoscopy was met with skepticism
by the otolaryngological community. Von Leden (1) recalls
this event and his personal interactions with Lewy,
Kleinsasser, Jako, Lynch, and others who catalyzed the evo-
lution of laryngoscopes and optics. These seminal advances,
which allowed the surgeon magnified vision while perform-
ing bimanual surgery through a laryngoscope, have facili-
tated the continued development of phonomicrosurgical
tools and techniques. Hirano (2) recently emphasized the
parallel advances in basic anatomy and physiology of pho-
nation, pathophysiology of vocal fold diseases, and vocal
function evaluation. Continued refinement of techniques is
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dependent on accurate, objective voice assessment to pre-
cisely diagnose disorders and measure the results of surgi-
cal intervention.

Many of the technical advances in phonomicro-
surgery involve improved visualization of the pathology and
operative field. The keys to any direct laryngoscopic ex-
amination have not changed over the years. These principles
were elegantly summarized by Zeitels and Vaughan (3): (1)
position the patient supine with the neck flexed on the chest
and extended at the occipito-atloid joint, (2) apply external
counter pressure (usually with tape) to direct the laryngeal
framework posteriorly, (3) conform the laryngoscope to the
triangular shape of the glottis, (4) provide independent la-
ryngeal suspension so the surgeon has both hands free, and
(5) induce internal laryngeal distension to move the supra-
glottal tissues away from the true vocal folds. Various
laryngoscopes of different size and shape have been de-
signed to achieve improved exposure. Kantor and Berci (4)
introduced a novel approach to avoid the optical disadvan-
tage imposed by looking through the laryngoscope. In their
system, a rigid telescope with an attached camera is passed
through a separate channel within the laryngoscope. The
surgeon operates while viewing a magnified, high-resolu-
tion image that fills the entire field. Yanagisawa et al (5)
compared this approach to conventional microlaryngoscopy,
noting its many advantages but also demonstrating the slight
distortions introduced by the earliest version of this instru-
ment. An alternative use of rigid endoscopy allows the sur-
geon to use 0, 30, and 70-degree telescopes through any
laryngoscope to enhance visualization in difficult exposure
cases (6), but this requires an assistant if the surgeon is to
not be limited to a single-handed approach. Rigid and flex-
ible endoscopes can also be used in the clinic setting for
simple microlaryngeal phonosurgical procedures, injections,
and biopsies (7,8).

Figure 1. This diagram shows the fundamental difference between the
lateral (L) and medial (M) microflap. The medial incision is limited by
the approximate dimensions of the lesion.

Incisions, Microflaps, and Planes of Dissection

Many fundamentals of surgery apply to
phonomicrosurgery for benign disease. Adequate exposure,
careful tissue handling, hemostasis, preservation of normal
tissues, and primary healing are necessary to preserve vo-
cal fold function. As we have learned more about vocal fold
structure and function, efforts to preserve the cellular and
amorphous components of the vocal fold lamina propria
have influenced phonosurgical refinements. The classical
lateral microflap cordotomy approach (Figure 1) for re-
moving benign vocal fold lesions with microinstrumentation
involves making a knife incision on the superior-lateral sur-
face of the vocal fold, and often extending this incision with
microscissors or a spreading technique. This relatively long
incision facilitates blunt dissection in the superficial lamina
propria plane and allows easy identification of the vocal
ligament. Although initially described as the exclusive mi-
crosurgical approach, it is now preferred only in cases where
the lesion is large or diffuse, or where identification of the
vocal ligament might be problematic (9). For example, in
the scarred vocal fold with a poorly defined lesion, it is
easier to first identify the vocal ligament laterally and then
proceed to dissect around the lesion.

Sataloff (10) argues that the “mini-microflap” ap-
proach minimizes damage to the complex basement mem-
brane attachments to the superficial lamina propria, and re-
ports improved results with this approach. The essential
difference with this approach is in the placement of the in-
cision near the free edge of the vocal fold (Figure 1). Unlike
the lateral incision, it is relatively short with anterior-to-
posterior extension only as long as necessary to expose the
lesion. Such an approach minimizes tissue damage and the
risk of postoperative scarring.

Table L.
Phonomicrosurgical Approach to Benign
Vocal Fold Pathology
BENIGN PATHOLOGY MEDIAL LATERAL EXCISION
MF FLAP ABLATION
Small, medial, focal + - -
Thin mucosa, superficial  + - -
Large, unclear margins - + -
Scarred, attached vocal - + -
ligament vocal ligament
Focal papilloma +/- - +
Clinical leukoplakia - - +
Mucosal bridge - - +
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Courey (11) distinguishes the medial microflap
approach from the lateral microflap approach. The medial
microflap is ideally suited for situations where: (1) the le-
sion involves only the medial surface of the vocal fold, (2)
the overlying cover is very thin, (3) there is redundant cover,
or (4) it appears easy to separate the lesion from the vocal
ligament. With the medial microflap approach, it is pos-
sible to use a more focal incision, separate the pathological
tissue, and spare normal tissue (Table I). The key concept
here is to spare not only the vocal ligament, but also avoid
damaging uninvolved superficial lamina propria. The su-
perficial lamina propria regenerates poorly, and stiffness will
result from re-epithelialization over deficient tissue.

Concern about the integrity of the superficial
lamina propria is particularly relevant to current methods
for microsurgical management of Reinke’s edema. It is un-
common for the overlying epithelium to exhibit substantial
keratotic changes or atypia, so surgery for Reinke’s edema
has focused on removal of the pathological tissue with suc-
tion while sparing nonredundant epithelial covering tissues.
Zeitels (12) recently stressed the importance of preserving
as much lamina propria as possible to prevent the epithelial
basement membrane from adhering to the vocal ligament.
Such adherence decreases oscillation and results in a stiffer
vocal fold due to iatrogenic scarring. This phenomenon may
be responsible for some prolonged postoperative dysphonias
in patients with Reinke’s edema. He also demonstrated that
cold instrumentation is better suited than CO, lasers for re-
section of small superficial vocal fold lesions (13). In ear-
lier work, Lumpkin (14) also noted that, when compared to
laser surgery, cold lateral microflap surgery led to quicker
healing and rehabilitation in patients with Reinke’s edema.
With increased understanding of the cellular and acellular
components of the superficial lamina propria, it appears the
explanation for this lies in the extent of lamina propria de-
struction. Gray (15) stressed the importance of the superfi-
cial lamina propria in preserving optimal viscoelasticity for
vocal fold oscillation. Surgical damage to the lamina pro-
pria causes the normal beneficial proteins, elastins, and hy-
aluronic acids to be replaced with collagen fibers and
fibronectin. This increases tissue viscosity, which means that
greater energy is required to overcome frictional forces to
permit oscillation. In phonosurgery, it is therefore obviously
expedient to preserve the superficial lamina propria. When
lamina propria is lost, correction should consider replace-
ment with substances that restore freedom of motion and
decrease tissue viscosity.

Scars and Sulcus Vocalis: Concepts and Surgery

There are currently several effective alternatives
for management of scarred vocal folds. The traditional op-
tions have consisted of injections of fat or collagen, inci-
sions to free up the mucosa or break up linear contractures,
and excision or ablation of the scarred tissue. Alternative

approaches involve inserting a cellular tissue layer between
the epithelium and the underlying vocal ligament. Collagen
injections appear to soften scar tissue and facilitate aug-
mentation of scar bands and focal defects. Fat implantation
is one way of introducing a cellular material to separate
layers and restore a functional body and cover mechanism
for oscillation. We are currently achieving success utiliz-
ing topical Mitomycin-C in treating laryngeal scars. This
antibiotic with antineoplastic activity inhibits fibroblastic
growth and appears to prevent scar tissue proliferation in
cases where we have ablated subglottic scar with radial CO,
laser incisions. Long-term results, safety, and overall effi-
cacy of this approach await definitive clinical trials.
Sulcus vocalis is a characteristic condition in which
normal lamina propria is lost and replaced with scar tissue.
Hirano (16) called attention to the histopathology of sulcus
problems and later Sato and Hirano (17) looked at the ul-
trastructure of these lesions. They noted numerous distur-
bances of the basement membrane and lamina propria, es-
pecially at the bottom of the sulcus. These disturbances in-
cluded fragmentation of elastic fibers, and alteration of the
quantity and quality of collagenous and elastic fibers.
Because sulcus vocalis is a descriptive term often
applied to a wide variety of conditions, there has been some
confusion over the true definition of the disorder. We have
seen histological evidence of sulci on routine whole mounted

Table II.

Sulcus Vocalis: Nomenclature and Classification
SULCUS TYPE 1 TYPEII TYPE III
VOCALIS

Other terms Pseudosulcus Sulcus vergeture Ruptured cyst

Dysphonia Variable Moderate Severe
to normal

Videostroboscopy Variable to  Focal stiffness  Stiff, no wave
normal

Supeficial lamina Intact Involved/lost  Involved/lost

propria

Vocal ligament  Normal Normal or Invaded/lost

attached

Vocalis muscle  Possibly Normal Involved +/-
atrophic

sk

Lateral flap, No Yes +augment No

incisions

Excision No No Yes + augment
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larynges studied for cancerous lesions (18) and have ob-
served sulcus-like depressions in the vocal folds of normal
volunteer subjects, senile larynges, and patients with vocal
fold paralysis. Ford et al (19) distinguished true pathologi-
cal sulci from the numerous physiological events that cause
subtle furrows along the medial edge of vocal folds (Table
Il-previous page). Physiological sulci (type I) have a nor-
mal lamina propria and minimal disturbance of mucosal
wave. Pathological sulci have loss of the superficial lamina
propria with a linear depression or vergeture (type II) or a
penetrating pit extending into the vocal ligament or thy-
roarytenoid muscle (type III) (Figure 2). The disturbance
of the lamina propria in the pathological types of sulcus
vocalis results in stiffness, decreased mucosal wave, and
marked hoarseness. Type II sulcus vocalis responds to lat-
eral cordotomy with undermining to free up the epithelium,
as described by Bouchayer (20). The response is often dra-
matic when the linear scar is broken up with multiple supe-
rior-to-inferior vertical incisions, as described by Pontes
(21). When undermining, it is important to maintain the in-
tegrity of the flap to a level at least 3 mm inferior to the
sulcus. The cuts should be of differing lengths for maximal
effect (19). Type III sulcus vocalis is often associated with
inflammation, cysts, mucosal bridges, and extensive pen-
etrating scar tissue that must be excised for optimal reha-
bilitation. Complete dissection often results in a loss of tis-
sue, thereby making subsequent measures such as implan-
tation, injection, or thyroplasty necessary. Important adjunc-
tive treatment includes voice therapy and vigorous control
of laryngopharyngeal reflux. With all such cases of

Figure 2. The 3 types of sulcus are diagramatically displayed to
demonstrate the depth of involvement of the lamina propria. In type I,
the lamina propria is not usually disturbed, so it is not depicted. In type
1I, there is loss of superficial lamina propria along the length of the
vocal fold; these are typically linear defects. In type 11, there is a focal
pit often extending through the deepest layer of the lamina propria.

phonosurgery for scars and sulc, rehabilitation is often slow
and patients should be informed that it might be 6 to 12
months before maximal improvement is noted.

Management of Laryngeal Papillomatosis

Recurrent respiratory papillomatosis (RRP) re-
mains a major therapeutic problem although there have been
medical and phonosurgical advances addressing this dis-
ease. While RRP is a benign superficial laryngeal lesion
that causes hoarseness, it is significant because it is the most
common benign neoplasm of the larynx and has the poten-
tial to spread throughout the respiratory tract. Human pap-
illoma virus has been identified as the cause, and types 11
and 16 appear associated with the most aggressive acting
lesions (22). Unfortunately, antiviral medical treatments
aimed at controlling the papilloma virus or associated vi-
ruses have not proven sufficiently effective to supplant sur-
gery as the primary mode of therapy. There are numerous
ongoing studies that hold promise of improving RRP man-
agement. These include the antiviral agents acyclovir and
cidofovir (23), dietary indoles derived from cruciferous veg-
etables (indole-3-carbinol and diindolelylmethane) that al-
ter estrogen metabolism (24), and immunomodulating agents
such as interferon and ribavirin.

The current standard of treatment for laryngeal
papillomatosis remains CO, laser ablation. Although clearly
superior to earlier techniques of monocular avulsion and
some microsurgical techniques, these procedures are far
from ideal. Among the laser-induced injuries to the larynx
that have been reported are anterior glottic webbing, de-
struction of the lamina propria with scarring, interarytenoid
fixation, and glottic stenosis (25). Technical errors can lead
to these types of direct tissue damage; there is also the risk

. of airway fires and other problems arising from a breach of

laser safety protocols. So while there are continuing advances
in laser technology, there has also been increasing interest in
reducing the reliance on lasers for RRP treatment.
Shikowitz et al (26) have continued their work with
photodynamic therapy using the photosensitizing agent
dihematoporphyrin-ether (DHE), which is selectively re-
tained in hyperplastic and neoplastic tissues like RRP. When
activated by light at a specific wavelength (630 nm), DHE
produces cytotoxic agents that destroy the tissues. In clini-
cal trials, they established an optimal light dose (50 J) and
drug dose of 4.25 mg/kg DHE. They found a 50% or greater
reduction in the recurrence rate during the first year. Inter-
estingly, the treatment, when compared to controls, appeared
to have no effect on the persistence of latent papilloma vi-
rus DNA, based on Southern blot and PCR studies. An-
other laser approach takes advantage of the vascular nature
of RRP lesions using a tuned flash pump dye (FPD) laser in
the yellow spectrum (around 577 nm), which is strongly
absorbed by hemoglobin (27). This laser has proven effec-
tive against cutaneous verrucous lesions that have a similar
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vascular core. The major theoretical advantage of this ap-
proach is that the FPD laser coagulates rather than vapor-
izes tissue. This not only decreases damage and scarring of
adjacent normal tissues, but it also eliminates the plume of
smoke that is potentially hazardous to the surgical team.

Because of the potential destruction and hazards
associated with tissue vaporization, we have found it useful
to limit the use of the CO, laser in the treatment of large
RRP lesions. Instead, we use very aggressive suction to con-
trol and remove pathologic tissues and eschar. The large-
bore suction aliows the lesions to be manipulated for more
precise cutting or vaporization by the laser(Figure 3). For
small focal lesions it is often preferable to substitute cold
microsurgical techniques facilitated by saline infusion, and
reserve the CO, laser for more limited cutting and dissec-
tion. Recently, we have found the microdebrider with the
Skimmer angled blades (Xomed, Jacksonville, FL) useful
for management of bulky papillomata (Figure 3), espe-
cially in areas that are difficult to expose adequately for
laser ablation. This instrument selectively sucks the amor-
phous lesion into the cutting blades, allowing for surpris-
ingly delicate tissue handling when the variable speed con-
trol foot switch mode is used. For focal lesions, Zeitles and
Sataloff (28) described a useful technique of phonomicro-
surgical resection designed to remove the entire lesion, spare
the lamina propria, and promote healing with limited scar-
ring. The keys to this approach are subepithelial infusion of
saline with 1:10,000 epinephrine, and sufficient magnifica-
tion to allow precise elevation of a microflap that circumscribes
the lesion but preserves the uninvolved lamina propria.

Laryngeal Framework Surgery

Laryngeal framework surgery consists of proce-
dures designed to alter vocal fold shape and tension to af-
fect glottic closure and vocal pitch. Medialization
thyroplasty is the most widely used laryngeal framework
surgical procedure. Isshiki introduced the basic techniques

Figure 3. Adequate suctioning can limit thermal trauma when removing
papillomata. In this drawing, suction is used aggressively as an adjunct
to laser ablation (left) and can be used creatively to manipulate and
remove diseased tissue with the microdebrider (right).

of medialization thyroplasty 25 years ago (29) and he has
continued to build on the concept of adjusting vocal fold
position and tension to achieve optimal vocal function. Us-
ing an in vivo canine laryngeal model and excised larynges,
he controlled airflow and subglottal pressure to demonstrate
that a normal voice can be achieved throughout a range of
glottal sizes (30,31). Displays of these data indicated that
excessively tight closure can exacerbate vocal breathiness
and roughness. This is an important consideration as evolv-
ing techniques of medialization affect the position, tension,
and viscosity of the vocal fold. A relatively common reason
for poor thyroplasty outcome is excessive anterior
medialization, which results in increased homolateral vocal
fold stiffness and impaired oscillation of the contralateral fold.

Placement of the cartilaginous window, manage-
ment of the inner perichondrium, and choice of displace-
ment shim are the key variabies in medialization thyroplasty
surgery (Table IIT). Adherence to key anatomical factors is
important to the success and safety of new medialization
techniques. Ford (32) cited common mishaps in the place-
ment of cartilaginous windows for thyroplasty: (1) adher-
ing to a formula for an implant different than the one being
used, (2) failing to adjust the size of the implant to the size
of the larynx, and (3) placing the window too far anterior or
superior. Magnetic resonance imaging studies showed the
failure of effective localized vocal fold displacement when
these considerations were not employed in window place-
ment and implant design (33). Analysis of coronal and cross-
sectional histology and cadaver dissections demonstrated
the importance of preserving the thyroid cartilage inner peri-
chondrium—especially anteriorly—and placing the dis-
placement shim posteriorly (32). Such precautions prevent

Table I11.
Variables In Medialization Thyroplasty

PLACEMENT OF THYROID CARTILAGE WINDOW
1. Placement based on Isshiki model
2. Vary anterior-posterior limits based on shim design
(avoid anterior third)
3. Vary superior-inferior limits based on shim design
(avoid ventricle)

MANAGEMENT OF INNER PERICHONDRIUM
1. Preserve
2. Anterior-based flap
3. Incise or excise

IMPLANTS
1. Silastic (preformed or carved)
2. Hydroxylapatite (VoCom system)
3. Expanded polytetrafluoroethylene (Gore-Tex)

4. Titanium and other experimental materials
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Clinical observations of the occasional limitations
of single modality framework surgery has stimulated more
careful analysis of the pathology in the selection of treat-
ment alternatives. One of the major advances in framework
surgery has been the increasing application of combinations
of phonosurgical procedures to address various aspects of
the pathology. The simplest example of combining proce-
dures is the use of bilateral medialization thyroplasty.
Postma, Blalock, and Koufman (45) reported on the use of
bilateral medialization laryngoplasty in the management of
symptomatic bowed vocal folds. In addition, they reported
on the value of lipoinjection to enhance the voice results in
some of these patients. The work is consistent with the ear-
lier report of Ford, Bless, and Prehn (46) that used
medialization thyroplasty as an adjunct to other
medialization and augmentation procedures. Netterville,
who popularized the concept of combining medialization
thyroplasty with arytenoid adduction, reported on the
Vanderbilt experience with silastic medialization and
arytenoid adduction (47). Such an approach addresses the
anatomical position of the vocal process as well as the place-
ment and tension of the membranous vocal fold. An en-
tirely different approach to the cricoarytenoid joint has re-
cently been shown by Zeitels. In an attempt to more pre-
cisely place the arytenoid, he exposed the joint and directly
pexed the arytenoid to the cricoid (48). Using this
arytenopexy approach, he aimed to simulate not only the
contraction of the lateral cricoarytenoid muscle but also the
synchronous contraction of the interarytenoid, lateral thy-
roarytenoid, and posterior cricoarytenoid muscles. In more
recent modifications of this technique, he proposed disar-
ticulation and subluxation of the cricothyroid joint to im-
prove vocal fold tension (49). Using the combination of
arytenopexy, medialization thyroplasty, and cricothyroid
subluxation, optimal placement and function is achieved,
along with restoration of normal phonation times, two-oc-
tave dynamic ranges, and minimal acoustic perturbation.

The evolution of medialization thyroplasty con-
tinues to be driven by comprehensive objective assessments
of voice. Consistent with most published results of
thyroplasty, Lu et al (50) demonstrated significant improve-
ment in glottic-gap size during phonation, maximum pho-
nation time, transglottic airflow, jitter, harmonics-to-noise
ratio, loudness, breathiness, and hoarseness assessments.

There is a tendency for results to stabilize after 1 month, so’

there is little change noted after 6 months with incremental
assessments*®. In an attempt to correlate such results with
the physical signs of injury and recovery, Gorham and col-
leagues (51) examined 50 thyroplasty patients incremen-
tally and found initial evidence of postoperative irritation
(erythema in 68%, edema in 76%, and hematoma in 28%)
that reduced substantially by 1 month postoperatively.

A precautionary note was sounded by Janas et al
(52), who studied pulmonary function in thyroplasty patients.
They found that thyroplasty surgery worsened the
FEF50%:FIF50% ratio in 12 of 15 patients and created new
extrathoracic obstruction in 4 of 15 patients. Fortunately,
these findings were only associated with symptoms in highly
active younger patients. They suggested that the possibility
of decreased laryngeal airflow should be discussed with
younger, active patients during preoperative counseling.

In considering the risk of complications, the sur-
geon should be aware of the learning curve associated with
medialization procedures. This was apparent in a recent
survey of 1039 surgeons who performed the procedure (53).
Forty-two percent of respondents reported one or more major
complications, and this was significantly more common in
surgeons who had performed less than 10 procedures in their
career. The most common complications were failure to
achieve voice improvement, airway compromise, and im-
plant migration. Koufman and Postma (54) reviewed their
experience with revision laryngoplasty and found the most
common problems to be undercorrection of the posterior
glottis, implant placement too high, implant extrusion, over-
correction anteriorly, and undercorrection of the glottic gap.

Injections and Implants

Placement of materials directly into the vocal fold
remains a convenient and useful method of correcting glot-
tic insufficiency. In addition to the traditional method of
injecting through a laryngoscope without magnification, new
approaches optimize contemporary optics to facilitate ac-
curacy and reduce perioperative morbidity. Rosen (55) per-
formed a variety of augmentation injection procedures us-
ing a rigid zero-degree telescope (4 mm diameter, 30 cm
long) coupled with a video camera and passed through a
slotted anterior commissure laryngoscope. The procedures
used intravenous sedation and topical anesthesia techniques,
and the aid of an operative assistant. The vocal folds were
easily accessed for either medial or lateral injections. This
approach seems particularly useful for medial, superficial
lamina propria injection sites where precise placement is
essential for correcting scarring and focal defects. Ford et
al (8) described the use of rigid endoscopy in the office or
voice lab to facilitate vocal fold injections. Such an approach
provides superior optics, facilitates incremental injection
with videostroboscopic monitoring, and avoids the need for
heavy sedation or general anesthesia. Students, residents,
and patients are afforded an excellent view of the proce-
dure in real time or on videotape recordings. A variation of
this approach was described by Arad-Cohen and Blitzer (56),
who performed vocal fold augmentation injections using a
flexible fiberoptic laryngoscope in an office setting. This
approach might be better tolerated by patients with a height-
ened gag reflex. The flexible scope can also be used to
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monitor transcutaneous placement of injectates by observ-
ing incremental tissue displacement when the needle is
placed through the anterior cervical skin and larynx. Gray
et al (15) extended this concept in developing the
“minithyrotomy” approach. They described cutting a small
hole in the anterior thyroid cartilage, just off the mid-line,
and placing the injecting needle or instrument through this
hole into the lamina propria of the vocal fold. Placement
was guided by observing tissue movement with motion of
the instrument. The authors felt that this affords a better
opportunity to precisely place material in the lamina pro-
pria and critical infrafold region. Implant placement is fur-
ther assured by avoiding mucosal puncture sites, so there is
no chance of extrusion as often occurs with conventional
injection techniques. The infrafold area—roughly 3 mm in-
ferior to the leading edge of the vocal fold—is the site of
origin of the mucosal wave. This site appears to be impor-
tant for oscillation. Interestingly, it is this area of expanded
intermediate layer of the lamina propria that is rich in elas-
tin fibers, hyaluronic acid, and fibromodulin. These mol-
ecules are largely responsible for the elasticity and viscos-
ity essential for oscillation (15).

Materials

The challenge of treating glottic insufficiency due
to vocal fold paralysis, atrophy, or scarring continues to gen-
erate interest in implantable substances. For years it was
believed that Teflon paste was inert and suitable for vocal
fold augmentation. Similar alloplastic materials such as sili-
cone and recently Bioplastique have been used in Asia and
Europe. Vocal fold tissue reaction to Teflon has limited long-
term results and possible local and distant complications
(57-59). A new approach has been the development of
bioimplants for vocal fold augmentation.

Initial studies using bovine collagen (60,61) led to
the use of a variety of injectable autologous materials. Au-
tologous fat has been used clinically as an injection and
short-term results have been encouraging (62,63). Shaw et
al (64) recently reported favorable 1-year results of autolo-
gous fat injections in 22 patients using acoustic analysis,
videostroboscopy, perceptual ratings, and subjective patient
ratings. To enhance graft survival, they employed a rigor-
ous protocol that harvested fat by surgical excision, rinsed
extensively to separate fat from blood, free fatty acids and
cellular debris, and finally suspended fat in human insulin.
Sataloff and coworkers (65) proposed using small fat grafts
as implants in the scarred vocal fold. In this technique, a
small incision is made on the superior surface of the vocal
fold, and a suitable pocket is surgically created to facilitate
placement of the graft. The major concern about all forms
of fat—and other bioimplants—is persistence of the implant.
In animal models, fat has shown variable resorption but some
persistence at 6 months (66). Bower, Valentino, and Hoffman

(67) documented persistence of fat at 5 months by histo-
logic study in a laryngectomy patient. Using the feline model,
Saccogna et al (68) found evidence of viable fat to 8§ months
post-implantation, but no substantial graft survival in cats
sacrificed at 12 months. There is no consensus on the proper
technique for fat implantation or injection and it remains
unclear which situations are most favorable for long-term
implant survival. As with other bioimplants, persistence of
correction and function is perhaps more important than graft
survival.

Collagen and fascia are other bioimplants that have
proven useful in vocal fold augmentation. After reporting
on the use of bovine cross-linked collagen in a broad popu-
lation of patients with glottic insufficiency (61), we focused
use of this material on specific populations (69) where other
materials did not seem as useful. Burke (Pacific Voice Foun-
dation, San Francisco, CA 1998) recently reported success-
ful use of bovine collagen in treating over 300 patients with
Parkinson’s disease. However, concerns about the possibil-
ity of allergic responses have limited the clinical use of bo-
vine collagen. We addressed this concern by applying the
same technique with autologous collagen preparations. In
animal models (70) and clinical studies (71), autologous
collagen injections reacted in a manner similar to the bo-
vine material but without the risk of allergic reactions. An-
other autologous material familiar to otolaryngologists is
autologous fascia. Rihkanen (72) reported on the use of in-
jection of autologous fascia for vocal fold augmentation.
More recently, Tsunoda and colleagues (73) described the
use of autologous fascia transplantation. This technique is
similar to the technique described for fat implantation (65)
and it appears applicable to management of scarred laryn-
ges.

As new materials and techniques continue to
emerge, it is important to recognize the place of Teflon in-
jection in the current armamentarium of the phonosurgeon.
Teflon is still useful in situations where long-term voice out-
come is not the primary concern. Examples include patients
with terminal cancer and older patients disabled by aspira-
tion who are not suitable surgical candidates. It remains
important to salvage poor results in patients previously
treated with Teflon. In the past, salvage approaches were
limited to excision or CO, laser ablation (74) and in some
cases, subsequent augmentation with collagen (57). One of
the most exciting applications of the free-electron laser is
the ablation of Teflon. This experimental laser, when tuned
to a wavelength of 8.5mm, was found to ablate injected
Teflon efficiently without appreciable charring or damage
to the surrounding soft tissues (75). Netterville and his co-
workers (76,77) introduced a very valuable approach to re-
moving Teflon granulomas through a lateral laryngotomy.
They create a thyroid cartilage window for exposure of the
paraglottic space, through which the granuloma is com-
pletely removed. Successful reconstruction of the vocal fold
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soft tissues is then achieved by inserting an inferiorly based
sternohyoid muscle flap. We have found this approach use-
ful for a variety of applications, including revision of
thyroplasties and reconstruction when there is a break in
the endolaryngeal mucosa.

With the variety of approaches and materials avail-
able for injection and implantation, it is important to main-
tain sight of principles necessary for optimal results. To
achieve the most effective glottic closure, one must achieve
medialization of the involved vocal fold in the same plane
as the opposite side. Failure to do so can lead to occult glot-
tic insufficiency where the airflow and breathy phonation
appear inconsistent with the indirect laryngoscopic findings.
This is important in primary and revision procedures. Proper
voicing is dependent on approximation of the membranous
vocal folds. This is not always accomplished by rotation of
the vocal process and it is often necessary to fill out the
membranous fold directly. However, it is counterproduc-
tive to overfill the anterior third of the vocal fold since pre-
mature contact of the anterior fold can impede oscillation
of the contralateral vocal fold and accentuate posterior glot-
tic insufficiency. In applying mechanical principles and seek-
ing more ideal substances to implant, it is important to con-
sider the biological properties of the materials used.
Bioimplants are often more forgiving over time, but allow-
ance must be made for resorption and assimilation.
Alloplastic and inert materials induce permanent tissue
changes and extreme care should be used in patient selec-
tion and technique.

Summary
Phonosurgery has undergone enormous changes in
recent years. This is a result of many factors, including new
materials and procedures, improved understanding of vo-
cal function, and better tools of analysis. Basic principles
remain focused on preservation of normal tissues and the
use of materials and methods that best imitate normal struc-
tures. There is an increasing effort to match viscoelastic
properties and minimize iatrogenic scarring of vocal folds.
Through continued use of the tools for voice assessment,
we will be able to further refine techniques. Increasing un-
derstanding of the structure and function of the vocal mecha-
nism remains essential for the development of improved
techniques, instruments, and materials.
Some of the major points in this review are:

* Preservation of the vocal fold lamina propria is the key
to restoring normal structure and function.

* Medial microflaps are best for limited medial lesions
with thin or redundant cover.

* There are 3 types of sulcus vocalis. Type I is physi-
ological, with usually minimal disruption of mucosal wave
and vocal function. Type II (vergeture) has a linear loss of

the superficial lamina propria with disturbed mucosal wave,
oscillation, and voice. Type Il is a focal pit usually involv-
ing all layers of the lamina propria, may be associated with
cysts, and severely alters vocal fold oscillation and voice.

¢ Management of laryngeal papillomata should introduce
the least amount of physical or thermal damage to the sur-
rounding normal tissues. This can be done by careful mi-
crodissection, various focal lasers, aggressive suctioning,
and gentle microdebridement.

* Medialization thyroplasty is possible with shims of
silastic, hydroxylapatite, or other materials but resuits are
dependent on careful assessment of the pathology and un-
derstanding of the anatomy.

* Thyroid cartilage window placement should vary with
the size of the larynx and shape of the planned implant,
with an effort to avoid too-anterior or too-superior place-
ment.

¢ Manipulation of the arytenoid by arytenoid adduction
or arytenopexy is the best way to correct posterior subunit
gaps, vocal fold tension, and inappropriate vocal fold level.

 Bioimplantable substances such as fat, collagen, and
fascia are more forgiving, better tolerated, and match vocal
fold viscoelastic properties better than alloplastic injectables.
They are the most suitable implants in patients who expect
long life and where optimal voice is a primary goal.

* Lateral laryngotomy with pedicled flap reconstruction
provides the best current solution for total removal of ex-
tensive Teflon granulomas with reconstruction of glottic and
paraglottic space tissues.

While this review has focused on the advancements
and refinements of phonomicrosurgery, laryngeal framework
surgery, and implants, other surgical advances in voice res-
toration have occurred. Notable are the advances in conser-
vation and reconstructive surgery associated with laryngeal
cancer rehabilitation, and refinements in the management
of neuromuscular diseases of the larynx, including varia-
tions in the use of botulinum toxin for spasmodic dyspho-
nia. The field of neurolaryngology is generating increasing
interest and holds the keys to functional laryngeal trans-
plantation, management of bilateral vocal fold paralysis and
other neurological deficits.

As with all phonosurgery, careful, accurate assess-
ment of the pathology is essential. It is often more impor-
tant to determine the components of pathology that can be
corrected and develop a comprehensive treatment program,
than to seek a single ideal procedure or material.
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Abstract

Although advances in techniques for image acqui-
sition and analysis have facilitated the direct measurement
of three-dimensional vocal tract air space shapes associ-
ated with specific speech phonemes, little information is
available with regard to changes in 3-D vocal tract shape as
afunction of vocal register, pitch and loudness. In this study,
3-D images of the vocal tract during falsetto and chest reg-
ister phonations at various pitch and loudness conditions
were obtained using electron beam computed tomography
(EBCT). Eight image sets of the vocal tract were acquired
for a single adult male subject: six during sung phonations
in falsetto register and two during spoken phonations in chest
register. Each volume set consisted of contiguous 3 mm axial
slices encompassing the arch of the hard palate superiorly
and the first tracheal ring inferiorly. Image processing in-
cluded (1) segmentation, the differentiation of air space ar-
eas from surrounding tissue in the axial images; (2) recon-
struction of the vocal tract shape in three dimensions using
shape-based interpolation and (3) measurement of cross-
sectional areas along the length of the vocal tract. Differ-
ences in vocal tract configuration and formant characteris-
tics derived from the eight measured vocal tract shapes are
reported.

Introduction

In the adult male voice, the highest fundamental
frequencies of the speaking or singing voice are usually pro-

duced in falsetto register. Loud, high pitched phonation in
falsetto register can be thought of as one end of the physi-
ologic range of capabilities of the vocal production mecha-
nism. Physiologically, however, falsetto phonation can be
produced at various degrees of vocal intensity throughout
the upper third to two-thirds of the fundamental frequency
range in the adult male voice. In most voices there is some
degree of overlap in fundamental frequencies that can be
producéd in either chest or falsetto register (Colton and
Hollien, 1972; Hollien, 1974, 1977; Titze, 1988, 1994,
Welch et al., 1988).

Vocalization in falsetto register has long been a
part of speech and song in many of the world’s cultures.
Linguistically, phonation in falsetto or breathy voice can
function as a phonemic contrast or an element of prosody
(Laver, 1980). High pitched falsetto vocalizations have been
observed as a response to psychologically and/or emotion-
ally traumatic situations (Scherer, 1995). It is used almost
universally when imitating women’s or children’s voices
(Large, 1972) and is frequently heard in character or car-
toon voices on the theatrical stage and in film media. Fal-
setto singing appears in diverse cultural contexts, including
the Beijing Opera and the onnagata tradition of Kabuki the-
ater in Japan, where male actors have traditionally performed
the roles of female characters (Malm, 1967; Alley, 1982;
MacKerras, 1983); traditional chanting of Pygmy tribes in
central Africa; Alpine yodeling in central Europe; and many
genres of Western popular music. In Western classical mu-
sic, it had become a tradition by the 17th century, especially
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in the sacred music of England, to have choral voice parts
for alto sung by countertenors, i.e. adult tenors or baritones
using falsetto voice (Giles, 1982). More recently, there has
been a revival of interest in the art of the countertenor vocal
soloist in Europe and North America, especially in the per-
formance of early music and Baroque opera. Countertenor
soloists are adult males with tenor or baritone speaking
voices, who generally use a falsetto-based vocal technique
for singing (Giles, 1982; Welch ez al., 1988).

Falsetto phonation has also been used by speech
pathologists in voice therapy and by teachers of classical
singing voice to address vocal hyperfunction. Voice thera-
pists have used falsetto as a therapeutic tool to treat func-
tional voice disorders, including vocal nodules, ventricular
phonation and muscle tension dysphonia (Boone, 1994;
Colton and Casper 1990, Perlman 1992), engaging aspects
of laryngeal behavior in falsetto that appear to be less tax-
ing vocally to improve patients’ vocal use patterns. Singing
teachers may use falsetto phonation with male students to
develop a light chest register (“head voice™) or to decrease
undesirable laryngeal effort in high pitch production (Frisell,
1964).

Although phonation in falsetto register is an inte-
gral part of the physiologic range of human vocal capabil-
ity and its usage not uncommon, there are few comprehen-
sive studies regarding physiologic control in falsetto speech
or singing. Most studies examining physiologic control of
vocal intensity, for example, have avoided high pitched or
falsetto phonation (Holmberg et al., 1988; Stathopoulos and
Sapienza, 1993; Holmberg et al., 1995). This is to a large
degree due to practical and theoretical limitations of cur-
rently available measurement and analysis techniques used
to obtain estimates of salient production variables, e.g. time-
varying glottal behavior and vocal tract resonances. To cir-
cumvent the limitations of current approaches for estimat-
ing such physiologic control variables, an analysis by syn-
thesis approach iricorporating physiologically based mod-
eling of falsetto phonation has been used (Titze, Mapes,
and Story, 1994; Tom, 1996).

The objective of the current study was to acquire
three-dimensional images of the vocal tract during phona-
tion at various pitch and loudness conditions in falsetto and
chest register for a single subject and to obtain the
corresponding vocal tract length and cross-sectional area
functions. These vocal tract measurements facilitated the
specification of formant frequencies and bandwidths asso-
ciated with each phonatory condition and also made it pos-
sible to utilize physiologically based computer simulation
to estimate control variables in falsetto phonation. The
formant structure of the high-pitched falsetto phonations,
difficult to obtain from the wide-bandwidth oral airflow sig-
nal using acoustic LPC methods (Markel and Gray, 1976),
was readily observed in the frequency response of the mea-
sured vocal tracts to a simulated impulse excitation.

Three-dimensional imaging of the vocal tract can
be accomplished by obtaining a series of contiguous image
slices through the portion of the body encompassing the
vocal tract, segmenting the airway shape from its bordering
tissues and reconstructing it in three dimensions. Images
can be acquired with either electron beam computed tomog-
raphy (EBCT) or magnetic resonance imaging (MRI). Each
technique has its advantages and disadvantages. In terms of
reducing the risk of any adverse side effects, MRI has the
clear advantage. No hazardous effects have been observed
from short term exposures to the magnetic fields currently
used in MRI scanning systems. For imaging airways, how-
ever, MRI techniques have a number of disadvantages. Im-
age resolution and accuracy are limited. Air to tissue bound-
aries can be distorted due to MRI imaging artifacts, effec-
tively blurring the edges of the vocal tract slightly (Baer et
al., 1991). Tissues that are low in hydrogen content, such as
bony structures and teeth, are captured poorly and appear
to be the same gray scale density as air.

Scanning times for MRI image acquisition are
much longer than for EBCT. Using current MRI technol-
ogy, the time required to scan an entire vocal tract is ap-
proximately 4-5 minutes (Story, Titze and Hoffman, 1996),
depending on the desired resolution and scanning param-
eters being used. The addition of pauses required for breath-
ing when imaging the vocal tract during actual phonation
increases total image acquisition time to 10 or more min-
utes per vocal tract shape. Under such circumstances sub-
ject fatigue and movement artifact become an important
consideration. Scan time for imaging a vocal tract using
EBCT techniques is much shorter, about 40-45 seconds.
With pauses included for breathing between phoneme reit-
erations, total acquisition time is approximately 60-90 sec-
onds. Because the present study included phonations at high
effort conditions that could not be sustained over the 10-15
minutes of total image acquisition time required by MRI
techniques, the use of MRI was not feasible.

The majority of studies on volumetric vocal tract
imaging during speech have used MRI techniques. Baer et
al. (1991) first demonstrated 3-D reconstruction of static
vocal tract shapes during speech using MRI images. Vocal
tract shapes for the four point vowels were acquired in sag-
ittal, coronal and axial planes from two adult male subjects,
with subsequent 3-D reconstruction and measurement of
cross-sectional areas. Also using MRI techniques, Moore
(1992) acquired images in sagittal and coronal planes for
three vowels and two continuants for five adult male sub-
jects and measured associated vocal tract volumes. He noted
that vocal tract configurations were more stable when sub-
jects actually phonated during image acquisition than when
they simulated a phonatory posture without phonating. Both
of these studies described the difficulties presented by the
long acquisition times required (up to 45 minutes) by then
current techniques. Sulter et al. (1992) used MRI to image
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vocal tract shapes of an adult male subject, a trained classi-
cal singer, during productions of the vowels /i/, /¢/ and /a/
measuring vocal tract length and cavity volumes. In another
single subject study, Greenwood et al. (1992) used MRI to
image five vowel shapes. Their corresponding area func-
tions were derived from image slices configured similarly
to cross-sections proposed in Mermelstein’s (1973) vocal
tract model. Dang et al. (1994) collected volumetric im-
ages of nasal tract passages, sinus cavities and vocal tract
volumes using MRI. 3-D reconstructions of these structures
were used to study the acoustics of the nasal volumes and to
model nasal consonant production. Yang and Kasuya (1994)
reconstructed volumetric MR images of the oral and pha-
ryngeal spaces associated with five vowels produced by their
three subjects, an adult male and female, and an 11 year old
male. Tongue shapes and vocal tract configurations associ-
ated with fricative consonant production from four adult
subjects were imaged, reconstructed in three dimensions and
measured by Narayanan et al. (1995) and Narayanan (1995).
The most comprehensive set of volumetric images of the
vocal tract for speech sounds produced by a single speaker
using MRI were produced by Story (1995). He acquired
images for twenty-two complete vocal tract shapes, trachea,
piriform sinuses and the nasal tract. A subset of these im-
ages, 18 vocal tract shapes associated with the phonation of
12 vowels, 3 nasals and 3 plosives, and their area functions
were reported by Story et al. (1996). Using MRI technol-
ogy and scanning parameters that were an improvement over
those used in earlier studies, these image sets still required
several minutes for image acquisition. Given pauses for in-
halations required between reiterations of a target phoneme,
image acquisition for each vocal tract volume set required
10 minutes or more of repeated execution of a phonation
task, all while trying to avoid movement of vocal tract struc-
tures. Movement artifact due to subject fatigue and articu-
latory instability clearly becomes a concern when a pho-
neme target must be reiterated 30 times or more for each
vocal tract shape.

Kiritani, Tateno, linuma & Sawashima (1977) ex-
plored the use of x-ray computed tomographic (CT) tech-
niques to image cross-sectional areas of the vocal tract. Al-
though they noted the potential for acquiring high resolu-
tion images of the vocal tract using CT, its implementation
at that time was limited by the lack of adequate reconstruc-
tion and measurement software. X-ray techniques were also
used by Perrier et al. (1992) and Beautemps et al. (1995) in
their efforts to calculate cross-sectional areas of the vocal
tract from measures of midsagittal width (width to area trans-
formations).

For imaging airways, electron beam computed to-
mography (EBCT) techniques yield images of higher reso-
lution than MRI images. The air-tissue boundary is cap-
tured with greater accuracy and bony structures and teeth
are clearly imaged. Using currently available EBCT scan-

ners, a sixty slice volumetric study of contiguous 3 mm slices
encompassing the entire vocal tract can be scanned rela-
tively quickly (about 40 seconds). This comparatively brief
image acquisition time greatly reduces the potential for sub-
ject fatigue and associated movement artifact, which can
blur resultant images. The chief disadvantage associated with
EBCT is its use of ionizing radiation, which therefore lim-
its the number of scans considered safe (International Com-
mission on Radiological Protection, 1977; National Coun-
cil on Radiation Protection and Measurements, 1987).

Image Acquisition and Analysis
Image Acquisition Protocol

Volumetric images of the vocal tract were scanned
from a single male subject for sustained phonation of the
vowel /a/ under eight phonatory conditions, varying voice
register, pitch and loudness levels. The conditions, summa-
rized in Table I, included three sung falsetto register pitch
levels (low pitch, 262 Hz; medium pitch, 349 Hz; high pitch,
466 Hz) and chest register speech phonation at a self-se-
lected comfortable pitch level. Each of these four pitch lev-
els was scanned at two intensity levels, moderately low in-
tensity (mezzo piano, mp) and very loud intensity (fortissimo,
- A scout scan preceded the acquisition of the eight image
sets.

For the purposes of this study, a subject who could
readily and consistently produce falsetto as well as chest
register phonations throughout his fundamental frequency
and intensity ranges was required. To increase the reliabil-
ity of phonations produced during data collection, a trained
singer was recruited. Singers trained in classical vocal tech-
nique develop vocal production habits which allow them to
reliably produce tones of similar frequency, intensity and
timbre. The subject for this study was a 45 year old adult
male who has had extensive singing training in the Western
classical tradition, including 12 years of vocal study as a
baritone and 6 years of study as a countertenor. An active

Table L.
Phonatory Conditions for Vocal Tract Imaging

Vowel for all phonations = /a/

Pitch/Condition Register Pitch (F) Loudness

B-flat, ff Falsetto  B-flat, (466 Hz) very loud (ff)
B-flat,mp Falsetto  B-flat, (466 Hz) moderately soft (mp)
F ff Falsetto  F, (349 Hz) very loud (ff)

F, mp Falsetto  F, (349 Hz) moderately soft (mp)
C,ff Falsetto  C, (262 Hz) very loud (ff)

C,mp Falsetto  C, (262 Hz) moderately soft (mp)
Speech Loud  Chest D, (147 Hz) very loud

Speech Comf, Chest B-flat, (117 Hz) comfortable loudness
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performer, he has sung as a countertenor for the past 11
years performing early music using a falsetto-based singing
technique to vocalize in the alto range. The subject’s medi-
cal and recent health history were unremarkable and there
was no history of speech or hearing disorders. The subject
is a native speaker of General North American English and
his speaking fundamental frequency was within normal lim-
its. The subject’s fundamental frequency range spanned from
69 Hz (C#,) to 392 Hz (G,) in chest register and from 147
Hz (D, to 587 Hz (D,) in falsetto register.

For each phonatory condition to be scanned, the
subject was positioned comfortably in a supine position on
the imaging table. His lower neck was supported and stabi-
lized with a rolled towel. Head positioning was aligned be-
fore each set of scans such that the Frankfort plane was per-
pendicular to the imaging table and the anatomic midline
centered. Each phonatory condition required approximately
40 seconds of actual scanner activation time. Total acquisi-
tion time depended on how long the subject could repeat-
edly prolong the target phoneme /0/ at a particular phona-
tory condition without significant movement of articulatory
structures. Including brief pauses for rest and breathing be-
tween vowel reiterations, during which scanning was inter-
rupted, the total time required to image the vocal tract for
each condition ranged from approximately 60-90 seconds.

The following system was devised to time the scan-
ning interruptions when the subject needed to rest and in-
hale between vowel repetitions. Before each condition, the
subject produced several trial utterances to gauge how many
seconds he could produce steady prolongations without sig-
nificant movement of vocal tract structures. When the ut-
terance length was determined, the radiology technician
timed pauses such that he stopped before the end of a vowel
reiteration and reinitiated imaging as soon as the subject
began the next reiteration, as monitored over the intercom.

EBCT Scanning Parameters

EBCT images were acquired with an Imatron C-
150 scanner (Boyd and Lipton, 1983). Each volume set
consisted of sixty contiguous, parallel, axial slices. Slice
thickness was 3 mm. These scanned images encompassed
the hard palate superiorly, the first tracheal ring inferiorly,
the lips anteriorly, the posterior pharyngeal wall posteri-
orly, and the buccal walls to the left and right of vocal tract
air space. Slice scan aperture was 100 msec. The field of
view (FOV) for each slice was 21 cm and the image matrix
was 512 x 512 pixels. The resolution in the plane of imag-
ing (axial) was 0.410 mm, which is near the theoretical limit
of the scanner’s resolution. Scanning parameters are sum-
marized on Table II.

The accuracy of the image acquisition and analy-
sis procedures using the Imatron C-150 scanner has been
assessed with a tubular phantom of known dimensions
(Story, 1995). The phantom consisted of three connected

Table II.
Parameters for EBCT Image Acquisition
Using the Imatron C-150 Scanner

slice thickness = 3 mm

slice scan aperture = 100 msec
FOV =21 cm (field of view)
image matrix = 512 x 512 pixels
resolution = 0.410 mm/pixel

sections of air-filled tubing placed in a closed water-filled
plastic enclosure. Known and measured cross-sectional ar-
eas of the phantom differed by 1.8%-2.0%.

Image Analysis

Image analysis was accomplished in three stages,
i.e. image segmentation, three-dimensional airway recon-
struction, and airway measurement. These procedures were
performed using UNIX based image display and measure-
ment software called VIDA™ (volumetric image display and
analysis), which was developed by Hoffman and colleagues
(Hoffman et al., 1992). Further information regarding all
VIDA modules can be accessed via the Internet at http:/
everest.radiology.uiowa.edu. These image analysis tech-
niques, as applied to vocal tract airway analysis, have been
described in detail by Story (1995) and Story et al. (1996).

Vocal Tract Airway Segmentation

After the EBCT image sets were acquired, the im-
age data were transferred via magnetic tape from the Imatron
C-150 scanner to a UNIX-based cemputer workstation for
analysis. The vocal tract was segmented, i.e. differentiated
from surrounding tissue, using a seeded region growing tech-
nique whereby all airway voxels (three-dimensional pixels)
were assigned a unique gray scale value (Hoffman et al.,
1983; Udupa, 1991). Prior to segmentation, a five percent
reduction in gray scale values was made on the entire image
set, assuring that the new gray scale assignment of the air-
way voxels would be the brightest value in the image. The
threshold value for the border between tissue and air was
determined by evaluating the brightness profile at an area
of tissue to air transition and selecting the gray scale value
that was 50% between the brightest area of tissue and the
darkest area of the airway. Once this threshold was deter-
mined, actual segmentation could begin.

The process of segmentation consisted of the fol-
lowing sequence of steps. (1) A mouth termination plane
was determined using the procedure defined by Mermelstein
(1973) and “painted” on the midsagittal plane, as illustrated
in Figure 1. When this plane was extended to all slices, it
served as a delimiter for the anterior portion of the mouth,
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Yang and Kasuya, 1994). The widest cross-sectional area
of the supraglottal widening for the /a/ vowel in these stud-
ies were approximately 1.1 cm? (Story et al., 1996), 2.2 cm®
and 2.9 cm? (Baer et al., 1991), 4.1 cm? (Fant, 1960) and
1.9 cm?(Yang and Kasuya, 1994). In the current study this
measure ranged from approximately 3.8 cm? for the loud
speech condition in chest register to 6.2 cm? for the falsetto
register, high pitched, very loud condition. For the speech
condition and low pitch falsetto condition, the supraglottal
widening reduced slightly in area as intensity increased. For
the medium and high pitch falsetto conditions, the supra-
glottal widening increased in dimension.

Comparing Changes in Area Functions Due to Varia-
tions in Register, Pitch and Loudness

Changes in 3-D vocal tract configuration as a func-
tion of changes in vocal register, pitch and loudness can be
assessed by comparing differences in area functions along
the length of the vocal tract. The area functions associated
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—Speech (comf)
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20

Distance from glottis (cm)

with the vocal tract shape for the /a/ prolongation in the
comfortable speech condition are compared to those of the
other phonatory conditions in Figure 8. In Figure 8(a), a
comparison of comfortable (bold line) and very loud speech
(narrow line) in chest register, the vocal tract gesture ac-
companying the change in vocal intensity was an overall
increase in oral cavity area that begins approximately 7 cm
from the glottis, just anterior to the vowel constriction (de-
fining /a/ vowel quality) in the oropharynx. At its widest
point in the oral cavity, the cross sectional area almost
doubled for the loud speech condition (from about 6 cm? to
10 cm?) and the mouth opening increased significantly (from
about 1 cm?to 6 cm?). This occurred with a concurrent slight
reduction in dimension of the supraglottal widening that oc-
curred about 3.5 cm past the glottis.

Although the oral cavity dimensions are signifi-
cantly greater in the low pitch falsetto condition as com-
pared to comfortable speech (Figure 8 (b)), the within pitch/
within register pattern of change in cross sectional areas as
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10 ——Speech (comf)
8 <
6 p
4 .
2 A
0 : ’ ' :
Distance from glottis (cm)
127 e B-flat (soft)
~——B-flat (loud)

10 + ——Speech (comf)

84
64
44
24
0 + + } -
0 5 10 15 20
Distance from glottis (cm)

Figure 8. Comparisons of the area functions for chest register comfortable speech (bold line) and (a-top left) chest register loud speech (narrow line),
(b-top right) falsetto register, low pitch (C, 262 Hz), moderately soft (dashed line) and very loud (narrow line), (c-bottom left) falsetto register, medium
pitch (F, 349 Hz), moderately soft (dashed line) and very loud (narrow line), and (d-bottom right) falsetto register, high pitch (B-flat, 466 Hz),
moderately soft (dashed line) and very loud (narrow line).
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a function of loudness for the low pitch falsetto condition is

.. L . Table IT1.
similar to that for the speech conditions. The oral cavity Vocal Tract Area Functions in Square
increased in size as the supraglottal widening decreased in Centimeters, at Equal Intervals of 0.396825 cm,
size. For falsetto phonations sung at the medium and high for8 Pazniz%?g&%dggnﬁxmf Vocal
pitch levels, Figure 8(c) and 8(d), respectively, the oral cavity glsteh
is significantly larger than for comfortable speech. The Section 1 is the Glottal End of the Vocal Tract
changes in vocal tract shape associated with soft (dashed .

. . . . Section B-flat, B-flat, F, F, C, C, Speech Speech
line) versus loud intensity levels (narrow line) appear some- Number f mp & mp & mp loud comf

what counterintuitive. The subject reduced rather than in-
creased the volume of the oral cavity in the very loud con-
dition. This reduction in oral cavity volume occurred with a
simultaneous increase in the volume of the supraglottal wid-
ening in the lower pharynx. This anterior/posterior shift in
relative volumes or cross-sectional areas may be a strategy
to balance simultaneously the need for maintaining approxi-
mate vowel quality while preserving vocal timbre. At both
the low and medium pitch conditions in falsetto, Figures

096 071 0.82 1.01 097 0.78 045 088
079 125 118 125 096 1.00 047 0.69
099 105 136 110 116 1.05 038 0.68
136 119 139 118 129 116 0.71 1.18
178 144 107 170 188 1.88 110 159
1.88 212 233 218 412 324 1.83 223
270 4.13 476 3.01 477 479 321 312
5.19 493 503 414 385 503 3.67 397
6.42 423 339 406 241 3.60 263 3.67
10 573 339 282 317 159 352 171 273
1 481 283 231 229 107 344 131 176

D 0O~ HWN —

8(b) and 8(c), the volume of the oral cavity was only some- 12 359 236 164 170 088 229 079 123
what larger for the loud intensity condition. In contrast to 13 2.80 200 120 127 118 153 108 074
the falsetto conditions, the oral cavity size and mouth open- 14 261 188 054 127 095 113 102 038
. . N . P 15 266 199 086 1.12 068 097 084 1.01
ing are increased significantly in the loud speech condition. 16 217 162 094 103 054 105 069 084

The greatest contrasts in vocal tract configuration 17 1.73 139 067 082 050 0.84 069 0.56

. . : 18 1.37 119 060 079 057 0.68 089 0.64

due to register, pitch and loudness can seen by comparing  |}; ;7 159 059 075 081 069 097 060
the area functions for speech phonation in chest register at 20 143 1.19 075 080 1.18 083 140 086
a comfortable intensity level and those for high-pitched sung 21 1.78 145 097 1.05 180 L11 222 135
phonation in falsetto register at a very loud intensity level 2 218 157 137 131 246 143 299 16l
. e . . . 23 264 129 223 123 280 190 299 085
in Figure 8 (d). For speech phonation in chest register at a 24 279 138 282 143 364 2.66 398 1.53

comfortable intensity level (bold line), the cross-sectional 25 299 185 319 173 494 269 520 224

area peaked at 3.7 cm? at the widest point of the supraglot- 26 349 231 432 257 583 323 615 244
e 2 27 413 299 576 320 6.57 4.05 6.67 253
tal widening, decreased to 1 cm? or less for the vowel con- 28 502 383 654 379 7.1 469 7.15 286

striction, increased to 5.8 cm? at the widest point in the oral 29 577 460 728 441 858 522 816 3.17
cavity, then gradually reduced to about 1 cm? at the mouth 30 651 545 828 528 1017 581 884 38l
t inati For high-pitched sung phonation in falsetto 31 7.07 671 9.04 634 1043 7.09 935 4.28
ermination. gh-pitch g phonation 1n 32 723 781 954 667 1112 820 9.62 431
register at a very loud intensity level (narrow line), the cross- 33 7.05 844 939 742 11.76 920 9.67 481
sectional area peaked at 6.4 cm? at the widest point of the 33"5‘ g-gg ?69;3 g-;g 21;67?4 }:f"é ?:23 ggg gg;
supraglottal widening, decreased to less than 1.5 em” for |36 70, 1065 858 998 1135 1073 893 562
the vowel constriction, increased to 8.3 cm? at the widest 37 736 10.83 8.73 999 10.70 10.76 8.25 542
point in the oral cavity, then closed down to an area of ap- 38 7.24 1037 855 9.66 10.10 10.60 7.69 491

: Z o 39 686 982 813 915 940 1020 699 4.54
proximately 5 cm® at the mouth termination. 40 772 934 831 853 879 976 704 413

41 831 884 822 770 795 853 6.88 3.40
Quantitative Area Functions 42 7.66 7.40 7.56 729 7.63 8.05 7.18 270

As discussed in Section I.F., the “raw” area func- 43 732 625 707 627 632 670 639 1.86
. et . 44 5.17 457 516 415 449 449 599 109
tions measured from the volumetric image data for the eight

phonatory conditions were discretized for use in speech
simulation. The process of discretization involved choos- vr 1746 1746 17.46 1746 1746 17.46 17.46 17.46
. ! ) A length cm cm cm cm cm cm cm cm
ing the discretized vocal tract length (even multiples of vo-

cal tract sections 0.396825 cm in length) that best fit the

measured vocal tract lengths, normalizing measured data to B-flat, = 466 Hz
. . . . F,=349 Hz
this length, fitting the data to a cubic spline curve and sam- C,=262 Hz
pling the cubic spline curve at equally spaced intervals of
0.396825 cm. Numerical area functions for the eight pho- ff:l’m“d v sof
natory conditions based on the discretized vocal tracts are 1 = mocerately so
listed in Table III. The discretized vocal tract length that Speech loud = speech, very loud
best fit all eight phonatory conditions was 17.46 cm. Speech comf. = speech, comfortable loudness
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Table IV.

Vocal Tract Lengths Associated with
Variations in Vocal Register, Pitch and Loudness
Levels, and Length Differences Between
Measured and Normalized Vocal Tract Lengths

Condition =~ Measured Length  Difference from
Normalized

Length

B-flat, ff 18.16 cm +0.70 cm

B-flat, mp 17.02 cm -0.44 cm

F, ff 17.48 cm +0.02 cm

F,mp 16.99 cm -0.47 cm

C,ff 16.81 cm -0.65 cm

C, mp 17.29 cm -0.17 cm

Speech loud 16.55 cm -0.91 cm

Speech comf 17.39 cm -0.07 cm

ff = very loud

mp = moderately soft

Table V.

Piriform Sinus Area Functions in Square
Centimeters, at Equal Intervals of 0.396825 cm,
Expressed as a Single Branch for
Acoustic Modeling Purposes

Section 1 Represents the Area Function of the
Superior-Most Portion of the Piriform Sinuses

Section B-flat, B-flat, F, F, C, C, Speech Speech

Number ff mp ff mp ff mp loud comf.

239 134 216 1.82 205 217 258 226
213 113 207 1.60 224 194 241 221
1.88 102 219 150 228 136 260 195
126 0.83 183 104 174 0.11 129 0.83

S W -

PS 1.59 cm1.59 cm 1.59 cm1.59 cm 1.59 ¢cm1.59 cm1.59 cm1.59 cm
branch

length

The measured vocal tract lengths for the eight pho-
natory conditions are presented in Table IV. Differences
between measured lengths and the discretized length used
in acoustic modeling (17.46 cm) are also noted on Table IV.
In the medium and high pitch falsetto phonations, it is inter-
esting to note that the change from soft to loud intensity
was consistently associated with an increase in measured
vocal tract length, while the opposite pattern occurred at
speech and low falsetto pitch conditions. Increases in over-
all vocal tract length tend to decrease all formant frequen-
cies uniformly and are associated with the perception of

Table VL.

Piriform Sinus Lengths Associated with Variations

‘in Vocal Register, Pitch and Loudness Levels
Condition L. Piriform Sinus  R. Piriform Sinus
B-flat, ff 1.76 cm 1.52cm
B-flat, mp 1.68 cm 1.68 cm
F ff 1.76 cm 1.76 cm
F,mp 1.60 cm 1.60 cm
C,ff 1.88 cm 1.88 cm
C, mp 1.15cm 1.11cm
Speech Loud 148 cm 1.48 cm
Speech Comf. 1.19cm 1.19cm
ff = very loud
mp = moderately soft

darker vowel coloring (Titze, 1994). This gesture can coun-
teract the tendency for the larynx to rise and consequently
shorten the vocal tract with increases in vocal effort.

Numerical area functions for the piriform sinuses
used in acoustic modeling are listed on Table V. The mea-
sured lengths of the piriform sinuses are presented in Table
VI. Some slight left-right asymmetries in piriform sinus
length occurred when the superior-inferior alignment of the
piriform sinuses was not completely perpendicular to the
transverse imaging plane of the EBCT scanner. The main
trend, with regard to changes in the 3-D shape of the piri-
form sinuses from soft to loud intensity within each pitch
condition, was an increase in both length and cross-sectional
areas.

Formant Structure

The relative locations of the first and second
formants are most often associated with vowel discrimina-
tion; those of the third, fourth and higher formants being
associated more with the perception of vocal timbre. The
first four formants for each of the eight vocal tract shapes
are summarized on Table VII. Formants were obtained with
a wave-reflection vocal tract model mentioned in Section
LF. by using cross sectional area functions from the 3-D
image data as input, and calculating its response to an im-
pulse excitation. Because the configurations were a static
composite of the slightly varying vocal tract shapes that
occurred during imaging of vowel reiterations for a particu-
lar phonatory condition, these formants are, in a sense, an
“average” of the formants for the numerous /a/ prolonga-
tions.

For the comfortable speech condition, the first,
second and third formants (F1, F2, F3) were 543 Hz, 993
Hz and 2585 Hz respectively. Normative average values
for adult male F1, F2 and F3 for the spoken vowel /a/ are
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Table VII.

Formant Frequencies Associated with Variations in

Vocal Register, Pitch and Loudness Levels
Pitch & Fl1(Hz) F2(Hz) F3(Hz) F4(Hz)
Loudness
FALSETTO REGISTER
B-flat, ff 601 1230 2751 3553
B-flat, mp 612 1139 2735 3611
F ff 592 1030 2858 3728
F, mp 599 1102 2764 3643
C,ff 604 939 2729 3833
C, mp 582 1062 2738 3850
CHEST REGISTER
Speech Loud :
®D,) 682 1058 2740 3851
Speech Comf.
(B-flat,) 543 993 2585 3747
B-flat, =466 Hz
F,=349Hz
C,=262Hz
D,=147Hz
B-flat,= 117 Hz
ff = very loud
mp = moderately soft
Speech Comf. = Speech, comfortable loudness
Speech Loud = Speech, very loud

730 Hz, 1090 Hz, and 2440 Hz, respectively (Peterson and
Barney, 1952). The subject’s values for both F1 and F2 are
lower; almost 200 Hz lower for F1 and about 100 Hz lower
for F2. F3 for the subject was more than 100 Hz above the
norm. The F1 and F2 values produced by the subject are
consistent with a more rounded /a/ allophone, approaching
/3/. For the high pitched, very loud sung falsetto tone, F1,
F2, and F3 were 601 Hz, 1230 Hz, and 2751 Hz, respec-
tively. The subject’s F1 for this condition was more than
100 Hz below normative values and the F2 and F3 were
both higher. The F1 and F2 are consistent with a phoneti-
cally more neutral vowel quality, most likely due to the more
open oral cavity. :

In speech phonations in chest register at both com-
fortable and loud intensity levels, the vowel formants (F1,
F2) produced by the subject were lower in frequency than
normative formant values for adult male speakers (Peterson
and Barney, 1952) for the vowel /a/. The subject did, how-

ever, follow the reported tendency for F1 to be raised (10%
or more) when increasing vocal intensity (Sundberg ez al.,
1993): the F1 increased by 26% (from 583 Hz to 642 Hz).
The F1 frequency was raised 4% in the loud condition for
low pitch (C,, 262 Hz) falsetto phonation. Contrary to this
trend, the subject stabilized or slightly lowered F1 in sung
falsetto phonations with increased vocal intensity at the
medium (F,, 349 Hz) and high pitch (B-flat,, 466 Hz) con-
ditions. The lowered F1 may have been part of the subject’s
vocal technique for effecting a perceptually darker (pho-
netically more rounded and/or centralized) vowel quality
and warmer vocal timbre as pitch increased. The tendency
for most speakers is to shorten the vocal tract with increased
pitch by raising the larynx. This gesture increases F1 values
and creates a brighter or strident vocal timbre. The lowered
F1 also had the effect of creating a high energy bandwidth
with a shallower spectral slope (locally) in the area between
the fundamental and the second formant.

Conclusion

Volumetric imaging of the vocal tract using EBCT
was used to document three-dimensional changes in vocal
tract configuration during phonation, which occurred as a
function of vocal register (chest or falsetto), pitch (low,
medium and high in falsetto register, and speech) and loud-
ness (soft versus loud) for a single male subject. The high
resolution of the images acquired in this study were in part
due to two factors which helped to minimize blurring due
to movement artifact during image acquisition: (1) Imaging
time was kept to a minimum with the use of EBCT tech-
niques, and (2) extraneous movements during phonations
were minimized by the participation of a subject whose vocal
training lent itself to producing stable and consistent repeti-
tions.

The 3-D image data were analyzed to obtain cross-
sectional areas along the length of the vocal tract (glottis to
lips) for eight phonatory conditions. These extracted area
functions were used to identify formant frequencies for fal-
setto phonations, which are often not accurately extracted
from the wide-bandwidth oral airflow signal using current
LPC based inverse filtering techniques. Surface renderings
of the three-dimensional vocal tract shapes provide qualita-
tive information regarding changes in 3-D shape and rela-
tive spatial configuration of speech articulators across these
phonatory conditions. Quantifications of vocal tract length,
piriform sinus length, and cross sectional area functions from
these image sets can be used in speech simulation applica-
tions. An analysis by synthesis approach to developing esti-
mates of glottal adduction in falsetto phonation using the
cross-sectional area functions, as extracted from the eight
phonatory conditions in the current paper, will be presented
in the future.
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Although the results of the entire study are from
one subject, a trained singer, the data may not be atypical of
male speakers with a similar, but untrained falsetto phona-
tion pattern, trained countertenors or other singers, who
vocalize in the falsetto register. Steps towards a compre-
hensive description of falsetto phonation from a subject who
has developed an optimal technique for vocalizing in the
falsetto register across a range of frequencies and intensity
levels may give us insight into a falsetto type that is not

Table Al
Radiation Exposure Summary

For 3mm slice thickness, skin dosage is 1.08 CGy
Organ dosages = skin dose multiplied by conversion factor
Bonemarrow SD x.08

Lens (eye)
Thyroid

(1.08 x 0.08 = 0.0864)
SDx.009 (1.08 x 0.009=0.00972)
SDx.07 (1.08 x 0.07 =0.0756)

Human effective dose equivalent, H,_} W, H,

W, = weighting factor for organ i based on stochastic
risk estimates

H, =radiation dose to organ i

Organ Weighting factor
Red Marrow 0.15
Thyroid - 0.03
Bone (surfaces) 0.03

Remaining Tissues 5@ 0.06

H =Y W, H, = (0.15 x 0.0864) + (0.03 x 0.0756) + (0.03
x .0864) + (0.06 x 0.00972)

for bone marrow + thyroid + bone surface + lens/eye
= 0.01296 + 0.002268 + 0.002592 + 0.0005832
= 0.0184032 CGy* per set of 3mm scans

including 8 scanning conditions and one scout scan
total = 9 scans

9 sets of scans =9 x 0.0184032 = 0.1656288 CGy or
about 0.17 rem

0.17 rem is well below the exposure limitations for the
general public (0.3 rem/year). For comparison, a conven-
tional chest CT = 34 rem, an upper GI éxam (film and
fluoro) =2.1 rem, a cine CT x-ray exam = 0.14 rem.

* calculations verified by Dr. William Stanford, Department
of Radiology, University of Iowa College of Medicine &
University of Iowa Hospitals & Clinics (1992)

only reliable but associated with less risk for injury to the
tissues of the vocal folds than other falsetto phonation types.
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Appendix

In order to keep levels of exposure to the ionizing
radiation associated with EBCT imaging techniques at safe
levels for this study, the total calculated human effective dose
equivalent was kept well below the exposure limitations rec-
ommended by the National Council on Radiation Protection
(NCRP, 1987) and the International Commission on Radia-
tion Protection (ICRP, 1977). For the nine scans acquired in
the current study (eight volume sets and a scout scan), the
total human effective dose equivalent, calculated using NCRP
and ICRP standards, was 0.17 rem. The exposure limitation
for the general public set forth by the NCRP and ICRP is 0.3
rem/year. The calculations are summarized in Table AL
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Abstract

This study concerned the effect of the first
subglottal formant (F,) upon the modal-falsetto register tran-
sition in males and females. Phonations using air and a he-
lium-oxygen mixture (helox) were used in a comparative
study to tease apart possible acoustic and myoelastic con-
tributions to involuntary register transitions. Recordings of
first subglottal formant and its accompanying bandwidths,
and the lower and upper shift point marking the outer bound-
aries of each abrupt register transition, were obtained via a
neck-mounted accelerometer, and analyzed using spectro-
grams and power spectra on a K-5500 Sona-Graph. The
four subjects had their hearing masked bilaterally with
speech level noise in order to increase the likelihood of in-
voluntary register transition via minimized auditory feed-
back. In three of the four test subjects registration was sur-
mised to be primarily a laryngeal event; evidenced by the
similar frequency dependency of voice breaks in both air
and helox. It may be hypothesized that subglottal resonance
influenced register transition in the fourth subject, as voice
breaks rose with helox-induced phonation; however, this
result did not reach statistical significance.

Introduction and Background

Over a century and a half ago, Miiller (1837) de-
scribed experiments during which certain lengths of sub-
and supraglottal tubing coupled to excised larynges were
found to cause the larynges to sputter, and if control condi-
tions were sustained, to produce falsetto voice'. Acoustic
variations in subglottal pressure (P ) are known to be on the
order of 40-60% of the mean DC subglottal pressure?.
Vilkman and colleagues have more recently observed dra-
matic effects of acoustic-mechanical vocal source-tract in-
teraction on vocal fold vibration, and state that without doubt

there is an interaction of subglottal resonances upon vocal
fold vibration®.

Austin and Titze* have also investigated subglottal
resonance effects. They reported that, in half of the excised
larynges mounted to a pseudotrachea, the amplitude of vo-
cal fold vibration increased as a function of in-phase acous-
tic subglottal pressure, and decreased as a function of out-
of-phase acoustic subglottal pressure.

An earlier supposition by Hollien’, later somewhat
modified to apply to speech-only phonation', was that a voice
register is a purely laryngeal event. Comparisons of phona-
tion in helox and air by McGlone and Brown® supported
laryngeal dominance in register transition over acoustic
causes because shift points between chest and falsetto reg-
isters were found at similar fundamental frequencies, re-
gardless of the nature of the expired medium. Svec et al.
have recently concluded that chest-falsetto register transi-
tions appear to be primarily influenced by the vibratory prop-
erties of the vocal folds evidenced by varying register tran-
sition frequencies in excised larynges phonating with fixed
length air supply tubes’. Svec et al also argue that variabil-
ity in the frequency range of register transitions de-empha-
sizes critical myoelastic balances as a triggering effect for
registration. The different balances are possible, but not
necessary for transitions to occur.

Analysis of vocal fold behaviors in terms of non-
linear dynamics has suggested that voice breaks may be
caused by different attractors coexisting in the same param-
eter regions, and therefore even extremely small changes in
parameters, such as muscle tension or subglottal pressures,
may lead to desynchronization of principal vibratory modes
of the vocal folds, including bifurcations and chaos®®1°,

It may be stated without too much controversy that
the modal register in males and a modal-falsetto mixture in
females are the typical phonatory postures used in speech!2.
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The greater timbral richness of the modal register is largely
due to increased thyroarytenoid contraction, resulting in a
lax vocal fold cover and involvement of the vocal fold body
in vibration. Vilkman and colleagues specify that, for modal
register to occur, the vocal folds must assume a critical col-
lision mass of sufficient vertical and longitudinal dimen-
sion®, This critical mass in vibration is formed by using ample
subglottal pressure, medial fold compression and adjusting
the biomechanical properties of the mucosa with vocal fold
length. Falsetto register occurs at relatively higher pitches
and is a natural consequence of an elongated cover contain-
ing a stiffened vocal ligament, and a lax muscle. The transi-
tion between modal and falsetto registers may be smooth,
as in a trained classical singer, or abrupt, as in a yodeler or
pubertal male speaker.

Titze'? described two hypotheses about involun-
tary register transitions:

1. The maximum active thyroarytenoid stress hypothesis
states that, when a maximal thyroarytenoid muscle con-
traction is reached, no further increase in F, can be ob-
tained until the TA muscle releases its stress and the vo-
cal ligament becomes the main tension-bearing tissue.
Unless the muscle and ligament tensions are perfectly
balanced in transition, F, and voice quality changes will
be abrupt.

2. The subglottal resonance hypothesis states that invol-
untary register transitions may be the result of uneven
assistance by tracheal pressures in vocal fold vibration.
The modal-falsetto register shift may be triggered some-
where between maximal acoustic reinforcement of vocal
fold vibration at (F = 3/5 F,'), and maximally impeded
vibration (at F = F ). Acoustic subglottal pressure varia-
tions are superimposed onto a larger DC component,
which is positive throughout the complete glottal cycle®.

Measurements of subglottal formants and their
accompanying bandwidths have led to somewhat different
results (Table 1). Van den Berg!* used canine and human
cadavers to estimate F,' =300 Hz and B,'=120 Hz. Ishizaka
and colleagues', using laryngectomy patients, found F,' =
640 Hz and B,'=155. Cranen and Boves'® arrived at average
values of F|'=475 Hz and B, =275 Hz via frequency analy-
sis of subglottal pressure signals obtained during normal
speech production.

Cranen and Boves!? analyzed subglottal pressure
signals recorded during speech production via FFT and LPC
and obtained an F, estimate of 510 Hz with a standard de-
viation of 26 Hz, and B, = 104 Hz. A modeling study was
then used to investigate the influence of normal glottal leak-
age and vertical phase closure on discrepancies between
their own F,' measurements and data obtained by Ishizaka
et al. Relatively small glottal leaks were found to cause the
formants in the pressure signals to deviate appreciably.

Table 1.
Subglottal Formant Frequencies and Bandwidths
Investigators Analysts Method ¥y’ (H2) B, (H2)
ran den Berg* canine/buman cadavers 300 120
shizaka et al** laryngectomy 640 155
ranen and Boves'* speech production 475 275
>ranen and Boves"” speech production 510 104
The Current Study pitch sweeps 538 218

Tracheal puncture is the most direct technique for
measuring subglottal pressures, but also the most invasive
for the subject®. Subglottal pressure may also may be mea-
sured by a pressure transducer built into a catheter, which is
inserted through the glottis. Although still an invasive and
uncomfortable procedure, it has been used successfully's72,
Transcutaneous measurement, using an accelerometer in the
neck, is an indirect reflection of subglottal resonant activ-
ity. Although it involves a filtering effect through the neck
tissues, it has the benefit of being non-invasive. Henke used
this method to determine a subglottal resonance frequency
of 530 Hz".

Materials and Methods

Helox gas was used as an experimental sound-
propagating medium. Helox is a harmless gaseous mixture
consisting of 20% oxygen (the same content as air) and 80%
helium. Because of its lesser density than air, helox raises
the speed of sound c¢ and thereby the subglottal formant
frequencies, since F,’ = (2n - I)(c/4L), in a resonator that is
open on one end and closed on the other. Thus, the use of
this gas in contrast with air was conceived to be a simple
way of isolating the contributing influences of each of the
two hypotheses for involuntary register transitions.
Sundberg® has concluded that the differences in density be-
tween helox and normal air will have a negligible effect on
the aecrodynamics of vocal fold vibration, that is, the source
characteristics.

Pitch sweeps (glissandi) were used to identify the
formants and register shift points. It was felt that these glid-
ing phonations have several advantages over steady vowels
or musical scales for analysis. When produced at a moder-
ate loudness, pitch sweeps may clearly reveal the presence
of voice breaks between chest and falsetto registers, thus
avoiding the perceptual subtleties of register identification
via static fundamental frequencies’. Also the removal of a
musical framework (specified notes) may help to trigger
the lower and upper shift points.of voice breaks in an un-
constrained manner. Trendelenburg was an early pioneer in
the investigation of a myoelastic genesis of register transi-
tions who used “siren-like” gliding tones across the vocal
compass'.
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Subjects

Two male subjects were M1, who had a brief his-
tory of choral singing, and M2, a professional baritone singer.
Two female subjects were F1 and F2, both speech language
pathology graduate students with choral experience, classi-
fied as second sopranos. All subjects were primarily cho-
sen for their ability to sustain pitch sweeps over a moderate
length of time at a high volume level, not necessarily for
their singing experience. Also, each subject had informally
demonstrated consistent involuntary pitch breaks in probe
testing for experimental suitability. The subjects had vocal
histories within normal limits and were examined by endo-
scopy for laryngeal health by a laryngologist. Subject M2
had a non-pathologic posterior glottal chink.

Instrumentation

Testing was performed with the subjects seated in
an Industrial Acoustics Company Inc. (IAC) sound booth.
Speech-weighted noise was presented to the subjects bin-
aurally via a Grasson-Stadler GSI GI clinical audiometer
and E.A R. Tone 3A insert headphones. Masking was used
to decrease the subjects’ sensitivity to pitch control, thereby
potentially increasing the likelihood of spontaneous and
involuntary voice breaks. Voice breaks produced without
masking may have been unintentionally regulated by a per-
ceptual framework, such as musical intervals .

Skin acceleration recordings were made with a
Vibro-meter accelerometer (Model 501 FB) affixed with
double-sided adhesive tape to the epidermis covering the
trachea midway between the supra-sternal notch and the
cricoid cartilage. The accelerometer signal was amplified
by a Vibro-meter Corp. (Model P16) power supply and
routed through a Symetrix $X202 preamp into a Panasonic
SV-3700 DAT deck.

Helox was initially administered to the subjects
through a Hudson RCI rebreathing mask for a period of
five minutes prior to the testing procedure. Subjects were
encouraged to exhale forcefully to permit the helox to suffi-
ciently infuse the residual capacity of the lungs. The
rebreathing mask was switched with a standard
nonrebreathing mask immediately prior to the testing pro-
cedure, thereby allowing the subjects relatively unimpeded
sound radiation and self-control over oxygen intake require-
ments.

Tasks

An initial series of ten chest register pitch sweeps,
each consisting of a continuous upward and downward slide,
was recorded for the analysis of subglottal formants. The
subjects were instructed to raise and lower pitch by the re-
searcher (with hand signals) because their sense of pitch
was masked. The subjects were not instructed to sing, and
the resulting speech-like phonations were not characterized
by a supported musical timbre, as in a sung glissando. In

this part of the procedure, register transitions were avoided
by keeping the sweeps in a lower F, range. Continuously
moving harmonic amplitudes could be recorded without
quantal spectral changes induced by register transition

A second series of ten rising and falling pitch
sweeps was expanded to encompass the transition into fal-
setto or middle register. Subjects were instructed to broaden
their sensation of pitch range, or were conducted by the
researcher to reach the higher pitches. The samples were
later spectrographically analyzed to determine the lower and
upper shift points of each instance of abrupt transition, and
also the duration of the voice breaks.

The two series of pitch sweeps were then re-re-
corded using helox-induced phonation after an adequate
period of helox respiratory exchange had occurred. Expired
gases were not compositionally analyzed; however, a respi-
ratory therapist had verified that the gases would be fully
saturated with water in this procedure.

Formant Frequency and Bandwidth Measurements

The recorded accelerometer signals were analyzed
at 125 ms intervals with a Kay Elemetrics DPS Sona-Graph
(Model 5500). A combination of power spectrum, wave-
form, and intensity contour was displayed. The power spec-
trum utilized a Hamming window analysis with a 1024 point
transform size, flat shaping, and no averaging. With this
setup, it was possible to monitor the movements of indi-
vidual harmonics as they passed through the F|' region in
both the ascending and descending segments of the pitch
sweeps.

Subglottal formants and bandwidths were mea-
sured from the power spectrum sweep. Voice break data
were located through colored spectrographic analysis using
a 1kHz frequency range and 1s time axis on the K-5500.
When an individual harmonic reached a local maximum (its
magnitude rose maximally above the magnitude of both of
its nearest neighbor) the harmonic frequency was chosen as
F,’ and the bandwidth was estimated according to the fol-
lowing equation:

B/ = (3dB) G - 1) ,
(4, - A)72 + (4, - 4,)72

(8))

in which the resonance curve was linearized around the har-
monic frequency f, as shown in Figure 1 (following page).
The harmonic amplitudes A , A,, and A, are also shown in
the figure. For each subject, the mean F ,'» B, and the stan-
dard deviations were calculated from all cases for which a
local maximum could be detected.

Durations of the voice breaks, with lower shift point
(LSP) and upper shift point (USP) frequencies were also
extracted spectrographically using 1024 pt Hamming win-
dow analysis over a 1s duration.
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Abstract

Perceptual ratings of hoarseness and breathiness
were used to assess the efficacy of two intensive methods
for treating dysarthrophonia in individuals with idiopathic
Parkinson disease. One method emphasized phonatory-res-
piratory effort (the Lee Silverman Voice Treatment,
LSVT ) and the other emphasized respiratory effort alone
(RET). Perceptual ratings were performed by two expert
listeners based on random order presentation of the patients’
pre- and post-treatment recordings of the “Rainbow Pas-
sage”. The listeners were blinded to the patients and their
treatment group. Statistically significant pre- to post-treat-
ment improvement in hoarseness and breathiness was ob-
served in the LSVT,, group but not in the RET group.
The present findings are consistent with acoustic and physi-
ologic findings reported previously, providing further evi-

dence for the efficacy of the LSVT(CM).

Introduction

Parkinson disease (PD) is a progressive neurologi-
cal disease caused by dopamine deficiency in the substan-
tia nigra.! Approximately 1.5 million individuals in the
USA suffer from PD, and at least 75% of them have voice
and speech abnormalities related to their disease.>* Some
of these abnormalities, e.g., breathy phonation, hoarseness,

reduced loudness, imprecise articulation, and reduced prosody
are likely to affect speech intelligibility, which in turn may
adversely affect the patient’s communication and his or her
social, economic, and psychological well being.>?

Traditional speech therapy methods for dysarthric
individuals with PD, typically administered once or twice a
week and emphasizing articulation, rate and prosody inter-
vention, have been largely ineffective.®® In contrast, inten-
sive voice therapy methods, administered almost daily and
emphasizing simple phonatory effort tasks, have been found
to produce favorable, long-term results in dysarthric indi-
viduals with PD.10-12

In 1987 Ramig and Mead 13 developed an inten-
sive treatment program to improve vocal fold adduction and
overall voice and speech production in individuals with
Parkinson disease. The program, known as the Lee
Silverman Voice Treatment, or LSVT,,, is unique in that
it focuses on a simple set of tasks designed to maximize
phonatory and respiratory functions. This is done by in-
structing and constantly stimulating individuals to produce
loud voice with maximum effort during sustained phona-
tion and in various speech tasks. These individuals are
also constantly reminded to monitor the loudness of their
voice and the effort it takes to produce it.!!s

The loud and effortful phonatory tasks with the
LSVT,, are aimed at improving respiratory drive, vocal
fold adduction, laryngeal muscle activity and synergy, la-
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ryngeal and supralaryngeal articulatory movements, and
vocal tract configuration. These physiologic changes should
improve voice quality and intensity, articulatory precision,
prosodic inflection, resonance, and speech intelligibility.
Such changes accompanying high loud phonation are ex-
pected based on similar effects seen in non-disordered speak-

ers.7' 16-17

The implementation of high-effort, intensive pho-
natory-respiratory therapy is based on evidence from clini-
cal practices in neurology and physical therapy'®®suggest-
ing that when individuals with PD are pushed to higher ef-
fort levels, they learn to compensate for, or overcome, some
of the deficits that underlie their motor impairment. This
increase in effort level, especially when practiced intensively
and daily, appears to help individuals with PD rescale or
upscale the magnitude of their motor output, as seen in im-
proved letterstroke in writing and stride length in walking?'-%,
In line with theories of motor learning?*?, Ramig and her
colleagues 28 have argued that intensive high-effort treat-
ment of vocal functions, especially when coupled with prop-
rioceptive feedback and auditory-vocal self-monitoring,
should help individuals with PD rescale the magnitude of
their speech motor output and habituate this level in con-
versation. Emphasis on self-monitoring is an important part
of the treatment since motor deficits in individuals with PD
appear to be related to factors such as impaired sensorimo-
tor processing, inability to appropriately scale and regulate
movement parameters, reduced ability to automatically ex-
ecute learned motor plans, impairment in effort-demanding
processes, and other abnormalities involving high level ex-
ecutive functions®-2-3,

Several acoustic, aerodynamic, stroboscopic and
electroglottographic studies have demonstrated significant
improvement in glottic closure, vocal fold vibratory move-
ments, sound pressure level (SPL), and voice fundamental
frequency (Fo) range and modulations following
LSVT g, ** In a study where LSVT(CM) was com-
pared with an alternative treatment method which empha-
sizes high respiratory effort (RET), the former method
proved superior to the latter in improving SPL and phona-
tory function.*® For example, whereas LSVT ., significantly
increased vocal fold addiiction and SPL, the RET produced
inconsistent results, with some patients showing slight or
moderate increases in SPL and vocal fold adduction, and
others showing marked decreases in these variables post-
treatment.

From a clinical standpoint, it is important to study
perceptual changes that occur in voice and speech follow-
ing treatment. Preliminary perceptual studies have already
documented improvement in voice loudness, pitch inflec-
tion, speech intelligibility, and functional communication
following LSVT,,."** To our knowledge, perceptual
changes in voice quality following LSVT, ,  have not been
experimentally studied. Such information is important since

abnormal voice quality can impact significantly on speech
intelligibility and acceptability.’

The purpose of the present study was to assess the
effects of LSVT,, and RET on the perception of voice
quality in individuals with idiopathic PD. Two percepts of
voice quality were chosen for the study — hoarseness and
breathiness. These percepts characterize the voices in many
individuals with PD. They are likely to be related to inad-
equate vocal fold adduction; suboptimal laryngeal muscle
activation or synergy; muscle atrophy or fatigue; asymmetri-
cal vocal fold tension or movements; stiffness or rigidity, or
a combination of these.32

Acoustically, hoarseness and breathiness are char-
acterized by excessive aperiodic energy superimposed on
periodic (harmonic) energy.® In general, breathiness re-
flects transglottal air turbulence due to incomplete glottic
closure, and hoarseness reflects irregular and asymmetrical
vocal fold vibration.”-* Although hoarseness and
breathiness are, to some degree, perceptually distinct, there
is a considerable overlap between them in terms of their
acoustic and physiologic characteristics.*6®

Studies in normal adult speakers have shown that
as one increases loudness from normal to high levels, there
are significant increases in SPL, subglottal air pressure,
transglottal airflow, vibratory movement of the vocal folds,
and glottal closure, and significant decreases in jitter and
shimmer (acoustic indices of abnormal voice quality) as well
as in breathiness or hoarseness.!s:4%4-5¢ There is also evi-
dence that increasing voice intensity by vocal fold medial
adduction and compression (through the contraction of the
lateral cricoarytenoid, interarytenoid, and thyroarytenoid
muscles) is more efficient than by increasing transglottal
airflow or vocal fold tension. *** Given these facts, and
given the differential effects of LSVT ., and RET treat-
ments on acoustic and physiologic measures mentioned
above, one would expect to observe significant improve-
ment in voice quality following LSVT ., and to a lesser
degree following RET.

While anticipated that the LSVT,,, will produce
more favorable effect on voice quality, it is possible that as
patients attempt to increase loudness, they may induce ex-
cessive tension in the vocal folds as well as excessive
transglottal airflow. These physiologic changes may result
in an increase in breathiness or hoarseness. “>* Thus, one
might argue that the RET may be a more reasonable ap-
proach to improve voice quality since it increases respira-
tory drive and is less likely to induce excessive vocal ten-
sion and abuse.

Another reason for comparing the two treatment
methods was to assess the potential influences of extrane-
ous variables such as the Hawthorne or placebo effects on
treatment outcome. We reasoned that if the two treatment
methods yielded different results, such differences are less
likely to be related to extraneous effects and more likely to
be attributed to treatment-specific mechanisms.
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Method

Subjects

Initially, forty five individuals with idiopathic PD
were included in the study and their voice was perceptually
rated as described below. However, many of these indi-
viduals had a pre-treatment voice that was only mildly
breathy or hoarse. To prevent possible ceiling effects, we
decided to limit our study to only patients who had at least
moderate amount of both breathiness and hoarseness pre-
treatment. “Moderate amount” was defined as an average
score of 25% on a perceptual rating scale (see below).
Twenty individuals met this inclusion criterion. Of these
individuals, thirteen (11M, 2F) were treated with the
LSVT(CM) method and seven (5M,2F) were treated with the
RET method. Ascanbe seen in table A, on the average, the
two treatment groups did not differ significantly (p > 0.05,
df = 1,18; one-way ANOVA for unequal sample sizes) from
each other in age (66.7 vs. 67.4, F = 0.0349), duration of
PD since diagnosis (8.4 vs. 6.9, F = 0.3747), Hoehn & Yahr
severity rating 60 (3.1 vs. 2.6, F = 2.9321), score on the
motor examination section (section III) of the Unified
Parkinson’s Disease Rating Scale (UPDRS) 61 (34.5 vs.
28.2, F = 0.9787), Beck Depression Inventory (BDI) (9.5
vs. 10.7, F=0.2301), and Montgomery Asberg Depression
Rating Scale (MADRS) (8.2 vs. 7.3, F = 0.0831). These
patients had been randomly assigned to their respective treat-
ment group (LSVT ., or RET) after stratification on the
variables just mentioned (excluding depression).

Treatment

Details of treatment have been described previ-
ously.!> 36 Both forms of treatment were intensive with a
duration of four one-hour sessions per week for four weeks.
Both emphasized high effort levels and encouraged sub-

Table A.
Biographical and Medical Data —
Mean and Standard Deviation

N.sex=  age duraion H&Y UPDRS BDI MADRS

LSVT,, 1IM2F 667 84 31 345 95 82
(18) (G4 (06 (99 (@4 @3

RET 5M, 2F 648 7.8 2.6 309 120 69
9.6) (48 (0.8) (14.5) (6.0) (5.6)

LSVT,,,, = Lee Silverman Voice Treatment

RET = Respiratory Effort Treatment

Duration = duration of PD since diagnosis

H & Y = Hoehn & Yahr stage of PD

UPDRS =Unified Parkinson’s Disease Rating Scale (motor section IIT)
BDI = Beck Depression Inventory

MADRS = Montgomery Asberg Depression Rating Scale

Jects to perform at maximum effort level throughout every
session. Both types of therapies included repeated exer-
cises for the first half of each session and speech tasks for
the second half of each session.

The RET program targeted increased respiratory
muscle activity to increase respiratory volumes and
subglottal air pressure and loudness.* Treatment tasks in-
cluded maximum inspiration and expiration,®% maximum
prolongation of /s/ and /f/ ,% and sustained intraoral air pres-
sure using the Iowa Oral Performance Instrument [IOPI].%
Subjects were encouraged to maximize their respiratory
effort and were given frequent encouragement to “breathe”
just prior to each of the sustained phonation, and during
pauses while reading or performing conversational speak-
ing tasks. Visual feedback of rib cage and abdomen excur-
sions was provided to the individuals via NIMS Respigraph
system PN SY03.3 The RET did not address phonation or
increasing phonatory effort, vocal fold adduction or voice
pitch modulations.

The LSVT ., targeted increasing vocal effort to
improve loudness. The main goal of the LSVT,, is to
maximize phonatory efficiency by improving vocal fold
adduction and overall laryngeal muscle activation and con-
trol.’% Special care is taken to increase vocal fold adduc-
tion without causing vocal hyper-adduction and strain.
Upper extremity pushing and lifting tasks%-’ during phona-
tion were implemented to increase vocal fold adduction.
Maximum prolongation of “‘ah” and maximum fundamen-
tal frequency range drills were completed. Subjects were
encouraged to maximize phonatory effort and were given
frequent encouragement to “think loud” during sustained
phonation tasks, reading and conversational speaking
tasks.!>3 Attention was given to the respiratory system in
the form of general reminders for subjects to take deep
breaths “to be loud”. The respiratory system was indirectly
stimulated during all “think loud” speech tasks.'> 3

Voice Recording Procedures

The subjects were recorded within 3 days before
and after therapy. Pre-treatment and post-treatment voice
recordings were made in an IAC sound-treated booth. As
part of a larger protocol, subjects were instructed to read
the “Rainbow Passage” % aloud at a comfortable rate and
loudness. All subjects were seated with an AKG 410 mi-
crophone placed 8 cm from the lips. Pre-amplification was
through an ATI-1000 amplifier. The data were recorded
onto a Sony Digital PC-108M (DAT) eight-channel recorder.

Stimulus Tapes

Master tapes were created from the pre- and post-
treatment voice recordings. The order of the recordings
wasrandomized. Each voice sample of the “Rainbow Pas-
sage” was recorded two times consecutively when it was
dubbed onto the master tapes. In order to offset the pos-
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sible influence of loudness on the perceptual rating all the
recorded samples were normalized, i.e., presented to the
raters at the same SPL (70 dB), and at a distance of 50 cen-
timeters.

Raters

Perceptual rating was done by two expert listen-
ers, both speech pathologists, certified by the American
Speech-Language-Hearing Association. These raters had
4.5 and 6.5 years of clinical and research experience post-
masters degree, including extensive training and use of per-
ceptual analysis of dysphonia and dysarthria. The raters
had normal hearing and had no previous experience or in-
teraction with the individuals in the present study.

Training

To familiarize themselves with the rating proce-
dure, the raters were instructed on the operation of a com-
puterized visual analogue rating scale. They were allowed
3 practice trials based on 3 random samples taken from the
total sample. A visual analogue scaling procedure, which
is based on an undifferentiated line, was used.® This scale
has greater measurement sensitivity and produce more reli-
able results than an equal-appearing interval scale.®

Rating Procedures

Each rater listened to the master tapes in different
orders in one session and rated the degree of breathiness
and hoarseness they heard in each sample (see below). The
raters listened individually free-field in an IAC sound-treated
booth. They heard each voice sample consecutively and
were allowed to listen to each sample as often as necessary.
The computer monitor displayed a line for each percept. A
new screen appeared for each “Rainbow Passage” sample.
The listeners were instructed to click the mouse on the scale
line at the point at which they perceived the extent of
breathiness or hoarseness to be present. For each rating,
the computer automatically calculated a percentage based
on where the scale line was marked. Ratings were recorded
on a spread sheet and subjected to statistical analyses.

Reliability Measures

Inter-rater reliability, measured with Cronbach
Coefficient Alpha, was 0.84 and 0.77 for breathiness and
hoarseness, respectively. Intra-rater reliability for
breathiness and hoarseness was 0.83 and 0.69 for one rater
and 0.86 and 0.73 for the other rater, respectively.

Statistical Analyses

Differences between means were tested for signifi-
cance with a one-way ANOVA for unequal sample sizes (df =
1,18 for between group comparisons; df = 1,24 for LSVT
pre- to post-treatment comparison; df = 1,12 for RET pre- to
post-treatment comparison). Differences in frequency of

occurrence were tested with chi square (X?) analysis (two
tails, with correction for continuity). The strength of arela-
tionship between two variables was measured with a Pearson
product correlation coefficient (r). Probability (p) values
greater than 0.05 were considered non-significant.

Results

The results are summarized in Table B. This table
shows the mean and standard deviation (in parentheses) of
voice ratings and the percent change from pre- to post-treat-
ment ratings for the two dependent variables (hoarseness
and breathiness) in the LSVT ., and RET groups. Percent
change was calculated for each subject by subtracting the
post-treatment measure from the pre-treatment measure and
dividing this difference by the largest of the two measures.
The minus sign before the % change in hoarseness and
breathiness indicates improvement. Figures 1 and 2 show
the group means for hoarseness and breathiness pre- and
post-treatment. Figure 3 and 4 show percent pre- to post-
treatment change for each of the individuals in each of the
treatment groups and for the two percepts. The seven indi-
viduals on the right side of Figures 3 and 4 were treated
with the RET method, and the thirteen individuals on the
left side were treated with the LSVT ., method.

As shown in Table B and Figures 1 and 2, the
LSVT,,, group made significant improvement in both
hoarseness (F = 12.3947, p = 0.005) and breathiness (F =
5.8882, p=0.025). Mean hoarseness rating decreased from
59.3 to 29.5, and mean breathiness rating decreased from
57.9 to 29.8. Mean percent pre- to post-treatment change
in hoarseness and breathiness ratings was -54% and -59%,
respectively. No statistically significant pre- to post-treat-
ment changes were observed in the RET for hoarseness (F =
2.0689, p > 0.05) or breathiness (F = 0.1920, p > 0.05). In
this group, mean hoarseness decreased from 52.4 to 39.8,

Table B.
Mean, Standard Deviation (in parentheses), and
Percent Pre- to Post-Treatment Change in
Perceptual Rating of Hoarseness and Breathiness

HOARSENESS BREATHINESS
pre post % change pre post % change
LSVT,,, 593 295 -54% 579 298  -59%
(18.3) (24.5) (30%) (23.6) (344) (38%)
RET 524 398 -22% 432 389 -12%
(155) (172 (38%) (16.8) (204) (30%)

LSV‘I‘m = Lee Silverman Voice Treatment
RET = Respiratory Effort Treatment
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Abstract

The purpose of this study was to assess long-term
(24 months) effects of two intensive treatment methods for
speech and voice deficits in individuals with idiopathic
Parkinson disease (PD). One method emphasized high pho-
natory-respiratory effort (the Lee Silverman Voice Treat-
ment, LSVT,) and the other emphasized high respiratory
effort alone (RET). Acoustic analyses of voice intensity
and voice fundamental frequency inflection were used to
assess changes in vocal function following treatment. The
LSVT, was significantly more effective than the RET in
improving vocal function and maintaining this improvement
at two years follow-up. The present findings, along with
others, provide additional evidence for the efficacy of the
LSVT, in the treatment of voice and speech disorders in
individuals with PD and other neurologic disorders.

Introduction

Approximately 1.5 million individuals in the USA
suffer from Parkinson disease (PD). Of these individuals,
at least 75% have voice and speech abnormalities related to
their disease.? Some of these abnormalities, e.g., breathy
phonation, hoarseness, reduced loudness, imprecise articu-

lation, and reduced prosody are likely to affect speech in-
telligibility and oral communication, which in turn may ad-
versely affect social, economic, and psychological well be-
ing."s

The physiological and neuropathological mecha-
nisms underlying voice and speech deficits in individuals
with PD are yet to be determined (see Sapir S, Pawlas A,
Ramig L, Countryman S, O’Brien C, Hoehn M, Thompson
L. Speech and voice abnormalities in Parkinson Disease:
Relation to severity of motor impairment, duration of dis-
ease, medication, depression, gender, and age. Neurology;
submitted). Voice abnormalities in individuals with PD have
been attributed to inadequate vocal fold adduction; reduced
laryngeal muscle activation or synergy; muscle atrophy or
fatigue; asymmetrical vocal fold tension or movements; stiff-
ness or rigidity of the vocal folds and/or respiratory muscles;
or a combination of these.>'2 Voice and speech abnormali-
ties in individuals with PD have also been attributed to
neurocognitive, neuroaffective, psychomotor, and other
higher level cerebral dysfunction (also see Sapir S, Pawlas
A, Ramig L, Countryman S, O’Brien C, Hoehn M, Thomp-
son L. Speech and voice abnormalities in Parkinson Dis-
ease: Relation to severity of motor impairment, duration of
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disease, medication, depression, gender, and age. Neurol-
ogy; submitted).

Traditional speech therapy methods for dysarthric
individuals with PD, typically administered once or twice a
week and emphasizing articulation, rate and prosody inter-
vention, have been largely ineffective.'*!® In contrast, in-
tensive voice therapy methods, administered almost daily
and emphasizing simple phonatory effort tasks, have been
found to produce favorable, long-term results in dysarthric
individuals with PD.'*%!

In 1987 Ramig and Mead 2 developed an inten-
sive treatment program to improve vocal fold adduction and
overall voice and speech production in individuals with
Parkinson disease. The program, known as the Lee
Silverman Voice Treatment, or LSVT,, is unique in that it
focuses on a simple set of tasks designed to maximize pho-
natory and respiratory functions. This is done by instruct-
ing and constantly stimulating individuals to produce loud
voice with maximum effort during sustained phonation and
in various speech tasks. These individuals are also con-
stantly reminded to monitor the loudness of their voice and
the effort it takes to produce it.=%

‘The loud and effortful phonatory tasks with the
LSVT, are aimed at improving respiratory drive, vocal fold
adduction, laryngeal muscle activity and synergy, laryngeal
and supralaryngeal articulatory movements, and vocal tract
configuration. These physiologic changes should improve
voice quality and loudness, articulatory precision, prosodic
inflection, resonance, and speech intelligibility. Such changes
accompanying high loud phonation are expected based on simi-
lar effects seen in non-disordered speakers. 3252

The implementation of high-effort, intensive pho-
natory-respiratory therapy is based on evidence from clini-
cal practices in neurology and physical therapy #-? suggest-
ing that when individuals with PD are pushed to higher ef-
fort levels, they learn to compensate for, or overcome, some
of the deficits that underlie their motor impairment. This
increase in effort level, especially when practiced intensively
and daily, appears to help individuals with PD rescale or
upscale the magnitude of their motor output, as seen in im-
proved letterstroke in writing and stride length in walking.?"
3 In line with theories of motor learning, **2* Ramig and
her colleagues " have argued that intensive high-effort treat-
ment of vocal functions, especially when coupled with prop-
rioceptive feedback and auditory-vocal self-monitoring,
should help individuals with PD rescale the magnitude of
their speech motor output and habituate this level in con-
versation. Emphasis on self-monitoring is an important part
of the treatment since motor deficits in individuals with PD
appear to be related to factors such as impaired sensorimo-
tor processing, inability to appropriately scale and regulate
movement parameters, reduced ability to automatically ex-
ecute learned motor plans, impairment in effort-demanding
processes, and other abnormalities involving high level ex-

ecutive functions. 3>** Several acoustic, aerodynamic, stro-
boscopic, electroglottographic, and perceptual studies have
demonstrated significant improvement in glottic closure,
vocal fold vibratory movements, sound pressure level (SPL),
voice fundamental frequency (Fo) range and modulations,
voice quality and speech intelligibility following LSVT,
1137245-%6 (see also Baumgartner C, Sapir S, Ramig L. Per-
ceptual voice quality changes following phonatory-respira-
tory effort treatment (LSVT,) vs. respiratory effort treat-
ment for individuals with Parkinson Disease. J Voice sub-
mitted.

The LSVT, has been previously compared with
an alternative treatment method which emphasizes high res-
piratory effort (RET).* The comparison with the RET group
was carried out both to evaluate the role of increased respi-
ratory drive alone in the improvement of loudness in indi-
viduals with PD and to rule out extraneous factors such as
the Hawthorne or placebo effects in interpreting treatment
outcome. The greater improvement in vocal function with
the LSVT, compared with the RET previously reported**
41 (see also Baumgartner C, Sapir S, Ramig L. Perceptual
voice quality changes following phonatory-respiratory ef-
fort treatment (LSVT,) vs. respiratory effort treatment for
individuals with Parkinson Disease. J Voice ;submitted) is
in line with evidence from physiological studies in normal
adult individuals. These studies have shown that as one
increases loudness from normal to high levels, there are sig-
nificant increases in SPL, subglottal air pressure, transglottal
airflow, vibratory movement of the vocal folds, vocal fold
adduction and glottal closure.?*5* Similarly, studies have
shown that increasing voice intensity by vocal fold medial
adduction and compression (through the contraction of the
lateral cricoarytenoid, interarytenoid, and thyroartytenoid
muscles) is more efficient than by increasing transglottal
airflow or vocal fold tension.>>*® Given these facts, and
given the differential effects of LSVT, and RET treatments
on acoustic and physiologic measures mentioned above, one
would expect to observe greater improvement in vocal func-
tion following LSVT, than following RET.

The positive impact of the LSVT, program on
voice and speech has recently been demonstrated not only
in individuals with PD but also in individuals with multiple
sclerosis (see Sapir S, Pawlas A, Ramig L, Seeley E, Fox
C, Corboy J. Effects of intensive phonatory-respiratory treat-
ment (LSVT,) on voice in individuals with Multiple Scle-
rosis. Neurology ;submitted). The LSVT, program has
also been shown to improve swallowing in individuals with
neurologically-based dysphagia.*>-¢

The above studies, documenting the efficacy of the
LSVT, program, have been based on data obtained imme-
diately following therapy, or 6 or 12 months following
therapy. Given the slowly progressive nature of PD and
some of the neurocognitive deficits associated with PD (e.g.,
impaired memory and self-monitoring skills) there is a need
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to study the effects of LSVT, over a protracted time. The
purpose of this study was to assess the impact of LSVTy
and RET on vocal functions two years after treatment.

Method

Subjects

Thirty three individuals with idiopathic PD were
the subjects of this study. Twenty one of them (17 males, 4
females) were in the LSVT, program and 12 (7 males, 5
females) were in the RET Program. Mean and standard
deviation values of treatment group characteristics of age,
time since PD was first diagnosed, score on the Unified
Parkinson’s Disease Rating Scale (UPDRS),* stage of dis-
ease, % and clinical speech and voice severity ratings be-
fore voice treatment and at 24 months follow-up are reported
in Tables A and B. There were no statistically significant
differences between the two groups and between the four
times (pre-treatment, immediately post-treatment, 12 months
follow-up, and 24 months follow-up) on any of these vari-
ables. The two groups also were not different in terms of
the changes in medication they received during the 2 year
period of the study. All subjects were considered “opti-
mally medicated” by their neurologist, a movement disor-
ders specialist, throughout the study.

After stratification on these variables, the subjects
were randomly assigned to one of the two treatment groups.
Patient attrition and lack of subject compliance with the ex-
perimental protocol in the two treatment groups resulted in
unequal group sizes and smaller number of women.

Treatment

Details of treatment have been described previ-
ously.?*“¢ Both forms of treatment were intensive, with a
duration of four one-hour sessions per week for four weeks.
Both emphasized high effort levels and encouraged sub-
jects to perform at maximum effort level throughout every
session. Both types of therapies included repeated exer-
cises for the first half of each session and speech tasks for
the second half of each session.

Table A.
Mean (Standard Deviation) Values of
Pretreatment Group Characteristics

Treament group

LSVT RET

(n=21) (n=12)
Age (yr) 61.33 (11.40) 63.25(7.14
Time since diagnosis (yr} 7.19(5.38) 5(4.59)
Speech severity rating® 1,24 (1.18) 1.67(1.87)
Voice severity rating® 252(1.12) 2.25(1.06)

* Severity ratings of speech and voice deficits are on a scale of | to 5: 1 = mild; 2 = mitd/
d 3 = mod 4 = mod: and § = severe.

Seage (n + 17 aad 10) 236(063) 265(068) 2.20(0.89) 2200097

The RET program targeted increased respiratory
muscle activity to increase respiratory volumes and
subglottal air pressure and loudness.* Treatment tasks in-
cluded maximum inspiration and expiration,®-¢? maximum
prolongation of /s/ and /f/ ,%® and sustained intraoral air pres-
sure using the Iowa Oral Performance Instrument [IOPI]. %
Subjects were encouraged to maximize their respiratory
effort and were given frequent encouragement to “‘breathe”
just prior to each of the sustained productions, and during
pauses while reading or performing conversational speak-
ing tasks. Visual feedback of rib cage and abdomen excur-
sions was provided to the individuals via NIMS Respigraph
system PN SY03.% The RET did not address phonation or
increasing phonatory effort, vocal fold adduction or voice
pitch modulations.

The LSVT, targeted increasing vocal effort to
improve loudness. The main goal of the LSVT g is to maxi-
mize phonatory efficiency by improving vocal fold adduc-
tion and overall laryngeal muscle activation and control 2%
Special care is taken to increase vocal fold adduction with-
out causing vocal hyper-adduction and strain. Upper ex-
tremity pushing and lifting tasks '*%° during phonation were
implemented to increase vocal fold adduction. Maximum
prolongation of “‘ah” and maximum fundamental frequency
range drills were completed. Subjects were encouraged to
maximize phonatory effort and were given frequent encour-
agement to “think loud” during sustained phonation tasks,
reading and conversational speaking tasks.2*¢ Attention
was given to the respiratory system in the form of general
reminders for subjects to take deep breaths “to be loud”.
The respiratory system was indirectly stimulated during all
“think loud” speech tasks.?*%

The treatment intensity, high effort, clinician feed-
back, daily homework, daily quantification of treatment
variables and carryover were all presented and stimulated
equally in both treatment groups. Two clinicians delivered
the treatment to all the subjects; both clinicians adminis-
tered both forms of treatment and were randomly assigned
to individuals patients. The clinicians worked together to
ensure consistency and equivalent high effort and motiva-
tion across both forms of treatment. No other additional
treatment was administered after the initial 16 sessions.

Table B.
Mean Scores (Standard Deviation) on the UPDRS, Stage
of Disease, BDI and Cognitive Tests for the Treatment
Groups Before and 24 Months After Treatment

Treatment group

LPDRS(n = 15and 7)

2766(12.03)

21901890 12.36(12.33) 1921 (1327)

BDI(n=13and 7) 113740305 9.54 (4.59) 20(420) 836(5.70)

[Cognitien (n = 14 28d %) 3@ 45.65(5.43) 49.65(3.00) 5035 (4.54)
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Procedures and Analysis

Pretreatment experimental data were collected
within the week before speech treatment was initiated. Post-
treatment data were collected within the week after treat-
ment and were collected at the same time after medication.
Additional post-treatment speech data collection sessions
were completed at 6, 12, and 24 months after the initial
therapy program. The results of the 6 and 12 months fol-
low-up have been reported elsewhere * and will not be in-
cluded in this study. The results of the 24 month follow-up
will be compared here relative to the pre- and post-treat-
ment data.

Neurological Assessment

Routine neurologic assessment, including standard-
ized testing (UPDRS and Hoen & Yahr staging), were car-
ried out on all subjects within one month of the initiation of
speech treatment, as well as at 12 and 24 months after speech
treatment.

Neuropsychological Assessment

A battery of neuropsychological tests were admin-
istered at 1 month before or within the first week of speech
treatment to determine the status of cognitive functioning
in these subjects. The measures were focused on attention
and concentration, learning and memory, vocabulary, audi-
tory verbal comprehension, and visual spatial skills.%” The
results of this testing produced 13 scores, which were con-
verted to T scores that correct for demographic variables of
age, education, and sex.®® After completion of the cogni-
tive evaluation, subjects were interviewed by the clinical
neuropsychologist. At this time, subjects also completed
the Beck Depression Inventory (BDI),* a self-report de-
pression scale. The BDI scores were compared before treat-
ment and 24 months after treatment. The cognitive testing
was completed before treatment and 24 months after treat-
ment to avoid learning effects. Results for both BDI and
cognition are presented in Table B.

Otolaryngological Assessment

An otolaryngologic history and video-laryngo-
scopic examination were obtained on all subjects before the
commencement of speech treatment. Subjects were ex-
cluded from the study if on examination there was evidence
of laryngeal pathology (e.g., severe gastric reflux and be-
nign mucosal lesions) not related to PD that would con-
traindicate speech and voice therapy. Additional details of
pretreatment ”° and pretreatment to post treatment
laryngologic characteristics are reported elsewhere.!' Re-
sults of analysis of variance revealed no significant differ-
ence between the treatment groups for glottal incompetence
at baseline.

Speech Assessment

For clinical purposes, standard speech and voice
assessments (e.g., motor speech examination) were com-
pleted at the time of the first pretreatment speech data col-
lection session. None of the subjects exhibited oral motor
or speech and voice characteristics uncommon to PD. The
severity of speech disorder ratings presented in Table A were
determined by clinical observations.

Experimental speech data collection. Subjects
were seated in a medical examining chair located in an IAC
sound-treated booth; transducers were positioned and cali-
brated using standard procedures. A Bruel and Kjaer sound
level meter (model 2230) was positioned 30 cm from the
lips, and a head-mounted microphone (AKG C410) was
positioned 8 cm form the lips. A calibration tone of known
intensity was generated at the subjects’ lips at the begin-
ning and end of each recording session. The signals were
recorded onto a Sony PC-108M eight-channel digital audio
tape (DAT) recorder. Data were collected while subjects
performed the following tasks: Maximum duration of sus-
tained vowel “AH” phonation’ reading of the phonetically

Table C.

Pre-, Post-Treatment, & Follow (FU) Means &
Standard Deviations of SPL & STSD measures of
Sustained “AH’’ Phonation, Reading the “Rainbow
Passage” Aloud, & Conversational Speech (Monologue)
LSVT=Lee Silverman Voice Treatment
RET=Respiratory Effort Treatment
SPL pre  post FU PRE to POST PREtoFU

"AK"
LSVT (n=21) Mean 6826 B2.36 765 F=149.68 F=3932
SD= 445 382" 4.1 p=0.000 p=0.000
RET(n=12) Mean €9.19 6869 70.1 F =0.5082 F=0.172
SD= 531 479 701 p>0.20 p>0.20
SPL
Rainbow
LSVT (n=21) Mean €6.18 7531 €9.7 F=49.68 F=14.23
§D= 379 422 319 p = 0.000 p=0.001
RET (n=11) Mean 6579 68.03 654 F=3.25% F=0.1471
SD= 26 336 554 p>005 p>020
SPL
mornol
LSVT (n=12) Mean 64.7 69.36 67.0 F=3130 F=988
SD= 25 339 187 p =0.000 p=0.009
RET(n=6) Mean 64.72 6576 65.7 F=0.0729 F=0013
S§D= 276 272 4 p>020 p>0.20
8TSD
Rainbow
LSVT (n=20) Mean 19 248 229 F=3565 F=17.78
§D= 053 071 065 p = 0.000 p=0.000
RET (n=12) Mean 187 217 203 F=2544 F=23278
SD= 046 038 035 p=0.600 p=0.098
STSD
mono)
LSVT (n=11) Mean 174 209 239 Fz783% F=5280
SD= 032 05 103 p=0019 po0.044
RET(n=8) Mean 225 214 213 F = 0.285 F=0.285
sD= 08 073 056 p=0.608 p=0.608
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awareness to promote internal cueing, self monitoring, and
upscaling of motor output.'¢’>"®8 These techniques help
patients maximize motor performance and maintain that
performance over a long period of time. Since the RET
involved similar intensive treatment, one wonders why it
did not produce favorable results. One explanation is that
the target of treatment was respiration rather than phona-
tion and that the lack of emphasis on the phonatory system
did not allow patients treated with this method to maximize
phonatory output. Another explanation is that what helped
the LSVT,, group was hearing their own voice as they prac-
ticed loud phonation, an auditory feedback that was not
available to those treated with the RET.

The third explanation for the long term effect with
the LSVT,, is that the emphasis on loud phonation and high
effort levels stimulated centers in the brain that are associ-
ated with drive and goal directed activities. These neurop-
sychological activities are highly related to the limbic sys-
tem, which is also involved with the regulation of emotive
vocalization and intensity of vocalization.’>¥” Regarding
the latter, Jurgens & von Cramon® have argued that the lim-
bic system, and the neocortical and subcortical systems as-
sociated with it, do not participate in motor coordination,
nor in the execution of phonatory gestures; rather, they seem
to function as a drive-controlling mechanisms that deter-
mines, by its activity, the readiness to phonate as well as the
intensity of phonation. Thus, the LSVT,, by emphasizing
loud and effortful phonation, may have constantly stimu-
lated these systems in the brain, which may be impaired in
individuals with PD, and which may have become more
functional with LSVT . Recent findings from a PET study
provide preliminary evidence for the impact of LSVT, on
cortical and subcortical areas.®®

Most likely, it is the combination of these expla-
nations that yielded the significant improvement in the
LSVT, group. Moreover, the effects of the LSVT, were
probably related to the simplicity of the task (“loud”) and
its upscaling effect on the entire speech motor system*” (see
also Sapir S, Pawlas A, Ramig L, Seeley E, Fox C, Corboy
J. Effects of intensive phonatory-respiratory treatment
(LSVT,) on voice in individuals with Multiple Sclerosis.
Neurology; submitted) and the positive motivational feed-
back subjects in the LSVT,, group received when they spoke
intelligibly.

Interestingly, the LSVT, often improves not only
phonation but also articulation.”’” Moreover, even in non-
disordered speakers, increased loudness results in improved
articulation.”>?6 The reason for this improvement in not clear.
However, we suspect that when individuals are asked to
produce loud phonation, or when they voluntarily increase
loud phonation, they invariably activate those “primitive”
centers in the brain that increase overall output of the vocal

mechanism. The limbic system is strongly implicated in
this loudness control mechanism, because of its role in regu-
lating the intensity of vocalization. Importantly, studies in
primates have shown that when certain centers in the brain,
such as the periaquaductal gray and the anterior cingulate,
are stimulated artificially to elicit vocalization, not only the
respiratory and phonatory muscles are activated, but also
the “articulatory muscles”, i.e., the muscles of the tongue,
jaw, and lips.®**'

To conclude, the present findings suggest that in-
tensive treatment, emphasizing high effort loud phonation
and self-monitoring of this phonation, can result in marked
and long-terms improvement in vocal function. Recent stud-
ies suggest that the effects of LSVT, extend beyond loud
phonation, and include improved voice quality, prosody,
articulation, and speech intelligibility>*™ 7 (see also Sapir
S, Pawlas A, Ramig L, Seeley E, Fox C, Corboy J. Effects
of intensive phonatory-respiratory treatment (LSVT,) on
voice in individuals with Multiple Sclerosis. Neurology;
submitted and Baumgartner C, Sapir S, Ramig L. Percep-
tual voice quality changes following phonatory-respiratory
effort treatment (LSVT,) vs. respiratory effort treatment for
individuals with Parkinson Disease. J Voice ;submitted). We
suggest that in addition to increased motor drive these posi-
tive and long-lasting effects of LSVT, are related, at least
partially, to improvement in neurocognitive, psychomotor,
and other high level executive functions, which are prob-
ably mediated via the limbic system and its neocortical and
subcortical connections. Our explanations for the effects
of LSVT, are tentative, and obviously in need of empirical
substantiation beyond the evidence discussed here.

The results of the present study should increase
awareness among physicians and other clinicians about the
efficacy of the LSVT, and similar approaches in the treat-
ment of speech and voice disorders in individuals with PD
and other neurologic disease. Improved oral communica-
tion can make a significant positive impact on quality of
life.
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Abstract

Many individuals with multiple sclerosis (MS)
exhibit a variety of voice and speech problems, with vocal
weakness and fatigue being common complaints. The pur-
pose of this study was to assess the impact of an intensive
phonatory-respiratory treatment program (Lee Silverman
Voice Therapy, LSVT,) on vocal function in two women
(ages 47 and 48) with a long history (12 and 15 years) of
MS. These women complained of vocal weakness and fa-
tigue associated with their illness. These voice problems
were chronically present in spite of the fact that the symp-
toms of MS were in remission in these women during the
study. Statistically significant improvement from pre- to
post-treatment and from pre- to 6 month post-treatment fol-
low up were observed in vocal sound pressure level (SPL)
(p < 0.005) for different speech tasks and for duration of
sustained vowel phonation (p < 0.005). Statistically sig-
nificant improvement (p < 0.001) was also observed in the
perceptual rating of voice loudness after treatment. The
present findings provide further support for the efficacy of
LSVT, in the treatment of various neurologically-based
speech disorders.

Introduction

Approximately 40-45% of individuals with mul-
tiple sclerosis (MS) suffer from dysarthria."?> These indi-
viduals may exhibit different speech abnormalities, depend-
ing on the severity of the neurologic involvement, location
of the lesions in the central nervous system (CNS), and the
progressive or fluctuating nature of the disease. In most of
these individuals, the dysarthria is of the spastic-ataxic type.?
Some of the prominent features of the dysarthria include
impaired vocal loudness, breathy or harsh voice, vocal in-
stability, and imprecise articulation.>* Complaints of vo-
cal weakness and fatigue, often accompanied by dysphagia,
are common in dysarthric individuals with MS.>67

Although oral communication is a significant as-
pect of quality of life, employment, and social functioning,
very few studies have assessed the effects of speech treat-
ment for individuals with MS.™® Farmakides & Boone  re-
ported that 85% of 68 patients who received speech therapy
improved their speech. The therapy was designed accord-
ing to the specific deficits each of the patients exhibited.
Detailed information about treatment was not reported.
Evaluation of treatment was done perceptually by three
judges using a 4-point scale. Farmakides & Boone argued
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that the improvement in their patients was related to a re-
duction in disuse atrophy, which presumably had prevented
them from making full use of residual muscle function.
Hartelius et al ® treated seven dysarthric individuals with
MS. Five of these patients improved with therapy, as mea-
sured acoustically and perceptually. The other two patients
did not improve significantly. Hartelius et al ® commented
that the lack of improvement in these two individuals may
have been due to the intensity of the treatment they had
received, which was much greater than that provided for
the five individuals who improved. Hartelius et al  con-
cluded that “.It is conceivable that the MS population is
not the most suitable for intensive therapy (i.e., 4-5 ses-
sions a week), due to the fatigue that is frequently a part of
the symptom spectrum.” (p. 137).

Petajan, Gappmaier, White, Spencer, Mino, &
Hicks® have discussed the interaction between fatigue, dis-
use atrophy, and depression in individuals with MS. They
argued that these three factors can be minimized by exer-
cising the system that is prone to fatigue. They demon-
strated that individuals with MS who had received inten-
sive aerobic training (3 X 40-minute sessions per week)
improved significantly in fitness and quality of life, whereas
patients who did not receive such training did not improve.
Given the findings by Petajan et al,’ this study was designed
to evaluate whether an intensive treatment program known
as the Lee Silverman Voice treatment (LSVT,) might im-
prove vocal function in individuals with MS. The LSVT,
uses high effort vocal exercises administered intensively (4
X 50-minute sessions per week for four weeks) to retrain
voice in individuals with neurological disorders. The
LSVT,) has been shown to be highly effective in improv-
ing vocal function in individuals with Parkinson’s disease
(PD), who also often complain of voice weakness and fa-
tigue.>10

Methods and Materials

Two women with MS were treated with LSVT, as
described below. Subject #1 was 47 years old, with a pro-
gressive type of MS, initially diagnosed 12 years earlier.
This individual was on medication, which included Baclofen,
Ditropan, Hiprex, Micronase, and Prozac. Subject #2 was
48 years old, also with progressive MS, which had been

diagnosed 15 years earlier. This individual was also on

medication, which included Baclofen, Desiprimine,
Qualfenisin, Minipress, and Noraprin. There were no medi-
cation changes during the course of the study.

In both individuals, the MS symptoms were in re-
mission during the study, with the exception of a voice prob-
lem described by a speech pathologist as “reduced in vocal
loudness” and by the subjects as “weak and easily fatigable.”
These individuals reported communicative problems such
as not being well understood, especially in noisy situations,
and often being asked to repeat a sentence because of poor

intelligibility. They also felt that talking was effortful and
that they were less inclined to engage in conversation. Be-
cause of these problems, they sought voice therapy to im-
prove oral communication. They were recruited for this
study from a local MS support group.

The LSVT, " is an intensive treatment program
designed to improve vocal fold adduction and overall voice
and speech production in individuals with neurologic dis-
ease who have dysphonia or dysarthria. The program is
unique in that it focuses on a simple set of tasks designed to
maximize phonatory and respiratory functions. Thisis done
by instructing and constantly stimulating individuals to pro-
duce loud voice with increased effort during sustained pho-
nation and in various speech tasks. These individuals are
also constantly reminded to monitor the accompanying vo-
cal effort it takes to produce the louder voice. 213

The goals of increased vocal loudness and effort
during phonatory tasks with the LSVT, are aimed at im-
proving respiratory drive, vocal fold adduction, laryngeal
muscle activity and synergy, laryngeal and supralaryngeal
articulatory movements, and vocal tract configuration.
These physiologic changes have been documented to im-
prove voice quality and intensity, articulatory precision,
prosodic inflection, resonance, and speech intelligibility.'>'+"?
(also Baumgartner C, Sapir S, Ramig L. Perceptual voice qual-
ity changes following phonatory-respiratory effort treatment
(LSVT,) vs. respiratory effort treatment for individuals with
Parkinson disease. J Voice submitted). Such changes ac-
companying high effort phonation are expected based on
similar effects seen in non-disordered speakers.'®

The implementation of high-effort, intensive pho-
natory-respiratory therapy is based on evidence from clini-
cal practices in neurology and physical therapy,’* suggest-
ing that when individuals with neurologic disease are pushed
to higher effort levels, they learn to compensate for, or over-
come, some of the neuromuscular deficits that underlie their
physical impairment. In line with theories of motor learn-
ing, 2% Ramig and her colleagues '° have argued that inten-
sive high-effort treatment of vocal function, especially when
coupled with proprioceptive feedback and auditory-vocal
self-monitoring, should help individuals with neurologic
disease rescale the magnitude of their speech motor output
and habituate this level in conversation. Details of the
LSVT, have been described previously. 1*

The LSVT, targets increasing vocal effort to im-
prove vocal loudness to a level that is within normal limits.
The main goal of the LSVT, is to maximize phonatory effi-
ciency by improving vocal fold adduction and overall la-
ryngeal muscle activation and control.'** Special care is
taken to increase vocal fold adduction without causing vo-
cal hyper-adduction and strain. Upper extremity pushing
and lifting tasks 2?6 during phonation are implemented to
increase vocal fold adduction. Maximum prolongation of
“ah” and maximum fundamental frequency range exercises

NCVS Status and Progress Report » 142



are practiced. Subjects are encouraged to maximize pho-
natory effort and are given frequent encouragement to “think
loud” during sustained phonation tasks, reading and con-
versational speaking tasks.> Attention is given to the res-
piratory system in the form of general reminders for sub-
jects to take deep breaths “to be loud”. The respiratory
system is indirectly stimulated during all “think loud” speech
tasks.

The LSVT,, is administered in four one-hour ses-
sions per week for four weeks. It emphasizes high effort
levels and encourages subjects to perform at maximum ef-
fort level throughout every session. It includes phonation
exercises for the first half of each session and speech tasks
for the second half of each session.

Voice Recording Procedures

Each individual was audio-recorded seven times:
three times immediately prior to treatment to establish a
baseline performance or level of function (pre-1, pre-2, pre-
3), two times immediately after the completion of the treat-
ment (post-1 and post-2), and two times at a 6-month fol-
low-up (fu-1 and fu-2). These recordings were obtained in
a sound treated room as each of the subjects was seatedin a
chair and performed these tasks: 1) sustaining vowel “ah”
phonation for as long as possible for six repetitions; 2) read-
ing the “Rainbow passage,” % a phonetically balanced text;
3) describing a picture (“The Cookie Theft Picture”; 28);
and 4) speaking free on a self-chosen topic (“monologue”).
The audio recordings were made with an 8-channel Sony
PC-108M digital audio recorder. These recordings were
transduced with a head mounted microphone (AKG-C410),
which was positioned 8 cm from the lips, and with a Bruel
and Kjaer sound level meter (Model 2230), which was po-
sitioned 30 cm from the lips. These distances were con-
stantly monitored throughout recording sessions. A cali-
bration tone of known intensity was generated at the
individual’s lips at the beginning and end of each recording
session as well as following any adjustments of input levels
onto the digital audio tape (DAT) recorder. In addition, the
experimenter hand-recorded the peak vocal SPL measures
which were continuously displayed at 1-s intervals from the
digital output of the SLM during all speaking and voice
tasks. The same experimenter collected all handwritten
vocal SPL data.

Acoustic Analysis

Sound pressure level (SPL) was calculated for sus-
tained phonation, reading, picture description, and mono-
logue using the continuously hand-recorded peak SPL that
was displayed at 1-s intervals from the digital output of the
sound level meter. Mean vocal SPL measures derived from
hand-recorded second-to-second peak vocal SPL have been
reported to be comparable to mean vocal SPL measures de-
rived from a custom-built software program.?

Duration of Sustained Phonation

Duration of sustained phonation was measured
from the onset to the offset of the “ah” waveform, presented
on the computer screen after being digitized from the au-
diotape.

Perceptual Analysis

In order to evaluate the impact of pre to post-treat-
ment changes on listener perception, two studies were car-
ried out. In one study vocal loudness associated with the
readings of the “Rainbow passage” and the description of
the “Cookie Theft” before and after treatment was assessed
perceptually by 11 naive raters who had no previous expe-
rience in analyzing or rating voices of individuals with neu-
rologic disease. These raters were drawn from a larger pool
of listeners, and were included in this study because of their
high intra- and inter-rater reliability (Cronbach alpha
+=0.90-1.0). All raters were volunteers and all had normal
audiometric testing. Their ages ranged from 20 to 51 (mean
= 34),

Each rater was seated in a sound treated booth.
He or she was presented with audio-recorded samples of
the pre- and post-treatment utterances and asked to rate the
loudness of each sample on a line scale. This line scale was
marked “too soft” on one end, and “normal” on the other
end, with no marks in between these ends. The rater re-
sponded via a computer mouse by clicking on the scale line.
This line was 100mm long, with 0 corresponding to normal
loudness and 100 to “too soft”. The rater was instructed to
make a mark anywhere along the line to indicate the level
of voice loudness he or she heard.

All raters were presented with the recording
samples through a speaker. The distance of the speaker
from the rater was the same for all raters. Also, all record-
ings were presented to the listeners at the same SPL level as
it was originally recorded. This was done by adjusting the
volume dial on the tape recorder so that the SPL at the
listener’s ear (measured with the sound meter level) was the
same as the SPL of the original recording. The position of
the volume dial was marked. The listeners were instructed
not to move the chair, adjust the volume, or lean closer to
the speaker during the experiment. The position of the chair
and the volume dial were checked before and after each
listener.

Each rater sat alone in the booth and was respon-
sible for changing the tapes in the DAT machine and mak-
ing the rating on the visual analog scale line which was pre-
sented on the computer screen. The order of the audio-
recorded samples was randomized within and across raters,
to counterbalance fatigue, inattention, and other extraneous
effects.

In another perceptual study, 4 speech-language pa-
thologists were asked to listen to pairs of voice recordings
and to indicate which of the two in each pair was louder.
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A review of the speech-language summary reports
of this individual indicated significant improvement in her
ability to communicate and in other aspects of her life. After
the LSVT program she wrote: “[my voice] definitely feels
stronger”, “I speak more clearly and louder”, “with not alot
of effort”, and “don’t have people asking me to repeat [what
I said]”.

Discussion

In this study, the two individuals with MS who were
treated with the LSVT, program showed significant im-
provement in vocal SPL duration of sustained vowel pho-
nation and perceptual ratings of vocal loudness. The im-
provement in vocal function was of significant magnitude,
and this effect was maintained 6 months following treat-
ment. Moreover, the subjects’ experiences, as documented
in the speech-language summary reports, clearly indicate
that they gained a great deal from the treatment program in
terms of their ability to communicate more effectively, with
much less vocal fatigue, and with significantly more confi-
dence. These findings suggest that intensive phonatory-res-
piratory treatment can produce clinically significant and
long-term improvement in vocal function in individuals with
MS.

The physiologic mechanisms underlying these
changes were not studied here, but previous studies have
shown that similar improvement with the LSVT, in indi-
viduals with PD is associated with improved vocal fold ad-
duction and vocal fold vibratory movements.!®!”?* These
physiologic events probably underlined the changes ob-
served in the present study, suggesting that the LSVT, im-
proved vocal fold vibratory efficiency. Itis also likely that
increased respiratory drive contributed to the improvement
observed here.

The present findings contradict the recommenda-
tion by Hartelius et al ® that individuals with MS should not
be treated with an intensive program due to the patient’s
vocal weakness and fatigue. In fact, our findings are con-
sistent with Petajan and his colleagues’ ° suggestion that
intensive training can actually improve function in those
parts of the body that are prone to fatigue. Our findings are
also in line with the suggestion of Farmakides and Boone ’
that vocal training probably minimizes disuse atrophy and
increases muscle strength and coordination, in spite of the
patient’s pre-treatment tendency to experience vocal fatigue.

The present findings are encouraging. The spe-
cific neuropathologic mechanisms underlying the vocal
symptoms in the patients of this study are yet to be estab-
lished. Given that the LSVT, has been proven effective in
individuals with other neurologic disease such as PD '5!724
(also Baumgartner C, Sapir S, Ramig L. Perceptual voice
quality changes following phonatory-respiratory effort treat-
ment (LSVT,) vs. respiratory effort treatment for individu-

als with Parkinson disease. J Voice submitted) it is likely
that the LSVT,, will be of clinical benefit to other individu-
als with MS, regardless of the specific neuropathologic
mechanisms underlying their vocal fatigue and weakness.
Importantly, LSVT, has a significant impact not only on
voice loudness but also on other aspects of speech, such as
voice quality, articulation and prosody.'

(Also Baumgartner C, Sapir S, Ramig L. Percep-
tual voice quality changes following phonatory-respiratory
effort treatment (LSVT,) vs. respiratory effort treatment for
individuals with Parkinson disease. J Voice submitted).
Moreover, there is evidence to suggest that LSVT, can sig-
nificantly improve swallowing function in dysarthric indi-
viduals with dysphagia.’** Unfortunately, only a smalil
percentage of individuals with chronic neurologic disease
receive treatment to improve voice and speech. For ex-
ample, Hartelius and Svenson 2 reported that of the 460 in-
dividuals with PD or MS they studied, 44-70% experienced
voice and speech impairment since the onset of their dis-
ease, yet only 3% of the PD individuals and 2% of the MS
patients received therapy for their communicative problems.
There is a need for additional studies to demonstrate the
positive effects of LSVT and other treatment methods on
voice and speech in individuals with neurologic impairment.
Such studies will not only improve treatment, but also in-
crease awareness and encourage physicians and other clini-
cians to refer dysarthric individuals for treatment.
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Abstract

The neurologic mechanisms underlying speech and
voice disorders in individuals with idiopathic Parkinson
disease (IPD) are poorly understood. The purpose of this
study was to address this issue by assessing the relation-
ships between speech (articulation, fluency, prosody) and
voice (e.g., hoarse, harsh, breathy), rated perceptually, se-
verity of motor impairment (measured by UPDRS, section
IIT), disease duration, depression (measured by the
MADRS), age and gender in 42 individuals with IPD. Ab-
normal voice was most prevalent (86%), followed by ar-
ticulation (50%), fluency (33%) and prosody (33%). Sixty
three percent of individuals had abnormal voice in the ab-
sence of speech problems. Individuals with low UPDRS
scores, short duration of IPD, and low MADRS scores were
more likely to have voice abnormalities alone. Individuals
with high UPDRS scores, long duration of IPD, and high
MADRS scores were significantly more likely to have both
speech and voice abnormalities. Speech and voice abnor-
malities did not correlate with age or gender. The preva-
lence of abnormal voice and articulation for these medi-
cated individuals was nearly identical to that reported pre-

viously for non-medicated individuals with PD. These find-
ings suggest that voice is affected by Parkinson disease be-
fore speech abnormalities which develop later in the dis-
ease process. Although both speech and voice abnormali-
ties in PD have been traditionally linked to rigidity and
dopamine deficiency, we interpret our findings as well as
others to suggest alternative neuropathologic mechanisms
for these abnormalities.

Introduction

Parkinson disease (PD) affects over 1.5 millions
of Americans.! The great majority of these individuals will
develop speech abnormalities during the course of their dis-
ease.”’ These abnormalities will likely have adverse ef-
fects on the ability of these individuals to communicate ef-
fectively, and on their economic, social, and psychological
well being.¢® While the etiology, physical pathologies and
neurophysiology of PD have been investigated extensively,'®!
comprehensive studies of speech and voice characteristics of
PD and their development during the course of the disease
have been scarce. Such information is needed to help elu-
cidate the neuropathologic mechanisms underlying these
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speech abnormalities, and to develop more effective meth-
ods to diagnose, treat and prevent communicative disorders
in individuals with PD.%8

Epidemiological studies are often used to identify
symptom clusters that are unique to a particular neurologic
disease and that can reflect the severity or stages of the dis-
ease. A similar approach has been taken to characterize
speech and voice abnormalities that are associated with a
particular neurologic disease.>'>!* Logemann et al. * at-
tempted to characterize the speech abnormalities acquired
in association with PD and to stage the course of these ab-
normalities as the disease progresses. To this end, they stud-
ied 200 individuals with PD. These individuals were not
medicated during the time of the study. Some of the newly
diagnosed individuals had never been on medication for their
PD symptoms, whereas others were off their medication for
at least two weeks prior to the study. Most individuals had
idiopathic PD but some had postencephalitic PD. These
individuals represented all five stages of the disease, as de-
termined by the Columbia system.'® The presence of spe-
cific voice, articulation, and other speech abnormalities was
determined by perceptual phonetic analyses of the individu-
als’ speech during the reading of a paragraph and during
conversation. Two expert listeners, both speech patholo-
gists, performed the phonetic analyses. Logemann et al. 3
reported that 89% of the individuals had abnormal voice
(e.g., breathiness, roughness, hoarseness, tremulousness) and
45% had abnormal articulation. Other speech abnormali-
ties were present but were less frequent. Of the individuals
with abnormal voice, 45% had only voice abnormality,
whereas the others had an additional articulatory disorder.
The articulatory abnormalities tended to cluster for sub-
groups of individuals. For example, some individuals had
articulation errors associated with back-tongue movement
(e.g., “k” and “g”), other individuals had additional prob-
lems with tongue-blade articulation (e.g., “s”, “z”, “sh”,
“dg”, and “ch”), and still other individuals had additional
problems with lip articulation (e.g., “p”, “b”, “f’, “v”).
Logemann et al. ? interpreted their data to suggest that ei-
ther the subgroups represented specific patterns of neuro-
logic lesions, or that these clusters of symptoms represented
aprogression in dysfunction, beginning with phonation, and
gradually extending to include the articulation and other
aspects of speech (e.g., resonance and prosody).

While Logemann, et al. ® identified high incidence
and early onset of voice disorders in individuals with PD,
they did not relate their findings to factors such as severity
of motor impairment, duration of illness, medication, de-
pression, gender and age. Such observations may provide
important insights regarding the neurophysiology, neuro-
pathology, and progression of the speech abnormalities as-
sociated with PD. This information is necessary to develop
more effective methods of treating speech and voice prob-
lems in individuals with PD.

It is commonly assumed that speech and voice ab-
normalities in individuals with IPD are related to dopamine

deficiency and rigidity."”2 Thus, given the progressive na-
ture of the disease, one would expect to see strong correla-
tions between the prevalence and number of speech and
voice abnormalities and the severity of motor impairment
and duration of illness in individuals with PD. If speech
and voice abnormalities in PD are related to factors other
than rigidity and dopamine, the correlation between these
abnormalities, severity of motor impairment, and duration
of PD may not be strong.

It has been repeatedly reported 2% that medica-
tion has little or no ameliorating effect on speech and voice
defects in individuals with PD. However, it is not clear to
what extent medication for PD may actually have an ad-
verse effect on speech and voice, given that such medica-
tion can produce iatrogenic complications in some individu-
als, for example, dyskinesia, tremor, and affective disor-
ders.’?30 Potentially, these motor and affective disorders
can affect speech and voice (Darley, Aronson, & Brown,
1975; Sapir & Aronson, 1990). Thus, to clarify the rela-
tionship between medication for PD and speech and voice,
it may be useful to compare individuals with IPD who are
medicated with those who are not medicated for PD. If the
two groups show similar symptomatology and prevalence
of symptoms, this would suggest that the symptoms are re-
lated to the disease rather than to medication. If on the
other hand the medicated group has significantly higher
prevalence of speech and voice abnormalities, this may sug-
gest that some of these abnormalities may be related to medi-
cation.

Between 40% and 50% of individuals with PD
suffer from depression or a related mood disorder. > Mood
disorders in individuals with neurologic disorders may be
premorbid, reactive,”? or endogenous, related to disturbances
in the basal ganglia, thalamus, limbic system, and frontal
lobe.3** Mood disorders are also known to affect voice,
speech and language functions,***’* as well as to be af-
fected by communication disorders.3*! Thus, it is not clear
to what extent speech and voice abnormalities in PD are
related to depression, and what the direction of causality
might be.

Gender may be another variable that affects speech
and voice in individuals with PD. There are anatomical
and physiologic differences between men and women in-
volving the phonatory and vocal tract systems.**** Also,
progesterone and estrogen can affect symptoms of PD 647
and these hormones are known to affect the voice.®**® Thus,
different voice symptomatology is expected in men and
women with PD. Indeed, a recent study by Hertrich &
Ackermann, *' provides acoustic and electroglottographic
evidence for gender-specific vocal dysfunctionin PD. Other
gender differences have been observed in individuals with
PD. For example, Lyons, et al ® concluded from their study
that as PD progresses, gender differences emerge, with men
exhibiting more severe Parkinsonian motor features and
women experiencing more levodopa-induced dyskinesia.
Given these findings, one would expect to see gender-re-
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lated differences not only in voice, but also in other aspects
of speech.

Speech and voice abnormalities in individuals with
PD may be related to the normal aging process, or to an
interaction between this process and PD and medication.
Several studies have demonstrated significant differences
in respiratory and phonatory functions in young and old
normal adults **5>% as well as differences between individu-
als with PD and individuals without neurologic disease. 357
The purpose of the present study was to provide informa-
tion on the relationships between speech and voice abnor-
malities in individuals with PD and their relationship with
severity of motor impairment, duration of PD, medication,
depression, gender, and age.

Methods

Subjects

Forty-two individuals (32 males and 10 females)
with IPD participated in this study. Their biographical and
medical data are summarized in table A. These data in-
clude gender, age, duration of disease, Hoehn & Yahr stage
of Parkinson disease, score on the motor section of the Uni-
fied Parkinson’s Disease Rating Scale (UPDRS),* score
on the Montgomery Asberg Depression Rating Scale
(MADRS), and specific anti-Parkinson and anti-depression
medication.

These individuals sought treatment for their speech
and voice problems, and participated in the present study
prior to treatment. They had received no prior voice/speech
treatment at the time of this study. Their average age was
64.0 years (SD =10.7, range 32 - 83 years). The diagnosis
of IPD was determined by a neurologist specializing in
movement disorders. The average Hoehn and Yahr stage
of disease ® was 2.6 (SD = 0.7, range: 1 - 4). The average
duration of the disease, measured since it was first diag-
nosed, was 6.8 years (SD = 5.2, range: 1 - 20 years). The
average score on the motor section of the UPDRS was 25.9
(SD = 13.8, range: 1 - 48). All individuals were receiving
anti-Parkinson medications, and some were also on medi-
cation for depression. UPDRS motor examinations were
completed while individuals were “on” their anti-Parkinson
medications and reflect bilateral ratings. All individuals on
medication were considered neuropharmacologically stable
and optimally medicated by their neurologist. Speech data
were collected while the individuals were ‘on’ their medi-
cation. These individuals were recorded approximately
one hour after receiving their medication.

A clinical neuropsychologist rated each individual
for depression using the Montgomery Asberg Depression
Rating Scale (MADRS). ¢ Results revealed a mean score
of 6.7 (SD= 4.4, range: 1-19). Scores of 6 or greater are
indicative of depression. By this criterion, twenty-three in-
dividuals (55%) in this study had some degree of depres-
sion.

Data Collection of the Speech and Voice Samples
Individuals were seated in an IAC sound-treated
booth with a headset microphone (AKG 410) positioned 8
cm in front of their lips. They were asked to read aloud a
standard phonetically balanced passage entitled the “Rain-
bow Passage.” ¢ This passage takes about 60 seconds to

Table A,

Biographical, medical, and voice/speech data
for forty-two individuals with IPD, listed by
gender and age and arranged in columns by gender,
age, duration of PD, Hoehn & Yahr Scale
score, Unified Parkinson’s Disease Rating

Scale score, medication, and abnormal articulation,
fluency, prosody, and voice quality. The right most
column indicates the total number of speech and voice
abnormalities for each patient.

gend age dur H&Y UPDRS MADRS meds artic fluen pros voico total

1 F 32 1 2 38 9 aj 0
2 F 4 9 2 4 14 adg 1 1
3 F 52 13 3 17 7 afn 1 1 2
4 F 63 3 3 42 19 ac 1 1 1 3
5 F 64 2 3 29 9 aco 0
6 F 68 1 2 1 L] abc 0
7 F 68 4 2 12 7 ac 1 1 2
8 F 73 10 4 48 122 acft 1 1 1 1 4
9 F 74 1 1.5 12 1 b.c 1 1
10 F 83 7 3 33 1 a 1 1 1 1 4
1" M 49 2 2 13 3 ab.c 1 1
12 M § 18 2 195 8 acd ]
13 M 51 6 2 3 1 ac 1 1 2
14 M 51 6 1.5 3 6 ac 1 1 1 3
15 M 52 t4 35 32 6 adeo 1 1 1 1 4
16 M s2 18 3 M4 8 acde 1 1 1 3
17 M 54 3 1 3 5 b.c.h 0
18 M 54 15 35 455 5 b.lk 1 1 2
19 M 5 7 2 2 3 ach 0
20 M 61 4 3 25 13 acd 1 1 1 1 4
21 M 61 1 2 16 4 ac 1 1
22 M 62 3 2 26 7 ac 1 1
23 M 62 4 35 35 5 km 1 1 1 3
24 M 64 7 2 26 1 a 1 1
25 M 64 10 3 43 13 a 1 1 1 1 4
26 M €5 8 3 19 3 a.eh 1 1 2
27 M 66 12 3 41 11 acl 1 1 1 1 4
28 M 67 18 35 32 3 b.cj 1 1 1 3
29 M 67 8 3 16 8 a 1 1
30 M 68 6 3 40.5 7 ak 1 1
31 M 69 6 2 36 2 ak 1 1 1 3
32 M 70 4 3 32 1 ac 1 1 1 3
33 M 71 4 3 43 3 am 1 1 2
34 M n n 35 43 6 jh 1 1 1 3
35 M 72 5 3 30 3 ach 1 1 2
35 M 73 10 3 27 5 ah 1 1 1 3
37 M 7% 7 2 32 13 ac 1 1 2
38 M 7% 20 3.5 47 15 bm 1 1 1 3
39 M 78 1 2 20 0 a 1 1
40 M 76 5 3 16 3 -X-1} 1 1 2
41 M 79 1 3 33 6 ac 1 1 1 3
42 M 81 2 2 24 § acm 1 1
ave 640 71 26 259 6.7 sum= 21 14 14 38 2.0

sD= 107 53 0.7 138 45 freq= 50% 33% 33% 86% 13

Parkinson medication:

a = sinemet, b = sinemet-cr, ¢ = eldyprel, d = symmetrel,
f = pergolide, g = cogentine, h = artane, I = amantadine,
j=permax, k = deprenyl, 1 = parsidol. Anti-depressants:
n= amitriptyline, O = tofranil, p = elavil. Higher socres
on the UPDRS indicate greater severity of motor impair-
ment.
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read and is at approximately a 6th grade reading level. Af-
ter preamplification through an ATI-1000 amplifier, the
microphone signal was recorded onto a Sony Digital PC-
108M (DAT) eight-channel tape recorder. A Bruel and Kjaer
Type 2230 sound level meter was placed in the booth 50 cm
from the individual’s mouth. The signal from the sound
level meter also was recorded onto the DAT. All data were
collected by the same researcher.

Development of the “Master” Audio Tapes

A computer random number generator determined
the ordering of the 42 reading samples which were subse-
quently dubbed onto two “master” digital audio tapes (DAT).
Eighteen percent (18%) of the samples were repeated to
assess intra-judge reliability.

Since intensity levels may confound perceptual
judgments of voice quality and speech intelligibility, ®* in-
tensity levels were normalized across all reading samples
during the dubbing procedure. These samples were pre-
sented to the listeners at 70 dB SPL at a distance of 50 cm.

Speech and Voice Characteristics

Four major categories were evaluated perceptu-
ally: voice quality, articulation, fluency, and prosody. The
listeners had to determine which of these categories was
abnormal for each sample they heard, based on the follow-
ing definitions. Voice quality was defined as abnormal if it
had one or a combination of these qualities: hoarse, harsh,
rough, breathy, glottal fry, “mucus”-like/crackle/’wet”,
tremulous, pressed, strained/strangled, or unsteady. Ar-
ticulation was defined as abnormal if it was characterized
by any or a combination of the following: imprecise conso-
nant articulation (consonants are distorted, slurred, reduced
in sharpness or crispness), omissions of phonemes (conso-
nants, vowels, etc.) from words, effortful production of pho-
nemes, and substitutions of phonemes. Fluency was con-
sidered abnormal if it was characterized by any or a combi-
nation of these: prolongations of phonemes, repetition of
phonemes at the beginning of syllables or words, repetition
of words, repetition of parts of words, and pallilalia. Prosody
was defined as abnormal if it was characterized by any or a
combination of the following: bizarre or unnatural stress
patterning, intonation, or rate-rhythm.

Listeners

Two expert listeners, both certified speech/lan-
guage pathologists, participated in the perceptual judgment
of the speech and voice of each individual. Each listener
had extensive training and experience in the perceptual
analysis of abnormal speech in individuals with dysphonia
and dysarthria. These listeners had at least 5 years of clini-
cal experience, were females with normal hearing, and un-
familiar with the subjects.

Training

Prior to completing the listening procedure, the
listeners participated in a three-hour session to familiarize
themselves with the experimental procedures. They re-
viewed the listening procedure, the rating form, the com-
puterized scanning form (i.e. answer sheet), the definitions
and examples of the speech and voice characteristics to be
rated, and the operation of the equipment. On a different
day they were administered a practice listening session us-
ing two individual samples that were not part of the data
pool.

Listening Procedure for Rating Speech and Voice
Characteristics

The listeners individually rated the samples while
seated in an JAC sound-treated booth. They were informed
that they were rating the speech and voice of individuals
with Parkinson disease. To reduce the potential for learn-
ing effects on the ratings, the order of the master tapes was
randomized across listeners, thereby allowing each listener
to hear the samples in a different order. To limit fatigue, the
listeners were instructed to rate a maximum of 2 hours per
session and up to 6 hours per week.

The tapes were played on a Technics Digital Au-
dio Tape Deck (SV-DA10) through a Technics Stereo Inte-
grated Amplifier (SU-V303). On the master tapes, each
individual was identified by a number, age and sex. To
ensure that the master tapes were played at a constant inten-
sity level, the listeners were instructed to adjust the inten-
sity to a comfortable level at the beginning of each listening
session and to keep this intensity level fixed throughout each
session. The listeners were instructed to play each reading
sample as often as necessary in order to accurately rate the
speech and voice characteristics.

In the present study we were interested in the preva-
Ience of speech and voice abnormalities rather than the se-
verity of these abnormalities in individuals with PD. There-
fore, for each speech sample presented to the listener, the
listener had to indicate whether each of the four major cat-
egories (voice, articulation, fluency, and prosody) was ab-
normal, using “true” or “false” replies. The present/absent
rating paradigm is consistent with previous descriptive
speech and voice studies in Parkinson disease® The rat-
ings were recorded on a computerized scanning form for
data analysis. '

Reliability Measures

Intra-judge reliability was calculated as percent
agreement for the 18% of the samples which were repeated
randomly on the tape. Percent intra-judge agreement for
voice, articulation, fluency, and prosody was 100%, 86%,
100%, and 86% for one listener, and 88%, 100%, 88%, and
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88% for the other listener, respectively. To consider any of
the four major speech categories in the individual’s speech
as abnormal, both listeners had to indicate that such abnor-
mality was present. Thus, the prevalence data to be reported
below are based on 100% agreement between the two lis-
teners. Intra-subject reliability for reading of the *“Rainbow
Passage™ on two different occasions (within a week) has
been reported in a previous study using the same individu-
als as the subjects here. In that study, repeated reading
produced highly consistent acoustic measures, indicating
no significant differences in the speech and voice of these
subjects during the two readings.

Comparison of Medicated and Unmedicated Individu-
als With PD

In order to assess the effects of medication on
speech and voice in individuals with PD, the prevalence
data from the 42 individuals in this study was compared
with the prevalence data from the 200 umedicated individu-
als reported by Logemann et al. > Given that the definitions
and inclusions of particular speech abnormalities were not
always identical across the two studies, we chose to include
only two major categories that were comparable across the
studies. These were abnormal voice (termed “laryngeal dis-
orders” by Logemann et al. ) and articulation.

Table B.
Mean (Standard Deviation), and Prevalence Data of Voice/Speech and Non-Voice/Speech
Variables with Chi-Squire and ANOVA Analyses
p Values are at the bottom of each section
p > 0.05 is not significant (ns)
MOTOR
IMPAIRMENT
n= age duration H&Y UPDRS MADRS articul. fluency prosody voice sum speech
updrs 1-19.5 15 59.4(8.5) 6GA(47) 21(06) 104(69) 55(38) 123 % 13% 73% 1.2(0.9)
updrs 32- 48 19 656(11.7) 90(55) 31(06) 38.3(56) 62(48) 7% 58% 53% 5% 28(1.1)
Forx! 2141 248 bl bl 2.889 7.204 7.62 4078 1.593 21961
p< ns ns el - ns 0.01 0.01 0.08 ns 0.0001
DURATION
n= age duration H&Y UPDRS MADRS articul. fluency prosody voice sum speech
1-3yrs 12 836(139) 18(09) 21(06) 21.3(128) 65(52) 17% 0% 17% 7% 1.0(1.0)
10-20yrs 1 61596 145(36) 32(05) 365(107) 85(35) 82% 73% % 1% 29(12)
ForX? 0.1787 - 9.5685 11673 7.328 10.368 1.093 0.814 18.324
p< ns o 0.01 ns 0.01 0.01 ns ns 0.0001
DEPRESSION
ns age duration H&Y UPDRS MADRS aticul. fluency prosody voice sum speech
maars 0-3 13 657(87) 57(43) 25(068) 21.0(137) 20(1.2) a6% 15% 23% 85% 1.76 (1.0)
madrs 11-19 10 683(96) B3(54) 28(08) 325(1510) 132(24) 0% 60% 70% 100% 30(1.2)
ForXx! 0.462 1.665 o 3626 bl 05178 3.4829 3.5 0.304 7.5825
pe ns ns o ns b ns ns ns ns 0.025
AGE
nz age duration H&Y UPDRS MADRS articul. fluency prosody voice sum speech
age 32-56 12 502(6.1) 93(6.1) 23(08) 175(156) 6.3(34) 2% 25% 7% 7% 1.5(1.4)
age 70.83 14 749(3.98) 63(52) 28(0.7) 31.4(11.1) 67(48) 64% a% 8% 100% 25(1.0)
For)® - 1.8865 - 6.0308 0.07868 0.5757 0.2023 042 32817 2.1895
p< hatd ns i 0.025 ns ns ns ns ns ns
GENDER
n= age duration H&Y UPDRS MADRS articul. fluency prosody voice sum speech
Females 10 626(147) 51(44) 26(0.8) 234(164) 99(50) 4% 30% W% 70% 17(16)
Males 32 645(94) T77(58) 26(07) 267(131) 57(39) 53% 4% % 91% 21(1.2)
ForX! 0.2359 1.8553 d 04331 7.888 0.312 0.0184 0.0164 1.2304 0.2948
p< ns ns o ns 0.01 ns ns ns ns ns
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Table C.
Results of Pearson Product Correlation Analyses
Between the Number of Speech and Voice
Abnormalities and UPDRS, MADRS, and Duration

df=40. **p<0.01 *p<0.05

Speech and voice vs. UPDRS r = 0.5422*+
Speech and voice vs. Duration ° r =0.3689*
Speech and voice vs. MADRS r=0.3081*
UPDRS vs. Duration r=0.3356*
UPDRS vs. MADRS r=0.3441*
Duration vs. MADRS r=0.2180

differ in the prevalence of articulation (X? = 0.1312, p >
0.05), fluency (X* = 0.0164, p > 0.05), and prosody (X? =
0.0164, p > 0.05), nor in the number of speech and voice
abnormalities (F = 0.2948, p > 0.05). As dependent vari-
ables, MADRS scores were significantly higher in women
than in men (F = 7.886. p < 0.01). Age, Duration, and
UPDRS scores did not differ significantly across gender.

Correlation Analyses

To assess the strength of the relationship between
speech and voice abnormalities and UPDRS, Duration, and
MADRS a Pearson product correlation analysis was applied.
The results of these analyses are shown Table C. We first
correlated the number of speech and voice abnormalities
with UPDRS, MADRS, and Duration. The highest corre-
lation was between the number of speech and voice abnor-
malities and UPDRS scores (r = 0.54, p < 0.01), followed
by number of speech and voice abnormalities and Duration
(r=0.37, p <0.05), and number of speech and voice abnor-
malities and MADRS (r = 0. 31, p<0.05). We also corre-
lated UPDRS, Duration, and MADRS with each other. As
can be seen in Table C, UPDRS scores correlated with Du-
ration (r = 0.3356, p < 0.05) and MADRS (r =0.3441,p <
0.05). The correlation between Duration and MADRS
scores was low and not statistically significant (r = 0.2180,
p> 0.05).

Discussion

The present findings, along with others *126 sug-
gest that abnormal voice is the most common speech disorder,
and probably the first to develop in individuals with PD.

Why the voice is the first and most prominent dis-
order is unclear. One explanation might be that the neural
mechanisms underlying vocalization are different than those
underlying articulation, fluency and prosody. More spe-

cifically, vocalization is a phylogenically older system, and
it appears to involve limbic (e.g., anterior cingulate cortex),
brainstem (e.g., periaquaductal gray), and other subcortical
systems.%%® Articulation, fluency, and prosody are very
much related to linguistic, cognitive, and other higher level
functions. These functions are subserved largely by neo-
cortical mechanisms %! although they may be influenced
by subcortical mechanisms, such as those associated with
the thalamic and parathalamic nuclei.”” Thus, it is pos-
sible that the pattern of speech and voice deterioration in
PD may reflect a progressive involvement of different sub-
cortical and cortical systems. How these systems are re-
lated to each other and to the more classical structures asso-
ciated with PD, such as the substantia nigra and basal gan-
glia, is not clear.

In this study the prevalence and number of speech
and voice abnormalities were significantly correlated with
severity of motor impairment and duration of PD. One
possible interpretation of these findings is that as the dis-
ease progresses, motor impairment and speech and voice
abnormalities develop concurrently, presumably because
both are related to dopamine deficiency and rigidity. How-
ever, this traditional explanation of the present results is
problematic for several reasons. Given that the motor sec-
tion of the UPDRS loads heavily, though not exclusively,
on rigidity, and given that dopamine treatment significantly
improves rigidity,*™ one would expect to see, at the very
least, a high correlation between the number of speech ab-
normalities and the UPDRS scores. But this was not the
case in this study. The correlation between these two vari-
ables was only moderate (r = 0.54).

There are reasons to suspect that speech abnor-
malities in individuals with PD are not related to rigidity
and dopamine. For example, individuals with PD may have
large fluctuations in their rigidity during their “on” or “off”
days, yet their speech and voice remain unchanged.>" Also,
common dopamine treatment, as well as other treatment
methods for PD such as pallidotomy, stereotaxic brain stimu-
lation, and fetal cell grafting, may produce marked reduc-
tion in rigidity, but with little or no effect on speech and
voice. 267 Furthermore, one would expect that the preva-
lence of voice and articulation abnormalities in the present
study would be different than that in Logemann et al’s study,
3 since the two groups of patients differed in terms of medi-
cation (one group was treated with dopamine medication,
the other was not). However, the two groups had nearly
identical prevalence data, suggesting (assuming that the two
groups were comparable in other important variables) that
dopamine treatment probably did not affect the prevalence
of speech abnormalities in the two groups. Thus, the over-
all evidence suggests that there is a dissociation between
speech and voice abnormalities and rigidity and dopamine
deficiency in individuals with PD.
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But if speech and voice abnormalities in PD are
not related to rigidity and dopamine, what might be their
underlying neuropathology? At this point we can only of-
fer a tentative hypothesis, based primarily on inferential
evidence.

There is evidence to suggest that speech and voice
abnormalities characteristic of PD, such as hypophonia,
hypoprosodia, and hypokinetic articulation are also com-
mon in individuals with lesions to frontolimbic,
parathalamic, and other subcortical areas other than the basal
ganglia and substantia nigra.5””’# Such lesions are not
typically associated with rigidity, but rather with disturbances
of affect, drive, sensorium, arousal, self-monitoring, goal-
directed activity, and other neurocognitive and psychomo-
tor functions. Furthermore, these disturbances appear to
involve neural systems that are largely non-dopaminergic.
12 Given these facts, it is tempting to hypothesize that
speech and voice abnormalities in PD may be related, at
least partially, to the aforementioned disturbances and to
non-dopaminergic mechanisms. Alternatively, given that
some movement disorders in PD, such as abnormal pos-
ture, balance, and freezing, do not respond to common
dopamine medication, and they appear to be mediated via
special types of dopaminergic mechanisms, %1% it may be
that speech and voice abnormalities in PD are mediated
through these types of special dopaminergic mechanisms.
If our hypothesis proves correct, this would mean that the
treatment of speech and voice abnormalities in PD may re-
quire medication and behavioral and physiological ap-
proaches that are geared toward the unique neurochemical
and neurobehavioral mechanisms hypothesized to underlie
these speech and voice abnormalities.

Indeed, there is evidence that certain behavioral
and physical therapy techniques for PD can produce sig-
nificant, long-term improvement in speech and voice and in
certain movement disorders such those involving posture,
balance, locomotion, and gait. Many of these techniques
have been developed on the premise that movement disor-
ders in PD are related to sensory, neurocognitive, and psy-
chomotor deficits.'®!'2 These techniques emphasize in-
tensive motor relearning, maximizing motor output and ef-
fort, increasing drive and goal-directed activity, and enhanc-
ing sensory awareness to promote internal cueing, self moni-
toring, and upscaling of motor output, 1&!13-129

In the present study, the number of speech and
voice abnormalities correlated significantly, though weakly,
with MADRS scores. There are a number of possibilities
for why speech and voice abnormalities were related to de-
pression. One possibility is that depression was a psycho-
logical reaction to the speech and voice abnormalities and/
or motor impairment. However, given that the women in
this study were more likely to be depressed than men, and
given that the prevalence and number of speech and voice

abnormalities and UPDRS scores did not differ significantly
across gender, the explanation that depression was a psy-
chological reaction to the speech or motor abnormalities is
doubtful. The possibility that depression, motor impair-
ment, and speech and voice abnormalities were epiphenom-
ena, all related to different neuropathologic mechanisms of
PD, is an alternative explanation. Still another explanation
is that depression exacerbated motor impairment and/or
speech and voice abnormalities. However, the low correla-
tion between MADRS and UPDRS and the low correlation
between MADRS and speech and voice abnormalities is
not supportive of this explanation. Finally, it is possible
that both dopamine and antidepressant medication reduced
the symptoms of depression to the level where they were
imperceptible to the observer, which in turn may have low-
ered the correlations between MADRS and speech and voice
and motor abnormalities.

In the present study we found no significant rela-
tionship between speech and voice abnormalities and age
or gender. These finding are surprising, given the evidence
suggesting that these parameters should influence speech
and voice. The lack of significant correlations may be re-
lated to the relatively small sample size, or to the way in
which speech and voice abnormalities were assessed here.
For example, it is possible that age and gender each had a
significant effect on the severity of speech and voice abnor-
malities, but since we did not assess severity, we could not
detect this effect. Also, it is possible that, like depression,
age and gender produced subtle speech and voice abnor-
malities that were not detectable by perceptual analysis.

The speech and voice abnormalities in this study
showed low or moderate correlations with UPDRS, dura-
tion of PD and MADRS. UPDRS, duration, and MADRS
also showed low or moderate inter-correlations. The lack
of high correlations suggests that these variables were not
strongly related to each other. Alternatively, the low corre-
lations may reflect the heterogeneity of symptoms and eti-
ologies commonly observed in individuals with PD, ¥

To conclude, the present findings are preliminary,
and should be interpreted as such. Improved methodology,
such as using a larger sample, random subject selection,
and sophisticated assessment of speech and voice functions
(e.g., acoustic, physiologic, and narrow phonetic analyses)
may provide stronger and more refined information on the
relationships between speech abnormalities and other as-
pects of PD. Nevertheless, the majority of the findings in
this study are consistent with other observations in clinical
and research publications. Moreover, they point to new
directions in the study of speech and voice abnormalities in
PD. Understanding the unique neural mechanisms that might
underlie these abnermalities is likely to improve their medi-
cal and behavioral treatment.
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Abstract

The present study was designed to examine the
efficacy of applying a principled approach to the treatment
of acquired apraxia of speech (AOS). Specifically, we sought
to determine if application of principles of motor learning
would improve speech production skills in two subjects with
severe AOS. In particular, we examined one main principle,
random practice and compared it to blocked practice. Of
importance is the fact that most speech treatments utilise
blocked practice, but the literature on motor learning clearly
shows that blocked practice facilitates acquisition of target
behaviours, but not retention and transfer, the later two con-
sidered true indices of learning. Results showed that ran-
dom practice facilitated retention and transfer whereas
blocked practice did not. The present study provides pre-
liminary evidence that these principles may have a similar
effect on learning of skilled speech motor acts as they do on
learning of limb movements. This study is the first in a pro-
gram of research planned in our laboratory to investigate
principles of motor learning in the motor speech system.
The results reported here are encouraging and provide jus-
tification and focus for further investigation.

Introduction

Apraxia of speech (AOS) has been defined as a
“phonetic-motoric disorder of speech production caused by
inefficiencies in the translation of a well-formed and filled

phonologic frame to previously learned kinematic param-
eters assembled for carrying out the intended movement”
(McNeil et al. 1997, p. 329). Numerous treatment ap-
proaches have been developed to remediate the motor
speech disorder of acquired AOS (e.g. Wambaugh and Doyle
1994). These typically have presumed to alter the
organisation of the neuromotor system but many have not
made direct reference to a theoretical basis for the disorder.
No treatments have been motivated by theories of how the
motor system learns skilled actions, although in a general
way some claim to enhance motor learning. While these
approaches have claimed to be effective in improving speech
production skills, many have not been tested with well-con-
trolled experimental designs and the relative efficacy of dif-
ferent treatment approaches has not be compared. Further-
more, all have focused on acquisition of speech behaviours
(i.e. performance during treatment) rather than retention and
transfer to novel stimuli and responses (Wambaugh and
Doyle 1994). There is now a wealth of data from studies of
motor learning in limb systems, largely from the perspec-
tive of schema theory of motor control and learning (Schmidt
1975, Schmidt and Lee 1999), indicating that retention and
transfer are better indicators of long-term learning than ac-
quisition performance (e.g. Chamberlin and Lee 1993,
Schmidt and Bjork 1992). This research has identified a set
of principles, which enhance long-term learning of motor
acts. The present study represents a preliminary investiga-
tion of the influence of principles of motor learning on the
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relearning of speech skills in individuals with severe AOS.
By “learning” we are specifically referring to retention of
skills post-treatment. The present study represents an ap-
proach to treatment that is grounded firmly in a theory of
how the motor system learns skilled actions.

Robin and colleagues (e.g. Robin 1992, 1999ab)
have advocated the use of principles of motor learning in
patients with motor speech disorders. Recent textbooks on
motor speech disorders have also made strong claims about
using these principles as a framework for treatment (Duffy,
1995, McNeil et al. 1997, Yorkston et al. 1998). This inter-
est stems from the large body of research that has examined
learning of novel limb movements in normal individuals.
These studies have aimed to test the tenets of the schema
theory of motor control and learning (Schmidt 1975, Schmidt
and Lee 1999).

Schema theory presumes that learning results from
developing and refining a representation of an action. This
representation prescribes the relation between how we move
and the demands of a given task. The two main concepts
underlying schema theory are generalised motor programmes
(GMP) and parameters. GMP’s contain an abstract code
about relative timing of events and the relative force with
which events are to be produced. Parameters specify details
about how the GMP will be expressed including absolute
duration of movement, absolute force of muscle contrac-
tions, and the muscles or limb used to make the movement.
These two concepts combine to reduce the demands for stor-
age of programmes for actions and explain the relatively
invariant features of actions. While the effects of principles
of motor learning may be explained equally well using al-
ternative theoretical approaches such as dynamic systems
(e.g. Kelso 1995, Thelen & Smith 1994), we focus on schema
theory in the present study to place our results in the context
of this body of literature.

The concepts of schema theory can be used to ex-
plain the motor speech disorder of AOS. However, the is-
sue of defining what constitutes a motor programme in
speech production is far from resolved (e.g. Smith et al.
1995). If it is assumed that the process of motor program-
ming includes GMPs and parameters that set specific as-
pects (e.g., absolute speed) of the program, then AOS may
be thought of as a breakdown in the ability to activate and /
or select a GMP, an inability to correctly set the parameters
specific to a situation, or both (Clark & Robin, 1998).

Research on motor learning based on schema theory
has led to the specification of several principles pertaining
to the structure of practice and response feedback that pro-
mote retention and transfer of treated behaviours (e.g.
Schmidt 1975, Schmidt and Bjork 1992, Schmidt and Lee
1999). It is beyond the scope of the present study to review
all of these principles (see Schmidt and Lee 1999 for an

extensive review). Here, we focus on those that are specifi-
cally examined in our study. It has been demonstrated that
when several novel limb actions representing different
GMP’s are practised in a blocked order acquisition is more
rapid than when actions are practised in random order. How-
ever, the random condition results in greater retention of
skilled actions post-treatment and greater transfer of treat-
ment effects to novel actions (e.g. Del Rey et al. 1994, Lee
and Magill 1983, Shea and Morgan 1979, Shea and Wright
1991, Wulf and Schmidt 1994). Furthermore, retention and
transfer are enhanced when feedback is provided with low
frequency (i.e. on 30-60% of trials) (Lee et al. 1990, Salmoni
etal. 1984, Schmidt 1991, Schmidt and Bjork 1992, Vander
Linden et al. 1993, Weeks et al. 1993). Feedback can be
provided in two forms — knowledge of results (KR) and
knowledge of performance (KP). KR indicates the accuracy
of a response while KP provides specific information re-
garding qualitative features of a response (e.g., bio-feed-
back). Providing only KR-feedback, particularly in the later
stages of training, promotes retention of skills (see Schmidt
and Lee 1999). Finally, feedback has a greater effect on learn-
ing when it is given about 3-4 sec after the response and
when a 3-4 sec delay intervenes between the feedback and
the subsequent stimulus presentation (Swinnen ez al. 1990).

Schmidt and Lee (1999) suggested that these prin-
ciples facilitate retention and transfer of treatment effects
as they serve to increase the difficulty of the learning envi-
ronment and more closely approximate a natural context.
For example, random practice introduces difficulty as it
forces retrieval and organisation of a different response on
every trial (Lee and Magill 1985, Lee and Weeks 1987,
Schmidt and Bjork 1992) whereas the blocked condition
results in practice of movement execution only. The former
more closely simulates a natural context and so should also
result in greater stimulus transfer. Presenting KR-feedback
only, with lower frequency and delays between responses
and feedback, guides the individual’s understanding of ac-
ceptable versus unacceptable responses, facilitates devel-
opment of self-evaluation skills, and permits these processes
to occur uninterrupted (see Schmidt and Bjork 1992).

Past researchers have attempted to use some prin-
ciples of motor learning in treatments for AOS. For example,
many treatment programs for AOS advocate a high number
of practice trials (e.g. Phonetic Placement Therapy: Van
Riper and Irwin 1958, Eight-Step Task Continuum:
Rosenbek et al. 1973, Prompts for Restructuring Oral Mus-
cular Phonetic Targets (PROMPT): Chumpelik 1984, Square
et al. 1985, Minimal Pairs Treatments: e.g. Wambaugh et
al. 1998). However, many studies have advocated condi-
tions that are opposed to the above findings. For example,
Yorkston et al. 1998 stated that feedback should be pro-
vided with high frequency and immediately following an
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individual’s response. While this may facilitate acquisition
of treatment effects, it appears to be detrimental to retention
of treated behaviours.

The present study utilised single subject experi-
mental designs to examine the influence of random versus
blocked order of practice on the efficacy of Phonetic Place-
ment Therapy (Van Riper and Irwin 1958) in two individu-
als with severe AOS. Both treatment conditions were pre-
sented with low frequency delayed KR-feedback. Our spe-
cific hypotheses stated that, compared to blocked stimulus
presentation, random stimulus presentation would result in
a) slower acquisition of trained speech motor skills, b) greater
retention of trained skills at one and four weeks post-treat-
ment, and c) increased transfer of treatment effects to pro-
duction of the treated behaviours with a novel stimulus and
to related novel responses. Considering transfer to novel
responses, we predicted that transfer would occur to speech
targets that represented similar GMP’s. While it is unclear
what constitutes a motor programme in speech production,
we hypothesised that, if GMP’s correspond roughly to a
phoneme, then transfer may occur to speech targets that
utilise the same programmes but in a different sequence.
This form of transfer may not be forthcoming in AOS, how-
ever, as these individuals are known to have particular diffi-
culty in sequencing speech sounds. In addition, transfer was
not expected to occur to targets that included untrained
GMP’s. This study is the first in a program of research
planned in our laboratory to investigate principles of motor
learning in the motor speech system.

Method
Subjects

Two Caucasian males participated in this study.
Both were diagnosed with severe AOS with aphasia sec-
ondary to a single left-hemisphere cerebrovascular accident
(CVA) within the distribution of the left middle cerebral ar-
tery. A CT scan performed on Subject 1 six months post-
onset indicated the lesion was restricted to the left temporo-
parietal area. Participant 1 was 38 years of age and 36 months
post-onset at the beginning of treatment. For Subject 2, a
CT scan two years post-onset revealed an area of reduced
attenuation in the left fronto-temporo-parietal area. A right-
sided hemiparesis was present. Participant 2 was 65 years
of age and 96 months post-onset at the beginning of treat-
ment. Both participants were right-handed native English
speakers with no history of speech, language, or reading
disorders or progressive neurologic disease. Subject 2 had
ahistory of depression and alcohol abuse. Both participants
passed a pure tone audiometric screening at 40 dBSPL at
500, 1000, and 2000 Hz bilaterally and had 20/40 vision
(corrected or uncorrected).

Speech, Language, and Neuropsychological Testing

Formal testing was conducted within two weeks
prior to the experiment (see Table 1). Classification of apha-
sia type was difficult due to the participants’ speech pro-
duction impairments and was, in part, guided by known le-
sion information. Subject 1 was tentatively classified with
conduction aphasia based on results of the Western Aphasia
Battery (WAB; Kertesz 1982) and presence of a posterior
lesion. We were unable to classify Subject 2’s aphasia type
with confidence. In both cases, auditory comprehension was
impaired but superior to expressive abilities with scores on
the WAB comprehension subtests ruling out a Wernicke’s
aphasia (see Table 1). For both participants, the subtests of
the WAB measuring nonlinguistic cognitive skills revealed
mildly to moderately impaired performance (see Table 1).
However, these skills were superior to speech and language
skills.

Table 1.
Results of Formal Speech, Language, and
Neuropsychological Testing
Test Subject 1 Subject 2
Western Aphasia Battery!
Fluency 0 1
Comprehension 7.2 74
Repetition 0 0.7
Naming 0 1.1
Aphasia Quotient 14.4 26.4
Reading 54 2.6
Writing 45 23
Praxis 9.2 9.0
Construction 7.8 5.6
Ravens Colored Progressive Matrices (/37) 27 22
Cognitive Quotient 413 40.1
Northwestern University Sentence Comprehension test for Aphasia?
Canonical sentences (/20) 60% 75%
Noncanonical sentences (/20) 75% 55%

Assessment of Agility and Control of the Oral Mechanism or Speech
Production?
Diadochokinetic rate*

Ip/ 0.7/ sec 3.0/sec
117) 2.3/sec 3.6/ sec
i unable to elicit unable to elicit
Iptk/ unable to elicit unable to elicit

Shape cancellation test
Percent correct 100% 100%
Time to completion 2 min 14 sec 2 min 55 sec

! Kertesz (1982)

? Thompson (n.d.)

3Hall etal. (n.d.)

* All results indicate performance below the normal level according
to normative data from Kent ez al. (1987)
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To define sentence comprehension in more detail,
the Northwestern University Sentence Comprehension Test
for Aphasia (Thompson n.d.) was administered. This is a
sentence-to-picture matching task that tests comprehension
of semantically reversible canonical sentences (i.e. simple
actives as in “The thief chased the artist” and subject rela-
tives as in “I saw the thief who chased the artist”) and
noncanonical sentences (i.e. passives as in “The artist was
chased by the thief” and object relatives as in “I saw the
artist who the thief chased’). Both participants demonstrated
impairment on both sentence types (see Table 1). Subject 2
demonstrated an “‘agrammatic-type” comprehension deficit
with above-chance comprehension of canonical sentences
and at-chance comprehension of noncanonical sentences.

To evaluate verbal and nonverbal oral motor skills,
the Assessment of Agility and Control of the Oral Mecha-
nism for Speech Production (Hall et al. n.d.) was adminis-
tered (see Table 1). Both subjects demonstrated oral apraxia.
Speech production was characteristic of severe AOS (e.g.
Kent and Rosenbek 1983) with the few utterances produced
being notable for delayed initiation of movements, reduced
rate, distortions of phonemes, difficulty sequencing move-
ments, and articulatory groping. To confirm the diagnosis
of AOS, the articulator visuomotor tracking task of Robin
and colleagues (Hageman et al. 1994, Robin et al. in prep)
was administered. This is a nonverbal task that assesses
motor control of the speech articulators. Robin and col-
leagues have demonstrated that this task is sensitive to even
mild AOS (Hageman et al. 1994, Robin et al. 1997, Robin
et al. in prep) and performance is correlated with percep-
tual measures of articulatory precision and speech intelligi-
bility. Both participants demonstrated the characteristic pro-
file of AOS whereby tracking of predictable visuomotor tar-
gets is impaired while tracking of unpredictable targets is
similar to normal. This result confirmed the diagnosis of
AOS.

A shape cancellation test was administered to rule
out visuo-spatial deficits. Both participants performed at the
normal level (see Table 1).

Materials

Different stimulus sets were developed for each
participant, based on their profile of deficits and stimulability
for speech behaviours. These are described below.

Subject 1

For Subject 1, a set of cards with printed syllables
and words was used to elicit the targeted speech behaviours
during baseline testing and experimental probes. Stimuli
included consonant-vowel (CV) syllables (/pa/, /ba/, /ta/,
Ifal, ival, Isal, Ipi/, o/, 1ti/, i/, vid, and /sif), VC syllables (fap/,
fabl, lat/, fafl, fav/, and /as/), and CVC words (initiated by /p/,

fol, It/, i1, i, and /s/). CVC words were controlled for frequency
(plosives: mean = 56.50, SD = 4.38, fricatives: mean = 54.00,
SD = 8.89, Carroll et al. 1971), length in syllables (one), and
initial consonant (10 each of /p/, M/, It/, /fl, /s/, and IV/).

Subject 1 participated in two phases of treatment.
In phase one,production of the CV syllables /pa/, /ba/, /ta/,
/fal, Ival, and /sa/ was treated. In phase 2, production of the
VC syllables /ap/, /ab/, /at/, /af/, /av/, and /as/ was treated.
During pre-practice (see Treatment procedure), the target
syllables were represented both orthographically and with
two diagrams showing position of the articulators for the
consonant and for the vowel. During practice (see Treat-
ment procedure), the stimuli were identical to those used in
the probes — orthography only.

Subject 2

Subject 2 was unable to read subsequent to CVA
and so black-and-white line drawings were used to elicit
speech behaviours during baseline testing and experimental
probes. The stimuli consisted of 12 CVC words initiated by
Ipl, /vl, 1/, ifl, v/, and /s/. Six of these words (pat, bat, tab,
face, vase, and safe) were targeted for treatment. The re-
maining six (cap, beak, tack, fish, save, and shave) were
used to demonstrate experimental control. Words were con-
trolled for length in syllables (one) and pictureability (elic-
ited the target word from five normal controls).

Subject 2 participated in one phase of treatment.
During pre-practice, the stimuli depicted black-and-white
pictures with three diagrams demonstrating position of the
articulators for the two consonants and the vowel. As this
subject demonstrated excessive struggle behaviour and frus-
tration when trying to recall the articulatory postures for
each target word during practice, all stimulus cards for the
practice were modified to include the stimulus picture and
the diagrams of articulatory postures. These modified prac-
tice stimuli were also used for retention testing but the dia-
grams were not presented on the stimuli used during the
baseline and experimental probes.

Experimental Design

A single-subject alternating treatments design
(ATD) plus multiple baseline across subjects and behaviours
designs were utilised (McReynolds and Kearns 1983). In
an ATD, each subject undergoes all treatment conditions,
serving as his / her own control. During the treatment phase/
s, all treatment conditions are applied within a single ses-
sion. Traditionally, a single dependent variable is subjected
to both treatment conditions to determine which treatment
effects greatest change. This is not possible in studies of
learning and so one attempts to select independent sets of
behaviours of equivalent difficulty and each behaviour is
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linked to one treatment. In this case, syllables or words with
plosive consonants formed one set and fricative consonants
formed a second set. Previous studies of AOS have reported
no transfer from treatment for plosive production to pro-
duction of fricatives and vice versa (Rubow et al. 1982).
Therefore, we assumed that effects of each treatment could
be isolated to the set of behaviours to which that treatment
condition was applied. However, plosives and fricatives may
not be equivalent in difficulty. To address this problem, the
pairing of treatment condition and behaviour set was coun-
terbalanced across subjects in the first phase of treatment
and, for Subject 2, within subject across the two phases of
treatment. In this way, a differential treatment effect would
be demonstrated if learning occurred with a specific treat-
ment condition regardless of which behaviour set it was
linked with.

In a multiple baseline across subjects design, par-
ticipants are exposed to progressively longer baseline phases
to ensure that behaviour change is a direct result of treat-
ment. In a multiple baseline design across behaviours, one
behaviour is entered into treatment while others are held in
baseline. Thus, experimental control is demonstrated when
performance on a behaviour only changes with treatment
application. This design permits maintenance of experimen-
tal control when transfer of treatment effects to select
behaviours occurs.

Baseline Testing Procedures

Subject 1 received three baseline probes and Sub-
ject 2 received five. Baseline sessions for Subject 1 con-
sisted of eliciting 10 each of the 12 CV syllables, six VC
syllables, and six types of CVC words, for a total of 240
items per baseline. Baseline sessions for Subject 2 involved
eliciting the six CVC words targeted for treatment 10 times
each and the remaining words five times each, for a total of
90 items. All items were presented in random order with no
modelling or feedback. Treatment commenced once baseline
probes were completed and stable performance was dem-
onstrated.

Treatment Procedure

Each treatment phase consisted of 12 sessions.
Treatment sessions were 90-120 minutes long, two to three
times per week. Each treatment session included two sec-
tions — one presenting the random practice condition and
one the blocked condition. The order of sections was
randomised within subject across sessions. For Subject 1,
plosive CV syllables (/pa/, /ba/, /ta/) were trained in random
order and fricative syllables (/fa/, /va/, /sa/) in blocked or-
der in phase 1 of treatment. Plosive VC syllables {/ap/,
/ab/, /at/) were trained in blocked order and fricative syl-
lables (/af/, /av, /as/) in random order in phase 2. For Sub-
ject 2, CVC words initiated by plosives (pat, bat, tab) were

trained in blocked order and fricative CVC words (face, vase,
safe) in random order.

Consistent with previous studies examining the
principles of motor learning, each treatment section included
both a pre-practice and a practice component. The pre-prac-
tice component applied Phonetic Placement Therapy to pre-
pare the subject for the practice stimuli. In this approach
production of speech behaviours is trained using ortho-
graphic or picture stimuli, diagrams and verbal descriptions
of articulatory features, and modelling. The pre-practice pro-
tocol involved (a) using the above methods to describe
speech sounds to the subject, (b) modelling of the targets by
the examiner five times, and (c) the subject attempting pro-
duction with feedback from the examiner to shape more ac-
curate production. Once the subject produced five consecu-
tive attempts correctly, without a model, the practice trial
began. Practice consisted of eliciting the three target
behaviours for that section, either under random or blocked
order stimulus presentation, a total of 50 times each (total
of 150 responses per practice) without examiner models.
Three different feedback schedules were developed so that
the same items did not receive feedback in each session.
For the blocked condition, the order in which the syllables
or words were presented was randomised across sessions.
The participants were offered breaks between the two sec-
tions of treatment.

Participants’ responses to all stimuli were tran-
scribed and scored online and recorded on audiotape for
reliability purposes. Responses were scored as correct if all
sounds in the syllable or word were perceived as accurate
by the examiner.

Experimental Probe Procedure

An experimental probe identical to baseline test-
ing was administered after every third treatment session, but
not on the same day. This probe measured transfer of treat-
ment effects to production of treated behaviours in a novel
stimulus context and to novel responses. Responses were
transcribed and scored on line and recorded on audiotape
for reliability purposes.

Retention Testing

Retention testing consisted of two procedures, each
performed at one and four weeks post-treatment. First, the
procedure used for the practice components of the treatment
sessions was used but with no feedback provided. Thus, re-
tention of the treated behaviours was tested in the same or-
der context as in training. Second, the experimental probe
was administered to measure retention of transfer effects.
This probe was administered to Subject 1 only. Subject 2
did not demonstrate transfer effects during treatment and so
retention of such effects was not possible.
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Reliability

Reliability was calculated on about 25% of all tests
and practice sessions. Inter-rater point-to-point reliability
for scoring of baseline and experimental probes was 97.7%
(SD =4.4) and intra-rater reliability was 96.8% (SD =5.1).
Inter-rater reliability for scoring of practice trials and reten-
tion testing was 95.2% (SD = 5.1) for plosives and 92.0%
(SD =7.3) for fricatives and intra-rater reliability was 93.7%
(SD =5.9) for plosives and 90.9% (SD = 8.5) for fricatives.
Inter-rater reliability on the independent variable was 94.3%
(SD = 6.5).

Results

Data representing acquisition, retention, and trans-
fer for Subjects 1 and 2 are presented in figures 1 and 2,
respectively. The figures represent (a) percent correct pro-
ductions of trained CV (phase 1) and VC (phase 2) syllables
for person 1 and trained CVC words for Subject 2, (b) re-
tention of treated behaviours over time, and (c) transfer of
treatment effects to a novel stimulus and to production of
novel responses.
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Figure 1. Performance of Subject 1 during baseline, the two phases of
treatment, and retention testing. Black circles and triangles represent
performance during the random and blocked practice trials and during
retention testing with stimuli used during practice. Remaining symbols
represent performance on other variables during baseline testing and
experimental probes during treatment and retention phases. C denotes
consonant and V vowel.

Both participants demonstrated stable performance
across baseline testing and, therefore, were entered into treat-
ment at the scheduled times. The level of performance for
both participants was 0% correct across all baselines. Per-
formance on the practice trials during the treatment phase
represents the acquisition of trained speech behaviours. The
subjects did not show more rapid acquisition of the speech
behaviours presented in blocked order. Both sets of
behaviours were acquired at about the same rate. At the
completion of phase 1 of treatment for Subject 1, acquisi-
tion performance was at 81% correct in the random condi-
tion and 87% in the blocked condition (see figure 1). The
same trend was evident in phase 2. Subject 2 demonstrated
a similar trend during acquisition, with 84% correct pro-
duction of randomly trained behaviours and 68% for those
trained in blocked order in the final practice session (see
figure 2). For both subjects, performance on behaviours pre-
sented in blocked order during the first treatment phase was
considerably more unstable, or variable, across sessions than
behaviours presented in random order (see figures 1 and 2).

Retention testing utilising the stimuli of the prac-
tice sessions showed greater retention of the behaviours
trained in random order, particularly at four weeks post-treat-
ment, for both subjects. Subject 1 performed at 91% and
95% accuracy on the randomly trained targets in the one
and four week retention tests, respectively, while perfor-
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Figure 2. Performance of Subject 2 during baseline, the one phase of
treatment, and retention testing. Black circles and triangles represent
performance during the random and blocked practice trials and during
retention testing with stimuli used during practice. Remaining symbols
represent performance on other variables during baseline testing and
experimental probes during treatment and retention phases. C denotes
consonant and V vowel.
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mance on the blocked behaviours was at 78% and 68%, re-
spectively. Note that, in phase 1, the discrepancy between
the two behaviour sets increased over time (see figure 1). In
phase 2, this difference was not evident at one week post-
treatment but emerged at the second retention test. Subject
2 exhibited similar results (see figure 2). The targets trained
in random order were performed with 37% and 60% accu-
racy in the one and four week retention tests, respectively,
while the behaviours trained in blocked order were not re-
tained at all.

Experimental probes administered during the treat-
ment phase tested transfer of trained behaviours to a novel
stimulus and to novel responses. During treatment phase 1,
Subject 1 showed transfer of treatment effects to the novel
stimulus condition for both behaviour sets. However, reten-
tion of this transfer effect was greater for those behaviours
trained in random order (see figure 1). No transfer of treat-
ment effects to production of novel responses was evident
(see figure 1), but the effects of treatment were over-
generalised with trained behaviours being substituted for
the novel items. Subject 2 did not demonstrate transfer to
the novel stimulus condition or to novel responses. There-
fore, the post-treatment experimental probes were not ad-
ministered.

Discussion

This experiment was conducted to investigate the
effects of random versus blocked stimulus presentation on
learning motor speech skills in severe AOS. Subjects re-
ceived both treatment conditions in parallel throughout treat-
ment so that the effects of these two conditions were com-
pared within subject. Based on studies of motor learning in
normal individuals (e.g. Del Rey et al. 1994, Lee and Magill
1983, Shea and Morgan 1979, Shea and Wright 1991), it
was predicted that random stimulus presentation would re-
sult in slower acquisition of trained behaviours and greater
retention of trained behaviours at one and four weeks post-
treatment. Furthermore, greater transfer of treatment effects
was expected to a novel stimulus condition and to novel
responses related to behaviours trained in the random con-
dition.

In the present study, practising motor speech skills
in random order did not result in slower acquisition of tar-
geted behaviours, as previously reported. Both behaviour
sets were acquired at a similar rate. However, performance
on the blocked behaviours tended to be more variable across
practice sessions. This finding is not consistent with studies
of limb motor learning in normal individuals where blocked
practice facilitates acquisition and where performance dur-
ing the acquisition phase for both conditions does not demon-
strate such variability (see Schmidt and Lee 1999 for a re-
view). In our two subjects with AOS, it seemed that the vari-
able performance across sessions for the blocked condition
reflected a greater difficulty in accessing or executing the

accurate GMPs in this condition compared to the random
condition. This hypothesis is supported by the observation
that, frequently, performance in the blocked condition was
facilitated for the behaviour practised first. That is, Subject
1 demonstrated fewer instances of consonant distortions (i.e.
inaccurate articulator placement or onset of voicing) and
Subject 2 fewer substitutions of stereotypical utterances on
the first behaviour. Repeatedly practising this first behaviour
may have pushed the subjects into a stable set and inhibited
access to programmes for subsequent speech targets in these
individuals. In normal subjects, this “pathological” inhibi-
tion is not observed. While this hypothesis is speculative, it
provides a direction for future study.

Both subjects demonstrated the predicted result of
greater retention of behaviours trained in random order than
blocked order, particularly at four weeks post-treatment. In
the case of Subject 2, this effect was dramatic with no reten-
tion of the blocked behaviours. These findings support pre-
vious studies that have examined the influence of a random
order of practice on learning of novel limb actions in nor-
mal individuals. Schmidt & Bjork (1992) argued that this
effect is observed because a random practice order promotes
recall and execution of actions, which in turn results in more
successful recall of actions post-treatment. On the other hand,
the blocked condition promotes a “stable set” in which only
execution of the action is practised, such that recall is not
enhanced. We contend that retention performance is a more
rigorous and meaningful indicator of a treatment’s efficacy
than acquisition. These data demonstrate that conditions
during practice influenced retention of skills in two indi-
viduals with severe AOS.

On closer examination of the data for acquisition
and retention of trained behaviours, it was noted that accu-
rately producing the voicing distinction between /p/ and /b/
and between /f/ and /v/ presented great difficulty for both
subjects. This observation supports the initial diagnosis of a
disorder at the phonetic-motoric level rather than the lin-
guistic-phonological level. For both subjects, ability to use
voicing to differentiate these sounds improved as treatment
progressed. However, for Subject 1 in particular, ability to
produce this voicing distinction was retained for the ran-
domly trained behaviours and progressively lost for the
behaviours trained in blocked order. This trend appeared
evident for Subject 2 also, but was less clear given that he
did not retain any behaviours trained in blocked order.

Results for transfer of treatment effects were not
consistent across subjects. Subject 1 demonstrated transfer
of production of trained behaviours to the novel stimulus
condition of the experimental probe and, in phase 1 of treat-
ment, retention of this transfer effect was greater for
behaviours in the random condition. This result supports
previous research and again supports the use of this prin-
ciple. However, no transfer was observed to novel responses.
While this may appear a negative result, it is possible that
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the items selected to examine transfer were not appropriate.
As noted above, there is no consensus on what is represented
in a GMP for speech targets. Therefore, it is a challenge to
define transfer items that are related to the trained behaviours
and so should co-vary. As Lee (1988) stated, transfer is great-
est when the processing involved in producing the treated
behaviour is the same as that required for production of the
transfer behaviour. At this point in time, theory may not be
explicit enough to enable us to predict with confidence what
behaviours will co-vary in treatment.

Subject 2 did not demonstrate transfer of treatment
effects to either the novel stimulus condition or to novel
responses. There is at least one possible explanation for this
result. As noted above, this individual had difficulty recall-
ing all target behaviours in the practice sessions and the prac-
tice stimuli were modified to include diagrams of articula-
tory postures. The cards used to elicit the target behaviours
during the experimental probe were not modified. There-
fore, the probe may have represented a more difficult tran-
sition for this subject compared to Subject 1, as not only did
the stimulus context alter but the exact form of the eliciting
stimulus. While Subject 2 also did not demonstrate transfer
to novel CVC words, this is not entirely unexpected. Most
of the words selected to test transfer included novel conso-
nants and vowels. The GMPs underlying at least some of
these phonemes were not trained and were unlikely to be
theoretically related to the trained programmes. The find-
ing that Subject 2 demonstrated improvements under ran-
dom practice conditions and retained these effects four weeks
post-treatment supports the efficacy of this approach. How-
ever, a lack of transfer stresses the need in many patient
populations for training to be carried out in functional con-
texts.

One final issue of concern relates to experimental
design. For Subject 1, the second treatment phase may have
been influenced by the previous administration of the first
phase. The linking of treatment condition with behaviour
set was counterbalanced in an attempt to offset these poten-
tial effects. It is likely that order effects were present, as
performance in the second phase was high from the first
treatment session and the tendency for less stable perfor-
mance in the blocked condition was not observed. How-
ever, the finding that the positive effect of random practice
emerged in both phases, regardless of the behaviour set with
which it was linked, is a strong indicator that the facilitation
of learning in this condition is a robust effect.

Conclusions

These data represent the first well-controlled in-
vestigation of the influence of principles of motor learning
in the motor speech system and in individuals with motor
speech disorders. While various textbooks on these disor-
ders have advocated the application of these principles, no

empirical data had been collected to support or refute their
use. The present study provides preliminary evidence that
these principles may have a similar effect on learning (i.e.
retention) of skilled speech motor acts as they do on learn-
ing of limb movements. We acknowledge that these results
are preliminary and require replication and extension in a
larger groups of subjects. The results are encouraging and
provide clear justification and focus for further investiga-
tion.
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Abstract

Researchers have interpreted the behaviours of
individuals with acquired apraxia of speech (AOS) as im-
pairment of linguistic phonological processing, motor con-
trol, or both. Acoustic, kinematic, and perceptual studies of
speech in more recent years have led to significant advances
in our understanding of the disorder and wide acceptance
that it affects phonetic-motoric planning of speech. How-
ever, newly developed methods for studying nonspeech
motor control are providing new insights, indicating that
the motor control impairment of AOS extends beyond speech
and is manifest in nonspeech movements of the oral struc-
tures. We present the most recent developments in theory
and methods to examine and define the nature of AOS. Theo-
ries of the disorder are then related to existing treatment
approaches and the efficacy of these approaches is exam-
ined. Directions for development of new treatments are
posited. It is proposed that treatment programmes driven
by a principled account of how the motor system learns to
produce skilled actions will provide the most efficient and
effective framework for treating motor-based speech disor-
ders. In turn, well-controlled and theoretically motivated
studies of treatment efficacy promise to stimulate further
development of theoretical accounts and contribute to our
understanding of AOS.

The debate over the precise characterisation of
acquired apraxia of speech (AOS) has been active for many
years. Researchers have interpreted the behaviours of indi-
viduals with AOS as an impairment of linguistic phono-

logical processing, motor control, or both. While the notion
of AOS as a phonetic-motoric disorder is now generally
accepted, it frequently co-occurs with aphasia and differen-
tiating between the respective phonetic-motoric and linguis-
tic impairments has proven difficult. This paper presents
the most recent developments in theory and methods to ex-
amine and define the nature of AOS. Theories of the disor-
der are related to existing treatment approaches. The effi-
cacy of these approaches is examined and directions for
development of new treatments are identified.

The term apraxia was coined by Steinthal (1871,
cited by Roy 1978) and elaborated upon by Liepmann (1900,
1905, 1913). These early researchers regarded apraxia as a
disorder of purposeful (voluntary) movement not attribut-
able to the loss of strength, co-ordination, or mental faculty
and restricted to certain body parts and functional activi-
ties. Darley et al. (1975) explored the syndrome of AOS,
describing it as an impairment of volitional speech produc-
tion in the face of preserved linguistic and motor execution
abilities. Specifically, they identified the clinical features
of (a) effortful groping for articulatory postures, (b) conso-
nant phonemes more affected than vowels, (c) inconsistent,
or variable, errors across productions, (d) errors that increase
complexity of articulation rather than simplify, () errors
that approximate the target within one to two features, (f)
errors that represent perseveration, anticipation, and trans-
position of phonemes, (g) schwa insertion in consonant clus-
ters, and (h) awareness of errors. Kent and Rosenbek (1983)
also included such features as (a) slowed speech rate with
prolongation of segments and transitions between segments
(b) impaired co-ordination of voicing with movement of
other articulators, and (c) difficulty with initiation of utter-
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ances. Although many of these characteristics have not been
rigorously tested, they have survived as diagnostic indica-
tors of AOS and are widely utilised in clinical settings. Fur-
thermore, there has been a focus on the clinical characteris-
tics with less attention given to theorising about the under-
lying nature of the disorder. '

Theoretical Accounts of Apraxia of Speech

A handful of theories have been offered to explain
the impairment in AOS (e.g. Clark and Robin 1998, Dogil
et al. 1994, Kelso and Tuller, 1981, Kent and Adams 1989,
Kent and McNeil 1987, Mlcoch and Noll 1980, Rogers and
Storkel in press, Van der Merwe 1997, Whiteside and Varley
1998). To place these theories in a broader perspective, it
is beneficial to have an understanding of models of normal
language production. Most language production models that
have been proposed (e.g. Bock 1982, Garrett 1975, Levelt
1989) posit several stages from formulation to articulation
of a message. While aspects of these models are strictly
serial in nature, subunits of a message are processed in par-
allel (e.g. Bock 1982, Bock and Irwin 1980). Initially, a
thought is formulated and then this thought is converted into
abstract semantic units. From semantic information, a syn-
tactic frame can be generated that represents the syntactic
structure to be used in expressing the thought. Following
these semantic and syntactic stages, a phonological repre-
sentation of the message must be developed followed by a
phonetic representation. According to Levelt (1989), at the
phonological level the morphological and metrical compo-
sition of words is spelled out, followed by the segmental
composition (i.e. consonants and vowels). Finally, phonetic
syllable programmes are derived from the string of segments
and these programmes specify articulatory gestures and
vocal tract configuration.

The prevailing theoretical approach to AOS claims
that the processes that build the phonological representa-
tion of a message are intact but the phonetic-motoric level
of production is disrupted (e.g. McNeil et al. 1997, Shriberg
et al. 1997a, Van der Merwe 1997). Shriberg et al. (1997a)
summarised these approaches by referring to AOS as a defi-
cit in sequencing the spatiotemporal aspects of movement
at a prearticulatory level. McNeil et al. (1997) provided a
more refined definition of AOS based on a growing body of
experimental data. They stated that it is a phonetic-motoric
disorder that affects the translation of an intact phonologi-
cal representation of a message into the learned kinematic
parameters for an intended movement.

Van der Merwe (1997) developed a model for con-
sidering diagnosis and management of motor speech disor-
ders, including AOS and dysarthrias. This model includes
linguistic-symbolic, motor planning, motor programming,
and execution levels and relates these to neural substrates.
It has numerous components in common with previous

models of production (e.g. Levelt 1989) and theories deal-
ing specifically with motor programming (e.g. Schmidt,
1975), but is unique in being specifically applied to account-
ing for speech and language pathologies. Initially, there is
an intention to communicate, driven by the fronto-limbic
system. Following this, semantic, syntactic, and morpho-
logical planning occurs and finally selection and combina-
tion of phonemes to form a phonological representation.
These processes are driven by the traditional language ar-
eas — temporo-parietal cortex and Broca’s area. It is from
this point on that the model expands into more detail. Fol-
lowing generation of a phonological representation, the
motor planning phase is implemented. Extensive connec-
tions between Broca’s area, Wernicke’s area, prefrontal cor-
tex, premotor cortex (lateral area 6), the supplementary
motor area (medial area 6), and somatosensory cortex (ar-
eas 5 and 7) underlie a complex association between stored
representations and motor and sensory information for plan-
ning the speech string. Core motor plans, or the invariant
spatial and temporal specifications of phonemes, are re-
trieved from a sensorimotor memory store and the consecu-
tive movements involved in fulfilling these specifications
are planned at the level of the articulator and inter-articula-
tor synchronisation. At this point, variance in the realisation
of temporal and spatial aspects is directly related to factors
such as phonetic context and potential for coarticulation,
linguistic influences on segmental duration, frequency and
familiarity of the motor goal, interarticulatory
synchronisation, overall speech rate, and awareness of ini-
tial conditions of the articulators such as physical perturba-
tions. While response feedback can have no role in motor
planning, it is possible that the process can be monitored
centrally. That is, the adapted plan is compared to an inter-

_ nal stored representation that specifies permitted variance.

When the limits to adaptation of spatial and temporal fea-
tures of the core motor plan to the above variables are over-
stepped, the listener will perceive distortions and substitu-
tions of sounds. The cerebellum and / or cortical sensorimo-
tor areas may subserve this capacity. Finally, the articula-
tor-specific subroutines that comprise a motor plan are tem-
porally organised and fed forward to the motor program-
ming level.

In Van der Merwe's model (1997), the motor pro-
gramming phase involves specification of muscle-specific
spatiotemporal and force parameters such as muscle tone,
resistance, and absolute force, direction, range, and rate of
movement. These programmes can be modified in response
to sensory feedback as the movement unfolds. Neural sub-
strates for programming include the supplementary motor
area, basal ganglia, lateral cerebellum, frontolimbic system,
and the primary motor cortex. The final phase in the model
is execution, where the actual articulation is controlled and
performed via the final common pathway. The primary motor
cortex, lower motor neurones, peripheral nerves and motor
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units are the neural structures directly involved in execut-
ing movement. However, other structures such as the supple-
mentary motor area, cerebellum, basal ganglia, and thala-
mus may also be involved in processing ongoing feedback
during motor execution.

Van der Merwe proposed that the acquired motor
speech disorders of AOS and the dysarthrias can be related
directly to impairments in motor planning, programming,
or execution. The behavioural profile AOS may be explained
by disturbances at the motor planning level — retrieval of
core motor plans for phonemes, sequential organisation of
movements for a single phoneme or a series of phonemes,
adaptation to phonetic context, interarticulatory co-ordina-
tion, central monitoring, and relaying the motor plans to the
motor programming level. It seems that motor speech dis-
orders such as spastic, hypokinetic, hyperkinetic, and ataxic
dysarthria may arise from damage affecting programming
alone or both programming and execution. Flaccid dysar-
thria is thought to arise from damage affecting the motor
execution level only. This model is possibly the most de-
tailed and comprehensive attempt to explain impairments
in the speech production process, relating subcomponents
to underlying neural structures, diagnosis of motor speech
disorders, and principled development of treatment strate-
gies for such disorders. It provides a series of testable hy-
potheses for examining the nature of AOS and, thus, for
developing treatment goals.

Kelso and Tuller (1981) proposed the coalitional
theory of AOS which is consistent with, though less exten-
sive than, the model of Van der Merwe (1997). They viewed
AOS as a breakdown in the interaction between an indi-
vidual and the environment that results in failure to meet
behavioural goals. Kelso and Tuller argue that, for skilled
actions to be co-ordinated, the neuromuscular system must
be organised into functional units also known as coordina-
tive structures (e.g. Easton 1972, Fowler 1977, Kelso et al.
1979, Turvey 1977). In the case of speech, these functional
units govern the spatiotemporal relations between
articulators during speech production. When a group of
muscles is recruited as a functional unit, the relative timing
of neuromuscular events between muscles within the group
remains constant with changes in the absolute timing and
magnitude of the activity (Turvey et al. 1978). Numerous
studies have now demonstrated that this finely tuned spa-
tiotemporal co-ordination between articulators is disrupted
in AOS (e.g. Itoh et al. 1979ab, Freeman et al. 1978, Kent
and McNeil 1987, Kent and Rosenbek 1983, Ziegler and
von Cramon 1986, but see Seddoh et al. 1996). Collectively,
these studies have supported the interpretation that AOS is
a disorder affecting the phonetic-motoric level of speech
production.

Kent and Adams (1989) also refer to a breakdown
in co-ordination of articulator movements in AOS. They
argue that, when the integrity of the motor system is com-

promised by AOS, the correlation between articulator move-
ments diminishes and variability in production of target
movement patterns increases. They comment that a neuro-
logically-based temporal co-ordination disorder can account
for many of the behavioural characteristics of AOS, although
compensatory techniques or processes that code the con-
textual articulatory requirements for speech segments may
play arole.

Two alternative theoretical approaches to AOS
include theories of attentional resource allocation or resource
capacity limitations (Clark and Robin 1998, Kent and
McNeil 1987, Rogers and Storkel in press, Whiteside and
Varley 1998) and linguistic-based accounts (Dogil et al.
1994, Dogil and Mayer unpub). To explain the frequently
noted dysprosody of AOS, Kent and McNeil (1987) invoked
the notion of a resource allocation problem within a motor
control-based approach to speech production. They claimed
that the phonetic representation codes information on syl-
lable and segment structure separately so that these two
classes of information may be differentially affected. This
vulnerability to error at the phonetic-motoric programming
level forces the speaker to allot more resources to the task
of ordering segmental and syllabic information. They de-
duce that this increased resource demand results in length-
ening of syllables and intersyllabic pauses and so gives rise
to the secondary characteristics of dysprosody. Levelt (1989)
argued that it is at this level of developing a phonetic plan
that processes become available for prearticulatory editing,
which is a more controlled process requiring allocation of
resources.

Whiteside and Varley (1998) proposed a “cogni-
tive-based” account of AOS which posits two routes for
phonetic encoding. The direct route accesses stored “verbo-
motor patterns” which specify the relative timing and force
of the components of coordinative structures. It appears that
a verbo-motor pattern is similar to the concept of a motor
programme (e.g. Schmidt 1975) or motor plan (Van der
Merwe 1997). The direct route is used for encoding fre-
quently used phoneme sequences or syllables and utilises
minimal computational resources. The indirect route is used
for encoding very low frequency or novel syllables and
words and involves computing the phonetic representation
anew on a phoneme by phoneme basis. This route is de-
manding of computational resources. Whiteside and Varley
claimed that individuals with AOS have lost access to verbo-
motor patterns, or motor programmes, via the direct route
and must compute phonetic representations phoneme by
phoneme. This process predicts the reduced coarticulation
seen in AOS (Mayer 1995, McNeil et al. 1994, Zeigler and
von Cramon 1985). Furthermore, the authors proposed that
the indirect route is not used efficiently in compensating for
the loss of the direct route of encoding. This poor compen-
sation is thought to result in articulatory groping (e.g. Darley
et al. 1975), increased segmental and intersegmental dura-
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tions (Bauman 1978, Collins et al. 1983, Freeman et al.
1978, Kent and Rosenbek 1983, Mercaitis 1983, Ryalls
1981, 1987, Strand 1987, Strand and McNeil 1996), and
interarticulatory discoordination (Freeman et al. 1978, Itoh
et al. 1979ab, Kent and McNeil 1987, Kent and Rosenbek
1983, Zeigler and von Cramon 1986). This inefficiency in
coping apparently may be due to at least two factors. The
indirect.route may not be effective in isolation or individu-
als with AOS may have a coincident deficit in allocating
processing resources that has a detrimental effect on their
ability to utilise the more resource demanding indirect pho-
netic encoding route.

Rogers and Storkel (in press) proposed that AOS
represents a strict resource capacity limitation. They claimed
that the phonological output buffer, holding the output of
speech programming processes, is limited to one syllable.
In a parameter re-mapping task, normal controls and sub-
jects with either aphasia or AOS plus aphasia were presented
with a pair of printed words that differed in the feature-
based similarity of the initial phoneme — shared voicing
and manner, shared place and manner, or no shared fea-
tures. Subjects were required to repeat the word pair as
quickly and as accurately as possible. Only correct produc-
tions were analysed for the latency between the offset of the
initial consonant of the first word and the onset of the initial
consonant in the second word (CC interval) and the latency
from offset of the final consonant of the first word and on-
set of the initial consonant in the second word (IP interval).
For both dependent variables, there was no difference be-
tween conditions or groups for normal controls and sub-
jects with aphasia alone. In the AOS plus aphasia group,
the CC interval was longer across all conditions compared
to the other groups. This slowed production of word pairs
was interpreted as a phonological similarity effect. That is,
when two consecutive words are phonologically similar,
production of the second word is slowed (see Rogers and
Storkel 1998). Rogers and Storkel (1998) proposed that this
effect arises during reprogramming of the phonological
buffer for the second word. The study of Rogers and Storkel
(1998) involved programming one word at a time while the
task used by Rogers and Storkel (in press) encouraged sub-
jects to program two words at a time. Thus, in the latter
study, slowed production was taken as evidence that indi-
viduals with AOS cannot program two words (or syllables)
into the phonological buffer at a time. Some support for
this explanation is provided in a study by Rochon ez al.
(1990). These authors note that maintaining verbal material
in working memory requires a phonological store, or buffer,
and sub-vocal articulatory rehearsal (e.g. Baddeley and Hitch
1974). They present evidence supporting a short-term
memory impairment in AOS that results from reduced abil-
ity to perform articulatory rehearsal rather than impaired
access to phonological representations. However, using a
different task to that of Rogers and Storkel (in press), Rochon

et al. based their conclusions on the finding that the phono-
logical similarity effect was absent in their subjects with
AOQS. The study of Rochon et al. provides support for a
phonetic-motoric, rather than a phonological, disruption in
AOS.

The representational account of Dogil et al. (1994)
and Dogil and Mayer (unpub.) takes the opposing stance
that the disorder of AOS can be explained as a purely lin-
guistic, or phonological, impairment. These authors exam-
ined AOS cross-linguistically and posited that it reflects
defective implementation of phonological representations
at the phonology-phonetics interface. The deficit manifests
as phonological (e.g. phoneme substitutions) and phonetic
(e.g. phoneme distortions) errors. Normal phonological rep-
resentations are thought to differ in degree of “specifica-
tion”, depending on their role in the phonological structure
of the language. Permanent under specification maintains
that phoneme features that do not appear at any stage of
derivation or representation are not specified for segments.
These features represent sound properties that are phono-
logically irrelevant in a system (Trubetzkoy 1939) and are
associated with laryngeal consonants (e.g. /h/, which are
placeless), schwa-like vowels (which are targetless), and
plain coronals (which are [-lateral]). Under specification of
features seems to persist from phonology into phonetics
(Cohn 1990, 1993, Keating 1988, Pierrehumbert and
Beckman 1988, Stemberger 1993, Vollmer 1997, Zsiga
1997) with permanently under specified segments being
strongly influenced by coarticulation at the phonetic-mo-
toric level. On the other hand, features that are contrastive
in the language are fully specified and less coloured by
coarticulation. For segments that demonstrate very low con-
textual variability, temporal relations are crucial for mak-
ing phonological contrasts and so “over specification” is
required (Boyce et al. 1991, Keating 1990). Such segments
include multiply articulated stops, implosives, and clicks
(as in the Xhosa language). It should be noted here that
some phonologists argue for eliminating the concept of un-
der specification in phonological theory (e.g. Mohanan 1991,
Broe 1993).

Dogil and colleagues suggested that AOS repre-
sents over specification of phonetic representations, rather
than under specification. The reduced ability to construct
under specified representations results in greatly limited
coarticulation, particular difficulty with under specified
speech sounds (e.g. laryngeals and schwa-like vowels), and
intact representation of highly specified sounds (e.g. clicks).
The authors presented data on coarticulation and laryngeal
segment production in German individuals with AOS and
production of clicks in individuals with AOS who speak
Xhosa. Consistent with prediction, spectrographic analysis
revealed considerably reduced or absent coarticulation,
which they interpreted as full specification of features for
each sound. Furthermore, production of typically under
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specified laryngeals in German speakers was impaired while
production of typically over specified clicks in Xhosa speak-
ers was intact. These data were interpreted as support for a
linguistically based theory of AOS whereby phonological
and phonetic units are fully specified for each distinct ar-
ticulatory gesture. The authors claimed that this has the cas-
cading effect of severely disrupting coarticulation, which
leads to disruptions in speed of articulation and precise tim-
ing of articulatory gestures. This representational account
of AOS is relatively new and further experimentation is re-
quired to determine its explanatory power. However, it can-
not explain the observation by Robin and colleagues (e.g.
Clark and Robin 1998, Hageman et al. 1994, Robin et al. in
prep) that individuals with pure AOS demonstrate nonspeech
motoric impairments when tested with motor planning tasks
that are more sensitive than the standard clinical battery (see
below).

Experimental Analyses With Speech Tasks

While theoretical characterisations of the disorder
of AOS appear quite clearly to identify specific behavioural
manifestations of the disorder, clinical descriptions have
lacked diagnostic power failing to clearly differentiate be-
tween certain aphasic syndromes and AOS (Buckingham
1979, Duffy 1995, McNeil et al. 1997). Profiles of speech
behaviours observed in individuals with AOS and patients
with fluent aphasias, such as conduction aphasia (CA), show
considerable overlap (Kent and McNeil 1987). For example,
CA has been described as an impairment in phonological
encoding that affects generating and maintaining phonologi-
cal codes (Friedrich et al. 1984), in phonemic encoding
(Brown 1975), a stage in motor encoding (Yamadori and
Tkumura 1975), or in pre-articulatory programming (Kohn
1984). Blumstein (1981) observed that descriptions of the
speech error patterns of individuals with posterior aphasia
are remarkably similar to those in AOS: (a) more frequent
consonant errors than vowel errors, (b) more frequent sub-
stitutions than distortions or omissions of phonemes, (c)
more errors on initiation of words than in word-final posi-
tion, (d) consonant cluster reductions, and (e) substitutions
that closely approximate the target phoneme.

One reason for the confusion between disorders
may be the vague definitions provided for frequently used
terminology. For example, while the descriptions of AOS,
nonfluent aphasia, and CA include the phrase “effortful
speech production”, no operational definitions are provided
that might distinguish the disorder groups. That is, there are
no well-defined, objective criteria by which to judge the
effortfulness of speech in subjects with AOS and differenti-
ate it from that seen in the aphasias. Duffy (1995) suggested
that, in AOS, effortfulness may reflect visible and audible
groping of the articulators while McNeil et al. (1997) sug-
gested it reflects inconsistent articulatory errors with suc-

cessive attempts at the target. In CA, effortfulness may re-
flect word-finding blocks, perhaps due to inefficient access
to a phonological buffer, with persistent attempts at the word
level to correct erroneous productions (Buckingham 1979,
McNeil et al. 1997). However, objectively and successfully
teasing apart these underlying causes of effortfulness may
not be possible with the tests available in most clinical set-
tings.

McNeil et al. (1995) set out to describe and differ-
entiate the speech errors of subjects with AOS, ataxic dys-
arthria, and CA. They postulated that consistency of error
location, variability in error type, and successive approxi-
mations toward a speech target are factors that may be used
to differentiate these subject populations. Subjects produced
a set of stimulus words, repeating each word three times
following the clinician’s model. Notably, the findings con-
tradicted accepted clinical descriptions of the disorders.
Subjects with AOS were found to have high consistency of
error location within a word and low error type variation
within a word. Subjects with CA demonstrated the opposite
pattern: low consistency of error location and high error
type variation. However, the subjects with ataxic dysarthria
performed as expected and were similar to the AOS group.
Other findings differentiating CA from AOS were that sub-
jects with CA produced fewer attempts across successive
trials, produced most aborted attempts at the word level,
and tended to achieve targets after successive attempts. The
individuals with ataxic dysarthria produced very few at-
tempts and starters and, therefore, were not included in this
part of the analysis. The authors claimed that, as individu-
als with AOS produced most attempts at the single sound
level and those with CA produced most attempts at the word
level, AOS represents a phonetic-motoric impairment and
CA alinguistic impairment.

Others researchers have sought support for the
hypothesis that AOS represents errors at the phonetic level
while CA represents errors at the phonological level. As
Code (1998) points out, phonetic level errors will have im-
plications for the phonological level particularly in percep-
tion by the listener. Code (1998) reviewed a series of stud-
ies that presented detailed analyses of the phonetic and pho-
nological errors of these subject groups. Essentially, indi-
viduals with AOS tend to simplify articulation by produc-
ing targets in motorically easier, or unmarked, forms. One
specific example of this is the voicing contrast. Voiced con-
sonants represent the marked form of a sound while voice-
less consonants represent the unmarked form. Individuals
with AOS tend to have difficulty producing voiced conso-
nants (DeRenzi et al. 1966, Fry 1958, MacNeilage 1982).
Code and Ball (1982) presented evidence from a single case
of AOS that supports the hypothesis that these voicing er-
rors represent phonetic level impairment rather than a pho-
neme substitution process. They noted that their subject was
unable to generate voicing in voiced fricatives but was sen-
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sitive to, and able to manipulate, other phonetic level fea-
tures that signal a voiced fricative — duration of the preced-
ing vowel and duration of the friction on the consonant.
The individual’s errors clearly did not represent impairment
at the phonological level.

Examining disturbance of temporal characteristics
of speech has proven fruitful in distinguishing motoric from
linguistic speech disorders. Seddoh et al. (1996) argued that

temporal abnormalities may arise from impairment to ei- -

ther the linguistic or motoric systems but that the nature of
the abnormalities will differ. That is, specific time-based
information serves linguistic functions. For example, in
English syllable timing rules exist which serve to vary the
duration of unstressed syllables as a function of the sequen-
tial relationship with stressed syllables (Bolinger 1976,
Cooper et al. 1977, Klatt 1976, Lehiste 1972). Seddoh et
al. (1996) argued that it should be possible to differentiate
temporal abnormalities due to motoric versus linguistic im-
pairments.

One frequently cited temporal characteristic of
apraxic speech is a reduction in overall speech rate. In de-
tailed analyses of this phenomenon, AOS speakers have been
compared to individuals with normal language or aphasia
and found to demonstrate discoordination of voice onset
time (Freeman et al. 1978, Itoh et al. 1979a, Kent and
Rosenbek 1983), increased vowel durations (Collins et al.
1983, Freeman et al. 1978), and increased consonant dura-
tions (Kent and Rosenbek 1983). These effects have been
observed for multisyllabic words and phrases and
multisyllabic nonsense words and phrases (Bauman 1978,
Collins et al. 1983, Kent and Rosenbek 1983, Mercaitis
1983, Ryalls 1981, 1987, Strand 1987, Strand and McNeil
1996). Furthermore, AOS speakers have protracted
intersegment durations and transition durations (Kent and
Rosenbek 1983, Mercaitis 1983). Other studies have dem-
onstrated abnormal temporal features of speech on acoustic
(Collins er al. 1983, Kent and Rosenbek 1983, McNeil et
al. 1990a), kinematic (McNeil and Adams 1991), and per-
ceptual (Odell ez al. 1990, 1991) measures. These abnor-
malities all affect the realisation of phonemes at a segmen-
tal, intersegmental, or word level and may serve to decrease
speech rate.

The study by Kent and McNeil (1987) was also
designed to examine the nature of the observed slow speech
rate of individuals with AOS. They found that the speech of
individuals with AOS was slower than individuals with CA
and normal subjects, with increased segment and
intersegment durations. Individuals with AOS also were
unable to effectively increase speech rate on command, sug-
gesting motoric inflexibility. This is contrary to McNeil et
al. (1997), who stated that AOS speakers are able to in-
crease their rate of speech but at the expense of phonemic
integrity. While subjects with CA also demonstrated pauses,
these were not as pervasive and their speech attempts dem-

onstrated periods of normal prosody. While they were able
to increase speech rate more effectively than subjects with
AOS, indicative of greater motoric flexibility, the number
of phonemic and phonetic errors increased at the faster
speaking rate. Kent and McNeil (1987) concluded that both
disorders represent some degree of phonetic-motoric im-
pairment: (a) CA primarily affects phonetic coding with
secondary effects on working memory for phonetic coding
and motor control processes, (b) AOS primarily affects
motor control processes with a secondary effect on pho-
netic coding.

Robin et al. (1989) examined the rate of articula-
tor movements during speech as well as inter-articulator
temporal co-ordination in five individuals with AOS. They
measured peak articulatory velocity in the lower lip as well
as co-ordination of articulatory movements in the lower and
upper lip in relation to perceptual errors in speech. They
found that the subjects were able to generate high peak ar-
ticulatory velocities during speech and did not demonstrate
discoordination in the relative timing of upper and lower
lip movements. The latter finding is in contrast to Itoh et al.
(1979a) who studied co-ordination of lingual and velar
movements, although Robin et al. commented that tempo-
ral co-ordination between the lips may be less sensitive to
disruption (Konno et al. 1987). Furthermore, Robin e? al.
reported that peak articulatory velocity and co-ordination
of relative timing of the lips were not systematically related
to speech rate or presence of phonetic errors in speech in
the individuals tested. Consistent with previous studies (e.g.
Kent and McNeil 1987, Kent and Rosenbek 1983), these
subjects had difficulty manipulating rate of speech for syl-
lable and sentence level material and demonstrated increased
duration of segment and intersegmental components. Robin
et al. suggested that while speakers with AOS tend to have
a slowed rate of speech with increases in durational ele-
ments, these characteristics do not arise from slowed veloc-
ity of articulatory movements.

Square-Storer and Apeldoorn (1991) presented an
interesting study of the acoustic characteristics of three in-
dividuals with pure AOS and related these results to site of
lesion. Subjects were diagnosed according to criteria de-
veloped at the Mayo Clinic (Darley et al. 1975). Notably,
this system does not include dysprosody as a defining char-
acteristic. One subject demonstrated a left basal ganglia le-
sion, another a left parietal and subcortical lesion, and the
third bilateral parietal lesions. One- to four-syllable words
were elicited two to three times by having subjects read,
repeat, or name objects. Duration of segments, syllables,
words, pauses, and additions and amplitude of the syllable
nuclei were measured and related to the prosodic features
of speech rate and stress patterns. Based on their results,
Square-Storer and Apeldoorn suggested that the descrip-
tion of AOS as having unrelieved periods of dysprosody
(Kent and Rosenbek 1983, Robin et al. 1989) may be rel-
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evant only for more severe cases as their subject with milder
AOS did not demonstrate this feature. Furthermore, the fea-
tures of slowed speech rate and abnormal stress patterns
were demonstrated in the two subjects with subcortical in-
volvement and not in the subject with bilateral parietal dam-
age. Given that the two former subjects demonstrated
hemiplegia, the authors suggested that disruptions in rate
and stress patterns may be signs of a concomitant unilateral
upper motor neurone dysarthria. This study certainly high-
lights the problems of strictly diagnosing subjects a priori
when clinical tools that adequately differentiate AOS from
other motor speech disorder and some linguistic disorders
are not yet available.

Another avenue researchers have employed, in at-
tempts to differentiate AOS and CA, is degree of variabil-
ity. The features traditionally used to define AOS serve to
give individuals with AOS the appearance of being vari-
able in their attempts to produce speech. While increased
variability between and within subjects has been used to
describe individuals with aphasia and speech motor disor-
ders (e.g. Kent and McNeil 1987), increased levels of vari-
ability on temporal measures during speech have been taken
to signify instability in motor control systems (DiSimoni
1974ab, Janssen and Wieneke 1987, Kent and Forner 1980,
Sharkey and Folkins 1985, Smith 1992, 1994, Smith and
Kenney 1994, Tingley and Allen 1975, Wieneke and Janssen
1987). That is, variability may reveal reduced control in
reaching intended motor targets due to impairment. Also,
age is a factor with variability decreasing through child-
hood and increasing again in normal older adults, likely due
to maturation and deterioration of the motor control sys-
tem, respectively (Ballard ez al. in prep, DiSimoni 1974ab,
Kent and Forner 1980, Smith 1992, 1994, Smith and Kenney
1994, Tingley and Allen 1975). With increased variability
AOS speakers are bound to produce erroneous movement
patterns, or patterns outside the acceptable range of nor-
mal, with greater frequency than normal subjects. Folkins

(1985) argues that some of this increased variability may

also reflect increased flexibility in dealing with an unstable
motor control system to achieve perceptually acceptable
tokens.

Several researchers have considered the variabil-
ity of temporal characteristics of speech in relation to
durational measures (Kent and McNeil 1987, McNeil ez al.
1989, Robin et al. 1989, Seddoh et al. 1996). Kent and
McNeil (1987) considered the temporal characteristics of
sentence production in normal subjects (n = 3) and indi-
viduals with AOS (n = 3) or CA (n = 2). Subjects produced
two sentences at a comfortable rate and a faster rate. Seg-
ment durations were significantly longer in the speech of
the AOS and CA subjects compared to the normal subjects.
However, the AOS subjects demonstrated greatest variabil-
ity in performance. At the fast speaking rate, the AOS and
CA subjects performed similarly in terms of segment dura-

tion values and variability. Intersegment durations were
longer and more variable in the AOS individuals than the
CA and normal individuals, especially at the faster speak-
ing rate. On measurements of voice-onset time, all subjects
with AOS and one subject with CA demonstrated longer
than normal voice onset times. The second subject with CA
had voice onset times close to or briefer than normal. Simi-
larly, both AOS and CA subjects demonstrated more vari-
ability in second formant transitions than the normal sub-
jects. Thus, some temporal parameters of speech may be
affected in both AOS and CA.

Seddoh et al. (1996) studied four individuals with
CA, five with AOS, and normal age-matched controls. They
measured accuracy and variability of stop gap duration, voice
onset time, second formant transition duration for a vowel,
steady state vowel duration, and consonant-vowel duration
in perceptually accurate repetitions of a given phrase (i.e.
“That’s a pop / pea / Bob / bee a day”). They found that
speakers with AOS and CA were not clearly differentiated
by measures of mean duration of segmental and interseg-
mental components of speech but were differentiated by the
amount of variability on these measures. Contrary to Kent
and McNeil (1987), they found that both AOS and CA dem-
onstrated extended segment and intersegment durations in-
dicative of abnormal temporal control during speech. On
stop gap duration, AOS had significantly longer mean du-
ration than the CA and normal groups, who did not differ.
This is taken to support a motoric deficit in AOS and ab-
sence of motor involvement in CA. On vowel duration, both
AOS and CA subjects demonstrated longer mean durations
than normal, although for the CA subjects this was across
all target words and for AOS subjects it was only for words
with the tense vowel /i/. The AOS subjects demonstrated
greater token-to-token variability as individuals and also
significantly greater variability as a group on stop gap du-
ration, vowel duration, and consonant-vowel duration com-
pared to age-matched normal controls. Compared to speak-
ers with CA, AOS speakers were more variable on stop gap
duration and consonant-vowel duration. However, relatively
normal levels of variability on voice onset time and second
formant transitions in individuals with AOS prompted the
authors to conclude that some aspects of temporal control
are preserved. Subjects judged to have a more severe speech
impairment demonstrated the greatest token-to-token vari-
ability. In comparing the CA speakers and age-matched
normal subjects, there was no difference in variability of
stop gap duration but CA speakers showed significantly
greater variability for consonant-vowel duration. CA speak-
ers did not differ from AOS or age-matched controls on
variability of vowel duration. From these data, the authors
concluded that both AOS and CA subjects present with ab-
normal temporal characteristics but the greater variability
of the AOS subjects indicates a motoric deficit in AOS and
a phonological deficit in CA. However, the results lend sup-
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port to Kent and McNeil’s (1987) conclusion that CA may
also involve a subtle sensorimotor deficit.

Seddoh et al. (1996) also reflected on the issue of
motoric flexibility. All tokens analysed in their experimen-
tal task were perceptually accurate. However, differences
in acoustic characteristics between AOS, CA, and normal
subject groups were still detectable. The authors suggested
that subjects with AOS demonstrate a greater flexibility in
compensating for their motoric instability so that they still
achieve perceptual accuracy in a constrained task. Although
this interpretation is consonant with that of Folkins (1985),
it is in contrast to Kent and McNeil (1987) who hypothesised
that the inability of their subjects to manipulate speech rate
reflected motoric inflexibility.

Further support for increased variability in AOS
comes from McNeil et al. (1989) who studied variability of
peak articulatory velocities of the lower lip in four subjects.
They found that, in word targets, the subjects with AOS
were more variable than normal but did not differ on mean
velocity.

Taken together, the studies reviewed above best
support theoretical explanations of AOS which place the
locus of the deficit in motor planning processes affecting
the translation of an intact phonological representation of a

message into the phonetic-motoric representation prior to .

execution by the articulators (Kelso and Tuller 1981, Kent
and Adams 1989, McNeil et al. 1997, Van der Merwe 1997,
Whiteside and Varley 1998). This disruption would affect
retrieval of motor plans and / or specification of the spa-
tiotemporal parameters of movements. These disruptions
would manifest as trial and error groping as the individual
attempts to retrieve a motor plan or sequence motor plans,
distortion of phonemes, segmental and intersegmental
durational changes with reduced speech rate, and loss of
interarticulator co-ordination. The framework of Van der
Merwe is the most explicit and can account for all of these
disruptions. Capacity limitation theories, such as Rogers and
Storkel (in press) provide an alternative perspective but may
only account for some of these characteristics. However,
none of these theories address the now robust literature dem-
onstrating that the motor control impairments of AOS ex-
tend to nonspeech movements.

Experimental Analyses With Nonspeech Tasks

While it is necessary to consider the impairment
of AOS in the context of speech production tasks, also study-
ing nonspeech behaviours has the potential to disambiguate
which characteristics are a result of the underlying motor
impairment and which are related to the interaction between
the motor and linguistic systems. Hageman et al. (1994),
Itoh et al. (1979a), McNeil and Kent (1990), and McNeil et
al. (1990b) have reported that subjects with AOS demon-
strate impaired movement of the articulators during both

speech and nonspeech tasks. This line of research should
reveal the motoric disturbances that give rise to the profile
of intact and disrupted perceptual and acoustic characteris-
tics that have been detailed (see McNeil ez al. 1997 for an
extensive review). The motoric disturbances underlying
AOS can be revealed in nonspeech tasks provided that the
measure is sensitive to such disturbances. It is likely that
standard clinical measures of oral and speech motor pro-
gramming often lack the sensitivity to detect these distur-
bances, particularly in cases of milder impairment.

A number of nonspeech motor control tasks have
been developed which are thought to be sensitive to the
demands on the motor system during speech. These include
tasks requiring subjects to control static position or isomet-
ric force of articulators (Barlow and Abbs 1986, McNeil et
al. 1990b) and pursuit tracking of a visual signal with the
articulators (Clark and Robin 1998, Hageman et al. 1994,
McCleanet al. 1987, Moon et al. 1993, Robin et al. in prep).
In these tasks, a target level of force or position or a target
movement pattern is displayed visually, for example on an
oscillographic screen. A transducer is placed on the articu-
lator of interest and the transduced signal is overlaid on the
visual display. The subject is instructed to match the two
signals and so achieve a given level of force or a target
position for a given period of time or, in the case of
visuomotor tracking, follow a given movement pattern.
These techniques have clear application to assessment of
static and dynamic aspects of motor control of the
articulators.

Barlow and Abbs (1986) examined the stability of
force in the lip, jaw, and tongue in subjects with spastic
dysarthria and related these nonspeech measurements to
perceptual accuracy of speech. Control of muscle force was
more variable, or less stable, than in normal controls and
demonstrated a significant correlation with perceptual judge-
ments of speech intelligibility. McNeil et al. (1990b) com-
pared subjects with AOS, ataxic dysarthria, CA, and nor-
mal controls on isometric force and static position control.
According to the traditional view of AOS, one would not
predict impairments in muscle force. They reported signifi-
cantly less stable control of both static position and force in
AOS and ataxic dysarthria compared to control subjects. It
is noted that the mechanism underlying the similarity in
performance between AOS and dysarthria is not necessar-
ily the same. Performance of individuals with CA fell be-
tween normal controls and the apraxic and dysarthric groups.
Consistent with previous studies by McNeil and colleagues,
McNeil et al. (1990b) suggested that CA involves some
degree of orofacial sensorimotor impairment coexisting with
the primary linguistic deficit.

The visuomotor tracking task has long been utilised
by researchers studying normal motor control and motor
skill learning in the limbs (see Poulton 1974) and impaired
motor control of upper extremities in Parkinson’s Disease
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(e.g. Flowers 1978). It was first applied to the oromotor
system by McClean et al. (1987) who examined normal
subjects and individuals with acquired dysarthria. In
visuomotor tracking with the articulators, subjects gaze at
an oscilloscope screen and use their lower lip, jaw, or voice
(i.e. F) to track the movement of a horizontal bar (i.e. the
target signal) with a cursor (i.e. the tracker signal). Three
predictable target signals (i.e. 0.3, 0.6, and 0.9 Hz) and an
unpredictable target signal (i.e. a complex signal composed
of ten equal amplitude frequencies from 0.1 to 1 Hz) have
been used. The velocity and amplitude of movements re-
quired by the task are within the range used during speech
and, to some degree, approximate movements that occur
during speech. Furthermore, it may be argued that a spe-
cific “ programme” or stored plan of movement is imple-
mented during jaw closure regardless of the behavioural
context, but the parameters of that motor programme, such
as the absolute speed and amplitude of the movement, will
differ with context (e.g. Schmidt and Lee 1999). That is, a
single motor programme that drives jaw closure may be
implemented during mastication and speech but the speed
and amplitude of the movement (i.e. parameters of the mo-
tor programme) will differ for these two activities (but see
Smith and Denny 1990).

Hageman et al. (1994) tested the jaw, lower lip,
and voice tracking abilities of normal subjects and individu-
als with AOS. They reported that normal subjects’ accu-
racy in tracking declined as the frequency of predictable
signals increased and tracking was poorest for the unpre-
dictable signal. On predictable signals, AOS subjects were
consistently poorer than normal controls but demonstrated
a similar decline in accuracy with increasing frequency.
While the normal controls tracked the predictable targets
with smooth articulator movements, the subjects with AOS
produced “jerky” movements. Notably, subjects with AOS
tracked unpredictable target patterns more accurately than
predictable tatgets and at a level of accuracy similar to nor-
mal subjects. The authors argued that, for predictable tar-
gets, normal subjects were able to formulate and follow an
internal model, or motor programme, of the target signal
(Hageman et al. 1994). That is, subjects initially perform in
areactive, or feedback, mode having to closely monitor the
target in order to extract a pattern and develop a motor
programme to execute the task. Once the programme is de-
veloped, subjects move into a predictive, or feedforward,
mode implementing the programme with only occasional
sampling of the target to ensure accuracy and execute cor-
rections if accuracy is deficient. Subjects with AOS, on the
other hand, seemed unable to develop such an internal model
or programme. They appeared to remain in a reactive mode
relying solely on feedback to execute the task. This inter-
pretation is supported by the “normal” tracking of the un-
predictable signal by subjects with AOS. In unpredictable
target tracking, it is not possible to develop a programme of

movement and so both subject groups are forced to use feed-
back mechanisms to execute the task. Hageman et al. con-
cluded that AOS reflects an impairment in developing or
implementing motor programmes for articulator movements
both in speech and nonspeech tasks.

Hageman et al. (1993) compared subjects with
AOS, ataxic dysarthria, and normal controls. They reported
that, contrary to individuals with AOS, those with ataxia
demonstrated poorer correlations between target and tracker
than normal subjects for both predictable and unpredict-
able signals. These results for ataxic dysarthria indicate that
it is a motor execution disorder, rather than a motor pro-
gramming disorder, so that tracking is affected for both tar-
get types.

A recent study by Robin ez al. (in prep.) consid-
ered the relation between nonspeech VMT ability and per-
ceptual measures of speech accuracy in individuals with
AOS and CA. Subjects tracked both predictable and unpre-
dictable targets with the lip and jaw. Consistent with previ-
ous work (Hageman et al. 1993, 1994), tracking performance
for individuals with AOS was poorer than normal for pre-
dictable signals only and individuals with CA were not dif-
ferentiated from normal subjects in either condition. For
subjects with AOS only, performance on tracking predict-
able signals was highly correlated with measures of speech
accuracy. Given that other behaviours such as peak articu-
latory velocity (Robin ez al. 1989), temporal co-ordination
of upper and lower lip movements during speech (Robin ez
al. 1989), and accuracy and variability of segment and
intersegment durations (Seddoh et al. 1996) have not proven
useful in predicting speech accuracy, these findings support
the use of the tracking paradigm in assessment of AOS.
Furthermore, these findings strongly support the notion that
AOS is a disorder of motor planning that affects articulator
movements in both speech and nonspeech tasks while CA
is primarily a linguistic impairment.

Clark and Robin (1998) further explored the con-
cept of a motor programming impairment in AQS by exam-
ining the formation of motor programmes and the setting of
temporal and amplitude parameters in normal controls and
individuals with AOS or CA. They predicted that all sub-
jects with AOS would show reduced accuracy of the motor
programme and that some may show reduced temporal
parameterisation accuracy and / or reduced amplitude
parameterisation accuracy. Furthermore, they predicted that
individuals with CA would perform similarly to normal
controls as they do not have a motor programming impair-
ment. A variation on the visuomotor tracking task was em-
ployed with the jaw only. Each subject was required to gaze
at a monitor, study a given movement pattern (i.e. a wave-
form) that appeared on the monitor, and then attempt to rep-
licate the pattern by opening and closing the jaw after the
pattern had disappeared from the screen. The screen re-
mained blank while the subject attempted to replicate the

NCVS Status and Progress Report « 181



pattern, and two seconds later, feedback was provided by
displaying the subject’s production superimposed ovér the
target waveform. Accuracy of the motor programme was
determined by calculating the residual or relative difference
between the subject’s production and the target waveform,
after correcting for absolute temporal and amplitude differ-
ences. Accuracy of temporal and amplitude parameters was
determined by calculating absolute differences between the
duration and amplitude of the subject’s production and the
target waveform.

Contrary to prediction, Clark and Robin (1998)
found dissociation between motor programme accuracy and
parameterisation accuracy among their AOS subjects. Ei-
ther motor programme formation or parameterisation was
impaired, but not both. The authors suggested that the mo-
tor programming impairment in AOS affects motor
programme accuracy or parameterisation accuracy and that
the dissociation between the two may reflect individual dif-
ferences in resource allocation strategies. This dissociation
was also observed within subject, where individuals with
AOS were able to improve parameterisation accuracy but
only at the expense of motor programme accuracy or vice
versa. This effect may be due to an impaired ability to allo-
cate attentional resources. Thus, the speaker with AOS may
be incapable of producing accurate motor programmes or
setting parameters correctly during complex motor activi-
ties and be forced to choose which of the two processes to
execute more accurately. An alternative interpretation is that
the process of developing, recalling, and / or implementing
a reasonably accurate GMP or of manipulating parameter
values may be more demanding of attentional resources in
the individual with AOS. Therefore, in a finite system, fewer
resources are available for one or the other and performance
deteriorates along one dimension.

In summary, nonspeech physiological research into
AOS has indicated that subjects with AOS have difficulty
with developing or implementing models of movement pat-
terns and / or setting the absolute timing and amplitude pa-
rameters of those movement patterns. It appears that this
impairment also may have an impact on the availability and
allocation of attentional resources for performing and adapt-
ing actions (Clark and Robin 1998, Rogers and Storkel
1999). The difficulty with motor control for nonspeech tasks
appears to be one of the most consistent findings in the lit-
erature and is not wholly unexpected (see below). These
data demand that models of AOS focusing predominantly
or entirely on speech production need substantial revision.
As is the case with the dysarthrias (e.g. Darley et al. 1975,
Duffy 1995), where the basic nonspeech condition and
movement control define the speech anomaly, we propose
that AOS must be defined at multiple levels and the funda-
mental impairment needs to be considered at the level of
nonspeech motor control.

The nonspeech motor control problems of AOS
can be accounted for from a number of different theoretical
postures. For instance, our work largely has been guided by
theories of motor programming and, in particular, the con-
cepts of generalised motor programmes and the parameters
that set absolute aspects of programmes (e.g. Schmidt and
Lee 1999). The nonspeech data also can be interpreted within
recent models of dynamic systems (e.g. Kelso 1995, Thelen
and Smith 1994). In the following discussion we present
these two models of motor control and propose a broader
view of AOS that encompasses both nonspeech and speech
motor control difficulties.

A Broader View of Acquired Apraxia of Speech

While current theories of AOS account for the ef-
fects of the impaired motor system on speech with varying
degrees of specificity, they do not explain the effects on
nonspeech actions. We propose that, in order to incorpo-
rate findings from nonspeech tasks, we need to conceptualise
AOS as a disorder of motor control that also may have an
impact on the availability and allocation of attentional re-
sources for performing and adapting actions (Clark and
Robin 1998, Rogers and Storkel 1999). We rely on such
theoretical stances as that presented by Folkins and Bliele
(1990) and Saltzman (1986) which claim that the motor
system is not necessarily organised around presumed units
of language or speech. Rather, it is assumed that the motor
system has its own cognitive architecture which is activated
and monitored, in part, by the language system. -

We propose, on a theoretical basis and from em-
pirical data, that AOS is a motor control disorder that has
its basis in nonspeech anomalies. When these motor con-
trol anomalies are such that they interfere with the produc-
tion of speech, a phonetic-motoric disorder emerges that is
called AOS. In our view, the issue that confronts scientists
and clinicians is how to model the underlying motor anoma-
lies in AOS. Once this has been accomplished, extension of
such modelling to include speech can occur. Two opposing
models of motor control have explanatory power in under-
standing both the speech and nonspeech profiles of AOS —
schema (e.g., Schmidt 1975, Schmidt and Lee 1999) and
dynamic systems (e.g. Kelso 1995, Thelen & Smith 1994)
theory.

Schema theory (Schmidt 1975, Schmidt and Lee
1999) has been one of the most influential theoretical ap-
proaches to motor control and learning and was developed,
through the study of normal individuals learning novel limb
movements or performing skilled actions. Briefly, this theory
assumes that learning results from developing and refining
a representation of an action that prescribes the relation
between how we move and the demands of a given task.
Two primary concepts in schema theory are generalised
motor programmes (GMP) and parameters. GMPs contain
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an abstract code about the relative timing of actions and the
relative force with which actions are to be produced. Pa-
rameters specify details about how a GMP will be expressed
in terms of absolute duration of movement, absolute force
of muscle contractions, and the muscles or limb used to make
the movement. Through manipulation of parameters, nu-
merous and even novel actions can be completed using a
single GMP. These two concepts in combination serve to
reduce storage demands for representations of action and
explain the relatively invariant features across different pro-
ductions of an action. As with most fields, there is termino-
logical confusion when applying this work to the area of
speech motor control. For example, in the model of Van der
Mewre (1997) described above, the term *“motor plan” seems
to correspond rather directly to Schmidt’s concept of GMPs
and the term “motor programme” to Schmidt’s concept of
parameters.

AOS has traditionally been defined as a disorder
of motor programming (e.g. Darley et al. 1975). Within the
framework of schema theory, the speech errors are consid-
ered to be the result of disruption to the programmes that
drive sound production. There is a historical precedent to
using schema theory to explain the speech impairment in
AOS (e.g. Kent and Rosenbek, 1983, Mlcoch and Noll,
1980). The issue of defining what constitutes a motor
programme in speech production is far from resolved (e.g.
Smith et al. 1995). However, if one assumes that there are
GMPs that need to be parameterised for speech production
at some level, then AOS can be thought of as a breakdown
in activation and selection of GMPs, in specification of the
parameters for those programmes, or both. Importantly, this
model also can account for the nonspeech findings in AOS.
Specifically, Clark and Robin (1998) reported that individu-
als with AOS were unable to execute a model jaw move-
ment pattern accurately and appeared to trade-off accuracy
of GMP execution for parameterisation accuracy, or vice
versa. Likewise, we interpret the tracking data described
above within this model. Normal subjects are able to de-
velop a GMP rapidly in order to perform visuomotor track-
ing of predictable targets in a predictive mode. They also
are able to manipulate the temporal parameter adeptly so as
to track predictable signals of increasing frequencies with
high accuracy. Individuals with AOS have difficulty in ei-
ther developing the GMP or in utilising feedback to main-
tain accuracy. They also are unable to manipulate the tem-
poral parameter to produce a given speed of movement in
the context of the visuomotor tracking task. Tracking of
unpredictable targets does not permit development of a GMP
and performance on this condition does not distinguish in-
dividuals with intact motor control and those with AOS.

An alternative approach to motor control is based
on dynamic systems (e.g. Kelso 1995, Thelen & Smith
1994). Rather than rely on concepts of motor programs and
parameters, proponents of the dynamic systems approach

argue that the “invariant” features in movement are repre-
sented as “stable states”. In relation to motor skills, these
states are action patterns that emerge through (a) the inter-
action of the parts of a system with each other and with the
external environment, (b) inherent constraints on the sys-

-tem, and (c) the available supply of energy. In essence, each

time one performs an act, it emerges as a new form. Some
aspects of the act will be stable and predictable over re-
peated performances while others will reflect the variable,
flexible, and adaptive aspects that take their form accord-
ing to changes in the stimuli that were present at the time of
a given action. As a given set of conditions reoccurs, the
emergent behavioural patterns increase in stability and de-
velop into a stable state and the order and complexity in the
system may increase. The nature of dynamic systems per-
mits great plasticity to adapt and reorganise in response to
new conditions and to learn new acts. These phenomena
are demonstrated in the developing human as new
behaviours are learned and adaptations are made to accom-
modate the changing cognitive and neuromuscular systems
(Thelen and Smith 1994). Similarly, as changes in cogni-
tive and neuromuscular systems occur with ageing or with
impairment, stability is disturbed and patterns of behaviour
are disrupted or lost.

Speech sounds can be viewed as emergent proper-
ties with production of speech sounds in the adult repre-
senting stable states with the behavioural goal of percep-
tual adequacy. In this model, AOS can be viewed as a break-
down in some aspect of stable state formation. It is possible
that, in the impaired individual, the system cannot self-
organise so that stable behavioural patterns do not emerge.
Alternatively, some states may be pathologically stable, or
inflexible (Folkins 1985), so that the system remains in that
state when it is no longer appropriate (e.g. perseveration).
Furthermore, the system may achieve stable states but be
overly sensitive to perturbation or feedback or be unable to
adapt effectively to such perturbation or feedback. Kelso
and Tuller’s (1981) coalitional theory of AOS is based on
early formulations of dynamic systems theory within the
field of speech motor control. The dynamic systems ap-
proach accounts for the nonspeech data above. The data of
Clark and Robin (1998) appear to implicate a system that
can self-organise into a stable state but that does not adapt
effectively to changes in the stimulus. The case of high GMP
accuracy but low parameterisation accuracy may represent
an inflexible, or excessively stable state. The converse —
low GMP and high parameterisation accuracy — may repre-
sent an overly sensitive stable state. Data from the
visuomotor tracking studies suggest that, when tracking pre-
dictable signals, individuals with AOS have difficulty
achieving or remaining in a stable state. The unpredictable
tracking condition, however, does not permit a behavioural
pattern to emerge and, again, normal and impaired individu-
als perform similarly.
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Although quite speculative at this point in time, these mod-
els provide a framework for research on clinical applica-
tions addressing description, diagnosis, and treatment of
motor speech disorders. Specifically, we present three clini-
cal issues that bare directly on the relation between speech
and nonspeech motor control in AOS. First, it is known that
there are individuals with AOS who perform within normal
limits on routine oral motor examinations that include tasks
such as alternating labial protrusion and retraction. Our con-
tention (see Robin et al. 1997) is that most nonspeech mo-
toric tasks used in clinical settings are too far removed from
speech so that they permit detection of only fairly severe
apraxic disturbances. Given that even patients with very mild
AOS perform abnormally on the visuomotor tracking task
described above, this task appears to be a sensitive measure
of praxis for nonspeech oral motor tasks. Considering the
converse situation, we predict that any individual who per-
forms poorly on the relatively less sensitive routine oral
motor exam will show some degree of AOS.

A second issue relates to development of a diag-
nostic marker for AOS. As is the case with most disorders
of speech and language, a systematic approach to accurate
diagnosis of AOS will most likely stem from a detailed and
sensitive range of both nonspeech and speech tasks. How-
ever, data from our laboratory (e.g. Clark and Robin 1998,
Hageman et al. 1994, Robin et al. in prep) are intriguing to
.consider in this light. Though preliminary in nature, our stud-
ies of visuomotor tracking ability have demonstrated that
every individual with AOS that has been tested to date has
an impaired ability to track predictable targets in the face of
“normal” tracking of unpredictable signals. These data lead
to the hypothesis that nonspeech visuomotor tracking per-
formance is a diagnostic marker for AOS. If this hypothesis
holds, then the presence of impaired tracking of predictable
targets but normal tracking of unpredictable targets, regard-
less of other cognitive or linguistic (i.e. aphasia) problems,
will support a diagnosis of apraxia. Note that Shriberg et al.
(1997bc) have argued that prosodic abnormalities may be
diagnostic markers for developmental apraxia of speech.
However, like many models of AOS, their model fails to
account for the nonspeech findings in the childhood apraxia
literature and does not consider the fact that prosodic anoma-
lies are robust throughout all motor speech disorders in-
cluding the dysarthrias.

The final clinical issue that has driven our work
with AOS is the development of a principled approach to
treatment. Our findings over a range of experimental con-
texts, have led us to the area of motor control and learning
(Schmidt and Bjork 1992, Schmidt and Lee 1999) as one
that can provide a model driven approach to treatment of
motor speech disorders. We review approaches to treatment
and their efficacy below and present some preliminary data

supporting the application of specific principles of motor
learning (Schmidt and Lee 1999) developed and tested in
other motor systems.

Treatment

Taking into account the findings from studies of
both speech and nonspeech tasks above, well-motivated and
principled approaches to treatment can be developed based
on broader theories of motor control and learning. To date,
surprisingly few studies exploring treatment approaches to
AOS and efficacy of these approaches have been published
(Wambaugh and Doyle 1994). The majority of these stud-
ies have proposed methods that presume to alter the
organisation of the neuromotor system and, thus, bring about
relearning of motor speech skills. Specifically, they focus
on developing motor plans, programmes, by retraining the
production of spatiotemporal aspects of sounds and sound
sequences. They do not directly provide practice in inde-
pendently recalling these newly developed, or relearned,
motor plans — an approach which would likely facilitate re-
tention and transfer to novel contexts (see below). They typi-
cally do not focus on varying the phonetic context in which
sounds are practised with the explicit goal of affecting
coarticulation or interarticulatory co-ordination. References
to available theories of motor control and learning are rare
in these studies and treatment goals typically are not overtly
motivated by theoretical accounts (but see Wambaugh et
al. 1996). In the context of Van der Merwe’s framework
(1997), AOS may represent an impairment in one or more
of the following processes — (a) retrieval of motor plans for
phonemes, (b) sequential organisation of movements for a
single phoneme or a series of phonemes, (c) adaptation to
phonetic context in the form of coarticulation, (d)
interarticulatory co-ordination, () central monitoring by
comparison with an internal stored representation of the plan,
and (f) relaying the motor plans to the motor programming
level for specification of parameters of movement. While
some of these processes may not be amenable to interven-
tion, it seems relevant to determine which are affected for a
given individual and structure therapy accordingly.

In direct contrast to the speech motor learning lit-
erature, numerous studies have considered motor learning
of limb movements in normal children and adults. Many of
these studies are based upon the schema theory of motor
control and learning (Schmidt 1975, Schmidt and Lee 1999).
In reviewing this body of literature, it appears that develop-
ment of flexible and skilful actions is influenced by several
principles of motor learning that pertain to the structure of
practice and the nature of feedback (see Schmidt and Lee
1999 for an extensive review). Briefly, learning is facili-
tated when (a) several skills to be learned are practised in
random order rather than in blocks, (b) individuals produce
a high number of trials within a practice session, (c) feed-
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back is given on about 50% to 60% versus 100% of trials,
(d) feedback is given simply on correctness of a response
rather than specific aspects of how the response was per-
formed, particularly in later stages of acquisition, and (e) a
brief unfilled 3-4 sec delay is present between the stimulus
and response and between the response and the next stimu-
lus. Schmidt and Bjork (1992) observed that conditions fa-
cilitating acquisition of a skill during practice may actually
interfere with, or minimise, retention and transfer. Obvi-
ously, retention can not occur without acquisition but this
research indicates that retention is the more informative
measure of a training programme’s efficacy.

It is reasonable to expect that principles of motor
learning will apply equally to the speech motor system. A
few specific principles, such as performing a high number
of trials, have been applied in many treatment programmes
for AOS (e.g. Phonetic Placement: Van Riper and Irwin
1958, Eight-Step Task Continuum: Rosenbek et al. 1973,
Melodic Intonation Therapy: Sparks et al. 1974, Prompts
for Restructuring Oral Muscular Phonetic Targets
(PROMPT): Chumpelik 1984, Square et al. 1985, Phonetic
Derivation and Phonetic Approximation: see Square-Storer
1989, Phonetic Contrasts or Minimal Pairs Treatments: e.g.
Wambaugh et al. 1998). However, these studies have not
directly compared the permutations of these principles, such
as high versus low number of trials. Also, little empirical
evidence has been amassed to support or refute the applica-
tion of other motor learning principles in treating the speech
production impairments of AOS. It is also the case that many
treatment programmes that purport to be “motor-based”
actually have procedures that are in direct antithesis to the
principles of motor learning. Finally, the focus of the ma-
jority of studies has been on performance during acquisi-
tion of a treated skill rather than retention and transfer of
treatment effects (Wambaugh and Doyle 1994).

‘Wambaugh and Doyle (1994) reviewed 28 studies
reporting on the efficacy of treatment for AOS. Of the 26
studies that treated speech production, as opposed to alter-
native communication modalities, the focus was on acqui-
sition performance. Only eight studies reported on reten-
tion of treatment effects (Dworkin et al. 1988, Lane and
Samples 1981, LaPointe 1984, Raymer and Thompson 1991,
Simmons 1980, Square et al. 1985, Thompson and Young
1983, Warren 1977), with four of these claiming positive
results. Six studies reported on transfer to untreated re-
sponses (Dworkin et al. 1988, LaPointe 1984, Raymer and
Thompson 1991, Square et al. 1986, Square-Storer and
Hayden 1989, Thompson and Young 1983), with one study
claiming positive results (Square et al. 1986) and three only
limited transfer. Three studies systematically tested trans-
fer to untreated stimuli (Dworkin et al. 1988, Raymer and
Thompson 1991, Southwood 1987), with one claiming posi-

tive results (Dworkin et al. 1988). Notably, four of the eleven
studies reporting on retention and / or transfer did not utilise
a controlled experimental design (Lane and Samples 1981,
Square et al. 1985, 1986, Square-Storer and Hayden 1989)
so that results from these studies must be interpreted with
caution. The studies by Square and colleagues (Square et
al. 1985, 1986, Square-Storer and Hayden 1989) applied
the PROMPT method. However, a subsequent single case
study reported by Freed et al. (1997) demonstrated positive
retention effects for PROMPT using a well-controlled mul-
tiple baseline across behaviours design. This study was not
designed to examine transfer across responses and stimuli.
Of the remaining seven reports, the majority employed drill
type activities with high numbers of trials. No studies sys-
tematically tested the effects of principles of motor learn-
ing on acquisition of treated skills and retention and trans-
fer of treatment effects.

Since the review of Wambaugh and Doyle (1994),
Wambaugh er al. (1998) have published a treatment effi-
cacy study using a minimal pairs treatment approach. They
employed multiple baseline designs across speakers and
behaviours targeting one minimal pair phoneme contrast
(e.g. /S/-/s/), at word level, in each phase of treatment. The
three subjects acquired all or most of the targeted phonemes
in trained words and demonstrated transfer to production of
the target phonemes in untrained words. However, some
loss of skill was observed at retention testing six weeks post-
treatment and transfer to novel responses and novel phrase
and sentence level stimuli was limited. This treatment pro-
tocol involved presentation of targeted behaviours in blocks
with high frequency verbal feedback. It is possible that re-
tention may have been facilitated through application of
principles of motor learning such as random ordering of a
set of stimuli and less frequent feedback.

Ballard et al. (1999) presented the first study to
test the influence of principles of motor learning on treat-
ment for AOS. They examined the effect of practising speech
skills in random versus blocked order in the context of Pho-
netic Placement Therapy (Van Riper and Irwin 1958). In
this preliminary study, multiple baseline designs across sub-
jects and behaviours and an alternating treatments design
were combined to study two subjects with severe AOS and
concomitant oral apraxia and aphasia. For one subject, the
targeted behaviours were consonant-vowel syllables and,
for the other subject, consonant-vowel-consonant words.
Both subjects demonstrated less erratic performance dur-
ing acquisition on behaviours treated in random order com-
pared to those treated in the blocked condition. Consistent
with prediction, retention performance was superior for the
behaviours trained in the random practice condition. Nei-
ther subject demonstrated transfer to untrained responses.
However, the first subject transferred the treatment effects
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to an untrained stimulus (i.e. a different probe task), with
retention of transfer effects post-treatment being greatest
for those behaviours treated in the random condition. While
this study represents preliminary data, results are positive
and warrant continued work in this area.

Summary and Conclusions

Significant advances have been made in recent
years toward understanding the nature of the motor speech
disorder of AOS. Acoustic, kinematic, and perceptual stud-
ies of speech have led to more refined definitions of the
behavioural characteristics for use in differential diagnosis.
New theoretical accounts have been proposed that are em-
bedded within well-known models of speech and language
production. Development and application of methods for
studying nonspeech motor control are providing new in-
sights, indicating that the motor control impairment of AOS
is more pervasive that previously thought. We have pro-
vided a broader account of AOS to accommodate these data
and claim that the disorder involves a fundamental impair-
ment of praxis in the articulatory motor system that crosses
both speech and nonspeech motor tasks.

Many theoretical and analytical developments in
this field have not yet been incorporated into treatment ap-
proaches for AOS. Furthermore, few treatment studies have
taken advantage of the extensive body of literature support-
ing the use of specific principles that maximise learning of
motor skills in other systems. The time is at hand to re-
examine AOS with the goal of modifying existing ap-
proaches to treatment, developing new approaches, and rig-
orously comparing the efficacy of these manipulations.
Current theoretical accounts now provide a stronger frame-
work for setting specific treatment goals and examining
transfer to related responses and stimuli. Treatment
programmes that are driven by a principled account of how
the motor system learns should provide the most efficient
and effective framework for treating motor-based speech
disorders. In turn, well-controlled and theoretically moti-
vated studies of treatment efficacy promise to stimulate de-
velopment of these theoretical accounts and contribute to
our understanding of this enigmatic disorder.
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Abstract

It has been argued that personality, emotions, and
psychological problems contribute to or are primary causes
of voice disorders, and that voice disorders in turn create
psychological problems and personality effects. This article
(1) briefly reviews the literature surrounding the role of psy-
chological and personality processes in individuals with
functional dysphonia (FD), vocal nodules (VN), and spas-
modic dysphonia (SD); (2) provides an overview of recent
concepts in personality and trait structure; and (3) summa-
rizes the fundamental tenets of a theoretical synthesis pro-
posed by Roy and Bless (in press) to explain the disposi-
tional bases of FD and VN. This theory links FD and VN to
the signal sensitivities and behavioral response biases of
neurotic introverts and neurotic extraverts, respectively. In
a companion article (this issue), the merits of the Roy and
Bless theory are evaluated.

The human voice has long been regarded as a “ba-
rometer of emotion” and a “mirror of personality” implying
that the voice reflects individual differences in emotional
state and personality disposition (Aronson, 1990; Diehl,
1960). The early association between voice and personality
is revealed in the derivation of the word “personality.” Moses
(1954) explained that the term first originated from the Latin
persona, which meant the mouthpiece of a mask worn by
actors (per sona: the sound of the voice passes through).
The term’s meaning changed from the mask to the actor, the
“person” in a theatrical production. The word eventually

evolved to represent any person and ultimately *“personal-
ity,” but over the years the symbolic connection with the
voice was lost. Almost 50 years has passed since Moses
published his classic text describing the complex interplay
of emotional dynamics, personality, and voice production;
however, little progress has been made in our understand-
ing of the relation between personality, voice, and voice
disorders.

Despite few advances, voice clinicians continue
to endorse the voice-psychology association by offering
emotional or personality factors as possible causal expla-
nations when the voice becomes disordered (Aronson, 1990;
Colton & Casper, 1996; Stemple, 1993). The debate over
the role of personality or psychological processes is most
controversial in the case of such disorders as functional
dysphonia (FD), vocal nodules (VN), and spasmodic dys-
phonia (SD). It is unclear whether personality and emotional
maladjustment contribute to or are primary causes of these
voice disorders, or alternatively, whether these voice disor-
ders create psychological problems or personality effects
(Cooper, 1973). Today many of the same questions that
existed in Moses’ time remain unanswered: Do personality
or psychological differences exist among voice-disordered
groups? If so, which personality factors might be causally
significant?

This article briefly reviews the literature surround-
ing the role of psychological and personality processes in
individuals with these voice disorders, and summarizes a
theory that identifies personality as a contributing factor in
the development of FD and VN. Finally, in a companion
article, data are provided that evaluate the predictions and
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fundamental tenets of the theory at a superfactor trait level
of personality description. '

Personality and Vulnerability to Voice Disorders and
Ilness

The notion that personality characteristics might
influence vulnerability to illness and illness progression has
already received much attention in the health psychology
literature (Akistal, Hirshfeld, & Yerevanian, 1983; Smith
& Williams, 1992; Stone & Costa, 1990; Suls & Rittenhouse,
1990). It has been argued that different personality traits
might predispose one to certain diseases/disorders, influ-
ence symptomatology and course, and in turn be affected
by the experience of illness (Contrada, Leventhal, O’Leary,
1990; Holroyd & Coyne, 1987). These models fall into two
general categories. The first category includes a range of
predisposition or vulnerability models, in which personal-
ity characteristics are proposed either to directly cause the
development of the disorder, or to indirectly modify the
course or expression of the disorder. The second category,
referred to as disability (scar) hypothesis models, asserts
that certain disorders affect personality; that is, the experi-
ence of the disorder/illness causes personality changes.
These changes may represent either unresolved residual
symptoms of the disorder or relatively stable post episode
character adaptations (Akistal et al., 1983). These models,
which relate personality and illness, provide a useful con-
text to seat the companion investigation, which aims to ex-
plore the role of personality and psychological processes in
select voice pathologies.

Limitations of Existing Research

The voice literature is replete with speculations
linking FD, VN, and SD to psychological precursors and
personality variables. However, there is a scarcity of objec-
tive research and the majority of writings on this topic are
based primarily on anecdote and clinical impressions.

The existing research is generally disappointing
for a variety of reasons and has been critiqued previously in
reviews by Roy and Bless (in press) and Green (1988). In
short, most studies mix voice disorder types and sexes into
a single group, rendering interpretation of the results diffi-
cult, if not impossible. Furthermore, investigators often ne-
glect to compare their findings with other voice-disorder
groups. This hinders interpretations of commonality versus
specificity (Deary, Scott, Wilson, White, MacKenzie, Wil-
son, 1997). Thus, it is unknown whether the results are
unique to the subgroup of patients studied or applicable to
voice-disordered patients in general. Finally, information is
not provided regarding the severity of vocal handicap or
duration of the vocal symptoms. Therefore it cannot be as-
certained whether psychological or personality differences
merely represent the outcome of the vocal disability.

These methodological inadequacies make it very
difficult to generalize the results and evaluate the specific
nature of the voice disorder-personality relationship. There
is currently no clear evidence of whether personality or psy-
chological processes should be considered causal, correla-
tional, or consequential. With these caveats in mind, the
following sections will summarize empirical research find-
ings as they relate to FD, VN, and SD. Despite method-
ological differences and shortcomings, some interesting
trends do surface.

Functional Dysphonia

Functional dysphonia refers to a voice disorderin
the absence of identifiable neurological or structural pathol-
ogy (Koufman & Blalock, 1982; Morrison, Nichol, &
Rammage, 1986). Some controversy surrounds the term
“functional dysphonia,” and confusion exists because FD is
often used as the general descriptive term for a host of medi-
cally unexplained voice disorders. Functional dysphonia is
sometimes broadly synonymous with “hysterical,” “psy-
chogenic,” “conversion,”, “psychosomatic,” “hyperkinetic,”
“hyperfunctional,” “muscle misuse,” or “muscle tension”
dysphonia. As is obvious by the range and variety of labels,
theorists’ opinions differ concerning the relative contribu-
tion of psychological factors to the formation of functional
voice disorders (Cooper, 1973). )

Functional dysphonia, which may account for more
than 10% of cases referred to multidisciplinary voice clin-
ics (Schalen & Andersson, 1992), occurs predominantly in
women, and like many other voice disorders, commonly
follows upper respiratory infection symptoms (Aronson,
Peterson & Litin, 1966; Friedl, Friedrich & Egger, 1990;
Gerritsma, 1991; Kinzl, Biebl & Rauchegger, 1988;

_ Milutinovic, 1991). The disorder is frequently transient and

varies in its response to treatment (Bridger & Epstein, 1983;
Fex, F, Fex, S., Shiromoto & Hirano, 1994; Koufman &
Blalock, 1982; Roy & Leeper, 1993). Functional dyspho-
nia and aphonia are sometimes regarded as disorders rep-
resented on a continuum of severity, and in some cases are
believed to share a common etiology (Aronson et al, 1966;
Aronson, 1990). In aphonia, patients lose their voice com-
pletely and articulate in a whisper, whereas dysphonia sug-
gests phonation is preserved, but disturbed in quality, pitch,
and/or loudness (Boone & McFarlane, 1988). Most studies
investigating personality and/or psychological processes
group both disorders under the designation “psychogenic
voice disorder,” reflecting the etiological supposition. Some
authors caution that distinctions must be made between apho-
nia and dysphonia to prevent overestimation of the role of
psychological factors in “dysphonia” (Friedl, Friedrich,
Egger & Fitzek, 1993).
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Psychological Mechanisms in FD

Diverse psychopathological processes contribut-
ing to voice symptom formation in FD have been proposed.
An extensive review of all possible mechanisms is beyond
the scope of this paper; thus, only a brief overview is pro-
vided. The interested reader is referred to Roy & Bless (in
press) for a more complete exploration of the putative psy-
chological and personality processes involved in FD.

The dominant psychological explanation for medi-
cally unexplained voice loss is the concept of conversion
disorder introduced by Freud (Aronson, 1990; Butcher,
1995; Greene & Mathieson, 1989; Stemple, 1984, 1993).
Conversion disorder involves unexplained symptoms or
deficits affecting voluntary motor or sensory function that
suggest a neurological or other general medical condition
(American Psychiatric Association (APA), DSM 1V, 1994).
The conversion symptom represents an unconscious simu-
lation of illness that apparently prevents conscious aware-
ness of emotional conflict or stress, thereby displacing the
mental conflict and reducing anxiety. When the laryngeal
system is involved, it is referred to as conversion dysphonia
or aphonia.

Butcher and colleagues (Butcher, Elias, Raven,
Yeatman & Littlejohns, 1987; Butcher, Elias, Raven, 1993;
Butcher, 1995) argue against conversion disorder as the most
common cause of dysphonia unaccounted for by pathologi-
cal findings. In the place of conversion, Butcher (1995) of-
fers two alternative psychological models to account for
partial or complete functional voice loss. The first model is
a slightly reformulated psychoanalytic explanation, while
the second is based upon cognitive-behavioral principles.
Despite somewhat different causal pathways, both models
clearly emphasize the inhibitory effects of excess laryngeal
musculoskeletal tension on voice production.

The subject of poorly regulated laryngeal muscle
tension is also a theme in the writings of Morrison and col-
leagues (Morrison & Rammage, 1993; Rammage, Nichol
& Morrison, 1987) and Aronson (1990) among others
(Colton & Casper, 1996; Greene & Mathieson, 1989).
Nichol, Morrison & Rammage (1993) proposed that “ten-
sional symptoms arise from the overactivity of autonomic
and voluntary nervous systems in individuals who are un-
duly aroused and anxious (p.644).” They added that such
overactivity leads to hypertonicity of the intrinsic and ex-
trinsic laryngeal muscles, resulting in muscle tension
dysphonias sometimes associated with adjustment or anxi-
ety disorders, or with certain personality trait disturbances.
Rammage and associates (1987) also proposed that a rela-
tively minor organic change, such as edema, infection, or
reflux laryngitis, might trigger functional misuse, particu-
larly if the individual is exceedingly anxious regarding his
or her voice or health. The same authors speculated that
anticipation of poor voice production in hypochondriacal,
dependent, or obsessive-compulsive individuals leads to

excessive vigilance over sensations arising from the throat
(larynx) and respiratory system that may lead to altered voice
production.

Finally, while most authors have viewed personal-
ity and psychological factors as strongly influential in the
development of FD, they have virtually ignored the possi-
bility that such processes could be the negative consequence
of coping with an incapacitating voice disorder (i.e., the
disability hypothesis). Because voice problems can be as-
sociated with a number of adverse consequences, including
laryngeal discomfort, fatigue, and impairment of social and/
or occupational functioning (with a concomitant loss of self-
esteem and social support), it is not unreasonable to postu-
late that chronic voice problems might lead to general per-
sonality changes, such as the development of heightened
feelings of distress and dissatisfaction and social withdrawal.
Depression, anxiety, and tension are frequent psychologi-
cal concomitants of chronic illness (Dubovsky & Weissberg,
1982; Nemiah, 1961; Reiser, 1980). The notion that such
sequelae could be considered outcomes of a severe voice
disturbance, rather than causal agents, has received little
research attention.

Assessment of Psychological Processes in FD

Empirical evidence to support the various psycho-
logical mechanisms offered to explain FD has seldom been
provided. It should be recognized that many of these theo-
ries are untestable from a scientific perspective. Only a few
studies exist that have used standardized instruments to as-
sess the personality or psychological characteristics of pa-
tients with FD. A complete review of the relevant findings
and interpretations is provided in Roy, McGrory, Tasko,
Bless, Heisey & Ford (1997). As Roy and colleagues indi-
cate, direct comparison of the observations is restricted be-
cause of significant methodological differences. Such dif-
ferences might account for the disparate results regarding
the frequency and degree of hysterical personality traits
(Aronson et al., 1966; Gerritsma, 1991; Kinzl et al., 1988),
conversion reaction (House & Andrews, 1987; Pfau, 1975),
and psychopathological symptoms (Aronson et al., 1966;
Gerritsma, 1991; House & Andrews, 1987; Kinzl et al.,
1988; Pfau, 1975). Despite their methodological differences/
inadequacies, these studies have identified a trend toward
elevated levels of (1) anxiety, (2) somatic complaints, and
(3) introversion in the FD population. Patients have been
described as socially anxious, nonassertive, and with a ten-
dency toward restraint (Friedl et al., 1990; Gerritsma ,1991).
None of these researchers have attempted to explicitly inte-
grate their findings into a coherent theory of personality as
a contributing factor for FD.

In a recent study, Roy and colleagues (1997) de-
scribed the personality/psychological characteristics of fe-
male subjects with the diagnosis of FD. All subjects experi-
enced symptom resolution following voice therapy. While
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vocally asymptomatic, these remitted FD subjects completed
the Minnesota Multiphasic Personality Inventory (MMPI),
an objective personality questionnaire (Hathaway &
McKinley, 1972). When compared to a general medical
outpatient control group, the FD subjects scored significantly
higher on 7 of 10 clinical scales, suggesting an elevated
degree of emotional maladjustment. The FD subjects were
described as depressed, anxious, somatically preoccupied,
and introverted. The results suggested that in spite of symp-
tom improvement after voice therapy, these subjects con-
tinued to exhibit poor levels of adaptive functioning. With
the exception of the Depression scale, all clinical scales were
viewed as assessments of character, not mood (Butcher,
Dahlstrom, Graham, Tellegen & Kaemmer, 1989;
Duckworth & Anderson, 1995; Graham, 1987; Graham,
1990; Marks, Seeman, & Haller, 1974; Newmark, 1979).
Therefore, the authors interpreted the data to support a dis-
positional (trait-like) vulnerability for the development of
functional symptoms, including laryngeal problems.

Vocal Nodules

Vocal nodules are benign callous-like lesions of
the vocal folds often attributed to chronic, repetitive
phonotrauma producing biomechanical tissue stresses and
reactive histological changes. Vocal nodules are considered
to be a common manifestation of vocal hyperfunction, that
is, abuse and/or misuse of the vocal mechanism due to ex-
cessive and/or “imbalanced” muscular forces (Hillman,
Holmberg, Perkell, Walsh & Vaughan, 1989, 1990), and
may account for almost 4% of an otolaryngology caseload
(Nagata, Kurita, Yasumoto, Maeda, Kawasaki, & Hirano,
1983). In adults, at least two-thirds of patients with VN are
female (Herrington-Hall, Lee, Stemple, Niemi, & McHone,
1988; Nagata et al., 1983). Surgical removal is one method
of treatment; however, a more conservative approach is
behavioral voice therapy that attempts to eliminate the sup-
posed cause(s) of the vocal nodule rather than the nodule
itself. The short-term results of behavioral treatment pro-
grams or surgical excision are generally favorable
(Bouchayer & Cornut, 1988; Lancer, Syder, Jones & Le
Boutillier, 1988; Murry & Woodson, 1992), but few studies
have objectively evaluated long-term clinical outcomes. At
least anecdotally, it appears that despite the efforts of sur-
geons and voice therapists, the lesions in some adults are
resistant to therapy and/or tend to recur (Bridger & Epstein,
1983). One factor that may interfere with successful treat-
ment is poor extraclinical compliance with therapy recom-
mendations (Verdolini-Marston, Burke, Lessac, Glaze, &
Caldwell, 1995).

For the most part, authors have attempted to dis-
tinguish VN from other mass lesions and other voice disor-
ders, such as FD. However, some clinicians have classified
VN as a functional disorder and have emphasized the role
of psychological precursors and predisposing personality

factors (Arnold, 1962; Aronson, 1990; Wilson, 1987). One
common view is that people with vocal nodules are talk-
ative and have aggressive tendencies (Arnold, 1962;
Aronson, 1990; Green, 1989; Mosby, 1970; Nemec, 1961,
Toohill, 1975; Wilson, 1971; Wilson and Lamb, 1974; With-
ers & Dawson, 1960). Elevated levels of anxiety, emotional
reactivity, and maladjustment, as well as high levels of ex-
traversion have been found among patients with VN (Mosby,
1970; Peter & Brandell, 1980; Toohill, 1975; Yano,
Ichimura, Hoshino & Nozue, 1982).

In a recent study using the MMPI, Roy, McGrory
& Bless (1995) identified elevated levels of psychological
distress and somatic complaints in a group of adult female
VN patients when compared to a medical outpatient con-
trol group. Goldman, Hargrave, Hillman, Holmberg and
Gress (1996) confirmed these findings when they also iden-
tified elevated levels of anxiety, somatic complaints, and
voice use among VN patients when compared to non-voice-
disordered controls. No differences, however, were identi-
fied between the VN subjects and a voice-disordered con-
trol group—who were free of mucosal disease.

Recently, White, Deary and Wilson (1997), using
the General Health Questionnaire (GHQ) and Eysenck Per-
sonality Questionnaire (EPQ), found no significant differ-
ences in personality traits when comparing dysphonic pa-
tients (both functional and organic) with outpatient otolaryn-
gology controls. They did, however, identify elevated lev-
els of psychological distress in both voice-disordered groups
and concluded that it was impossible to identify those dys-
phonia patients with a major underlying psychological up-
set based solely on the laryngeal appearance and phonatory
characteristics. Thus the pattern of results, although by no
means definitive, suggests a trend toward elevated levels of
extraversion and anxiety among subjects with VN. Further
research is necessary to better appreciate the relationship
between personality and VN development and maintenance.

Spasmodic Dysphonia

Spasmodic dysphonia is a poorly understood voice
disorder characterized by intermittent voice arrests and
strained-strangled voice quality (Cannito, 1991). The
effortful voice spasms fluctuate in severity and may remit
for hours or even days at a time. Male to female ratio ranges
from 1:1 to 1:4. The intermittency and laryngeal specificity
of symptoms have historically led many to invoke a psy-
chological explanation for this enigmatic disorder (Bloch,
1965; Brodnitz, 1962; Heaver, 1960). As reported in Cannito
(1991), so universal was this opinion that in his review of
the literature, Arnold (1959) wrote that since its original
description, “all authors agreed that spastic dysphonia rep-
resented a psychoneurotic disorder of pneumophonic co-
ordination (p.4).” In the psychoanalytic tradition, many cli-
nicians viewed SD symptoms as a hysterical conversion
reaction whereby intrapsychic conflict was unconsciously
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converted into a voice disturbance (Brodnitz, 1962; Heaver,
1960). In a retrospective review of 130 cases of SD seen
during his career, Brodnitz (1976) reported that 41% of
patients could identify severe emotional trauma preceding
the onset of SD, and a further 22% exhibited symptoms
consistent with severe neuroses. Descriptions of this sort
typically included symptoms of anxiety, depression, and
somatic preoccupation.

Despite some controversy (Cooper, 1980), there
is near consensus that SD is an action-induced focal laryn-
geal dystonia, whose onset of symptoms is often related to
emotional upset or environmental stresses (Blitzer, Lovelace,
Brin, Fahn & Fink, 1985; Finitzo & Freeman, 1989; Ludlow,
Hallett, Sedory, Fujita, Naughton, 1990). The psychiatric
literature on SD remains sparse and in only six studies has
an attempt been made to assess psychological factors in SD.

Aronson, Brown, Litin & Pearson (1968) admin-
istered the MMPI and used psychiatric interviews. Traits
most frequently observed in the so-called emotionally in-
volved patients included, but were not limited to, suppressed
anger, compulsiveness, and verbal repression. Elevations
on scales of depression and social introversion were noted;
however, the MMPI results failed to distinguish the sub-
jects with SD from a general medical outpatient popula-
tion.

Izdebski, Dedo, and Boles (1984) evaluated the
case histories of 200 SD patients who were subsequently
submitted to recurrent laryngeal nerve sectioning. Despite
identifying a higher incidence of somatic complaints/ill-
nesses among the SD group when compared to normal con-
trols, the authors inferred from the case histories that there
was “no specific clustering of factors or patterning of events
that could be regarded as contributing to the causation of
SD” (p.10). These authors concluded that their findings
unequivocally failed to support a psychological basis for
SD.

Cannito (1991) examined the emotional charac-
teristics of 18 SD patients compared with normal controls,
matched for age and sex. Statistically significant elevations
were noted in the group with SD on psychometric measures
of depression, anxiety, and somatic complaints. Cannito
suggested that emotional/psychological factors associated
with SD may affect contemporary research, and an improved
understanding of the disorder should include knowledge
pertaining to the contribution of emotional factors.

Recently, Kiese-Himmel and Zwirner (1996) ad-
ministered standardized psychometric tests to18 subjects
with adductor SD, and did not identify any significant dif-
ferences in emotional instability, hypochondriasis, somati-
zation or depression when compared to published test norms.
However, the authors suggested that the personality struc-
ture of nearly half of the patients showed a tendency toward
increased achievement orientation and trait anxiety. Many
patients had experienced mild-to-moderate psychosocial

stress within the two-year period preceding the onset of
symptoms. These investigators concluded that SD is prob-
ably the result of a combination of unknown neurological
and psychosocial factors.

Other invesigators have explored changes in mea-
sures of depression and anxiety following treatment for SD
with botulinum toxin injections. Murry, Cannito and
Woodson (1994) reported reduced levels of depression and
anxiety at one week after injection and maintenance of these
improvements during the ensuing two-month postinjection
period. Liu and colleagues (1998) confirmed elevations on
scales of anxiety, depression, and somatization symptoms
in a group of patients with SD when compared to a matched
healthy control group. One month following botulinum toxin
injection however, significant improvements in affective
adjustment and quality of life were observed. Collectively,
these researchers concluded that elevated depression and
anxiety might best be regarded as state-dependent charac-
teristics, most suitably viewed as concomitant rather than
causal.

It is apparent from the preceding discussion that
the presence and character of psychological processes and
personality factors in SD is unclear. Experimental verifica-
tion is needed to elucidate the relationship between psy-
chological sequelae and SD.

A Theory of the Dispositional Bases of Functional
Dysphonia and Vocal Nodules

It is evident that the cause of common voice prob-
lems such as FD, VN and SD is poorly understood, and
may involve the convergence of multiple factors, including
organic, psychological, and social features. One obstacle
limiting progress in the field of voice pathology is the diffi-
culty in conceptualizing personality-psychological processes
that might contribute to the development and maintenance
of particular voice disorders.

Roy and Bless (in press) proposed a theory that
identified personality traits as important factors in the de-
velopment and maintenance of FD and VN. The theory is
based upon Newman and colleagues’ (Newman & Wallace,
1993a, b; Patterson & Newman, 1993; Wallace & Newman,
1991) coupling of a biological theory of personality
(Eysenck, 1967, Eysenck, H. & Eysenck, M., 1985) with a
neuropsychological model of the conceptual nervous sys-
tem (Gray, 1975). Based on differences in personality, the
theory predicts “unique” and “contrasting” signal sensitivi-
ties and behavioral response biases for individuals with FD
and VN. Roy and Bless proposed that specific personality
traits predispose one to develop these disorders, and mod-
erate the symptomatology and course of the voice pathol-
ogy. Moreover, by virtue of its enduring nature, personality
is postulated to serve as a persistent diathesis, rendering an
individual vulnerable for recurrence of symptoms. Given
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the presumed neuropathological origins of SD, personality
was not proposed to play a causal role. The following sec-
tions briefly outline the theory’s foundations and its predic-
tions.

A. Personality and its Hierarchical Structure

Most definitions of personality indicate that it is
internal, organized, enduring—characteristic of an indi-
vidual over time and situations, and related to how an indi-
vidual functions in the world. The term personality implies
a complex organization of systematically interrelated trait
dispositions (Watson, Clark & Harkness, 1994). Traits are
typically defined as durable dispositions (response tenden-
cies) that reflect individual differences (Tellegen, 1985).
Genetic and environmental factors have been implicated in
trait formation (Plomin, Loehlin, Defries, 1985), and cer-
tain personality traits vary with age and sex (Eysenck &
Eysenk, 1975).

It is widely acknowledged that personality traits
are hierarchically arranged, with specific but narrow traits
at lower levels in the hierarchy, and global but broad traits
at the top (Goldberg, 1993; John, 1990) (Figure 1). At the
highest level of the trait hierarchy exist three stable, heri-
table, general personality dimensions, or “superfactors.”
These relatively orthogonal superfactors provide for the
global classification of personality traits (Digman &
Takemoto-Chock, 1981; John, 1990). The so-called “Big
Three” dimensions are commonly referred to as (1) Extra-
version vs. Introversion (E), (2) Neuroticism vs. Stability
(N), and (3) Constraint vs. Disinhibition (CON).!

The “Big Three” personality dimensions are typi-
cally derived using factor analytic techniques and thus are
not necessarily tied to actual psychobiological processes.
While many personality theories exist (see Peterson, 1988
for a review), some investigators such as Hans Eysenck
(1967; Eysenck & Eysenck, 1985) and Jeffrey Gray (1982;
1987) have linked the superfactors to specific psychophysi-
ological processes and neurobiological substrates. Extra-

Supertactor | P
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Figure 1. The hierarchical organization of personality. Different levels
in the trait hierarchy represent different levels of breadth or abstraction
in personality description. Several narrow, specific traits cluster to define
a single broad dimension or superfactor. These lower level constituent
traits are linked to many interrelated “psychological behaviors (PB)”
including actions, thoughts and feelings.

version (E) and Neuroticism (N) play a vital role in the Roy
and Bless theory, which borrows from a synthesis of
Eysenck’s and Gray’s biological theories of personality to
account for the development of FD and VN (Newman &
Wallace, 1993a, 1993b; Patterson & Newman, 1993;
Wallace & Newman, 1991). The reader is referred to Roy
and Bless (in press) for a complete explication of the theory
and its assertions.

B. Eysenck’s Personality System

H. J. Eysenck (1967) developed an integrated
biopsychosocial theory of personality that is based prima-
rily on two of the superfactor dimensions of personality,
Extraversion (E) and Neuroticism (N). Extraversion involves
the willingness to engage and confront the environment,
including the social environment. Extraverts (high E) tend
to be dominant, sociable, and active, whereas introverts (low
E) tend to be quiet, unsociable, passive, and careful. Eysenck
views E as reflecting stable differences in the activity level
of the ascending reticular activating system, and thus corti-
cal arousal.

Neuroticism, the second personality dimension, can
be likened to emotionality and is related to anxious, de-
pressed, tense, and emotional characteristics. High N indi-
viduals tend to be emotionally unstable, worried, or highly
reactive to environmental stimuli. Eysenck (1967) identi-
fied the visceral brain as the neural substrate of N. This
included the septum, hippocampus, cingulum, amygdala,
and hypothalamus. Neuroticism magnifies response tenden-
cies derived from E (Eysenck & Eysenck, 1975). There-
fore, neurotic introverts tend to be more introverted, and
neurotic extraverts tend to be more extraverted, when com-
pared to their stable counterparts.?

C. Gray’s Theory of Personality and Nervous System
Function

Gray (1975, 1982, 1985) has proposed a general
theory of personality linked to a conceptual nervous system
model that consists of a set of three interacting components:

' Constraint vs. disinhibition (CON) is centered on the basic issue of impulse
control. High constraint individuals are cautious, restrained, refrain from risky
adventures, and accept the conventions of society. These individuals plan caretully
before acting and avoid situations involving risk or danger. Low constraint persons
are relatively impulsive, adventurous, and inclined to reject conventional restrictions
(Clark,Watson & Mineka,1994).

2 Eysenck also proposed a third personallty dimension known as Psychoticism
(P) or “tough-mindedness” This broad personaltty factor shares many of the
impulsive features of the Constraint dimension (reversed), but also includes a
predilection for aggressive behavior. These three dimensions E, N, and P are
measured by the 90-item Eysenck Personality Questionnaire (EPQ; Eysenck &
Eysanck, 1975) to be reviewed in the companion article (this issue). The EPQP
scale is considered a measure of the constraint dimension (reversed).
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a behavioral activation system (BAS), a behavioral inhibi-
tion system (BIS), and a nonspecific arousal system (NAS).
The BAS, referred to as the reward system, is responsive to
signals of conditioned reward and nonpunishment; activity
increases in the presence of such stimuli. The BAS is con-
sidered the “go” system, and promotes the initiation of goal-
directed motor behavior, including approach, escape, and
active avoidance (Figure 2).

The BIS, on the other hand, is responsible for or-
ganizing reactions to conditioned signals of punishment,
signals of frustrative nonreward, and novel or threat stimuli.
Frustrative nonreward refers to a context in which a reward
is omitted following a response in a situation in which the
response had previously been rewarded, or in which a re-
ward for the response was anticipated.

The BIS inhibits or decelerates responses that may
lead to punishment or nonreward, producing passive avoid-
ance or extinction. In passive avoidance, an organism can
avoid receiving punishment or nonreward by not perform-
ing a given action (i.e., response suppression).

The third component of Gray’s model, the NAS,
serves to prepare or ready the organism to respond to BAS
or BIS inputs that have motivational or emotional signifi-
cance. All three components—the BAS, BIS, and NAS-have
been linked to specific neural substrates.

Several particulars regarding Gray’s theory should
be recognized. First, reciprocal inhibitory inputs connect
the two behavioral systems, such that an increase in the ac-
tivity of one results in a decrease in the activity of the other.
Second, an increase in the activity of either behavioral sys-
tem results in augmented NAS activity via excitatory out-
puts from the BAS and BIS. Third, the NAS has excitatory
connections affecting responses mediated by the behavioral
systems, so that as NAS activity increases, the speed and
strength of behavioral responses increase proportionately.

Figure 3. The Roy and Bless (in press) theory of the dispositional bases
of vocal nodules and functional dysphonia, adapted from Newman &
colleagues synthesis of Eysenck’s and Gray's biological theories of
personality. The three systems within Gray's conceptual nervous system
model are mapped onto E and N. Functional dysphonia and vocal nodules
are viewed as behavioral consequences of the signal sensitivities and
response biases of BIS dominant neurotic introverts and BAS dominant
neurotic extraverts respectively.

D. The Significance of Extraversion and Neuroticism in
FD and VN _
Newman and colleagues (Newman & Wallace,
1993a, 1993b; Patterson & Newman, 1993; Wallace &
Newman, 1991) proposed a synthesis of Eysenck’s and
Gray’s theoretical formulations to account for breakdowns
in self-regulatory behavior observed in disinhibited adults
and children. It is an adaptation of this synthesis that pro-
vides the foundation for the Roy and Bless (in press) theory
of the dispositional bases of FD and VN (Figure 3).
Briefly, the three components of Gray’s model are
mapped onto Eysenck’s personality dimensions of Extra-
version (E) and Neuroticism (N). An individual’s position
on E reflects the relative strengths of the behavioral sys-
tems. For example, in extraverts the BAS is stronger than
the BIS, and for introverts the BIS is the stronger of the two
systems. Thus, extraverts = BAS dominance = reward sen-
sitive = approach behavior; introverts = BIS dominance =
punishment, threat, nonreward sensitive = stop/inspect, be-
havior. Neuroticism directly reflects the reactivity of the
NAS: an individual is neurotic by reason of possessing a
more reactive (i.e., labile) NAS than a stable individual.
Neuroticism augments response tendencies associated with
the two behavioral systems; therefore, as N increases, ex-
traverts tend to act in a more extraverted manner, and intro-
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verts tend to behave in a more introverted manner. In this
model, the conjunction of neuroticism and extraversion leads
to impulsivity (disinhibition), whereas the combination of
neuroticism and introversion leads to anxiety/distress (inhi-
bition). Neurotic extraverts are highly reactive, especially
to potential rewards, and initiate goal-directed behavior (e.g.,
approach).® On the other hand, neurotic introverts are highly
reactive to threatening and unexpected stimuli, and are prone
to engage in BIS-mediated activities (e.g., motor inhibition,
inspecting the environment for potential threats, and pas-
sive avoidance).

This model and its presumed signal sensitivities
and response biases have implications for both types of voice
disorders, FD and VN. These implications will be described
in the section that follows.

E. Applying the Theory to Individuals with FD and VN

Roy and Bless (in press) contend that the signal
sensitivities and response biases of BIS-dominated neurotic
introverts contribute to the development of FD. They hy-
pothesize that FD is related to anxiety, inhibitory laryngeal
motor behavior, and elevated laryngeal tension states. Ac-
cording to the theory, elevated neuroticism and low extra-
version (high N, low E) should characterize the personality
of individuals with FD. Partial or complete voice loss in the
absence of structural pathology therefore reflects the cu-
mulative effects of heightened NAS and BIS, with resultant
motor inhibition and elevated tension states.

Roy and Bless (in press) also allege that VN de-
velopment is in part a result of the impulsive behavior of
neurotic extraverts (i.e., BAS dominance with elevated NAS
activity). In spite of the obvious harmful effects (voice
change, laryngeal discomfort) of extended voice use and
abuse, VN patients often appear unable to engage in appro-
priate response modulation (i.e., to stop vocal overuse and
abuse) in the presence of salient “social” reward cues. Con-
sequently, Roy and Bless reason that VN patients should
score high on indices of extraversion (dominance, sociabil-
ity) and neuroticism (emotional reactivity), and low on mea-
sures of constraint (reflecting impulsivity). Neuroticism
serves to potentiate the signal sensitivities and response bi-
ases of extraversion leading to impulsivity.

To summarize, Roy and Bless (in press) link the
disorders of FD and VN to personality differences related
to dissimilar signal sensitivities and response biases of neu-
rotic introverts and neurotic extraverts, respectively. The

3 The term “neurotic” as it is employed in this context should not be mistaken as
synonymous with the Freudian concept of the neurotic (i.e., an individual with a
clinical neurosis). Rather, neurotic is used to describe individuals who score above
the median on N-sensitive personality measures, such as the Eysenck Parsonality
Quesitionnaire (Eysenck & Eysenck, 1975) or the Multidimensional Personality
Questionnaire (Tellegen, 1982). It should be noted that individuals who are high
scorers on N are not necessarily clinically disturbed or even dysfunctional.

hyperreactivity of the BIS is a prime constituent in the patho-
genesis of FD, whereas hyperreactivity of the BAS is patho-
genic in VN development. Both behavioral systems are
amplified by the NAS.

In the companion article that follows, assessment
of these broad personality dimensions is undertaken. Such
an evaluation is needed to help clinicians better appreciate
the relation between personality, psychological factors, and
voice pathology. Until the role of personality in the patho-
genesis of voice disorders is better understood, long-term
clinical outcomes for these populations may remain unsat-
isfactory (Bridger & Epstein, 1983; Roy, Bless, Heisey &
Ford, 1997). Improved understanding of its influence could
help to explain voice therapy failure and refine treatment
strategies in some cases (Gunther, Mayr-Graft, Miller, &
Kinzl, 1996). If personality represents a persistent vulner-
ability for the development, maintenance, and recurrence
of certain voice pathologies, then assessment and manage-
ment practices may need to be revised.
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Abstract

To determine whether personality factors play
causal, concomitant, or consequential roles in common voice
disorders, a vocally normal control group and four groups
with voice disorders—functional dysphonia (FD), vocal nod-
ules (VN), spasmodic dysphonia, (SD) and unilateral vocal
fold paralysis (UVFP)—were compared on measures of
personality and psychological adjustment. Superfactor group
comparisons revealed that the majority of FD and VN sub-
jects were classified as introverts and extraverts, respec-
tively. Comparisons involving the SD, UVFP, and control
subjects did not identify consistent personality differences.
The disability hypothesis, which suggests that personality
features and emotional maladjustment are solely a negative
consequence of vocal handicap, was not supported. Per-
sonality variables and their behavioral consequences may
therefore contribute to FD and VN. Results are presented
within the context of a dispositional theory offered by Roy
and Bless (in press).

The role of personality in common voice disor-
ders remains enigmatic. Considerable controversy surrounds
whether personality factors and psychological adjustment
should be considered causal, concomitant, or consequen-
tial to disorders such as functional dysphonia (FD), vocal
nodules (VN) and spasmodic dysphonia (SD). Roy and Bless
(in press) proposed a theory to delineate the dispositional
bases of FD and VN. The authors speculated that personal-

ity composition, and the consequent cognitive processing
and behavioral patterns, provides an important footing for
the development of FD and VN. The “superfactor” person-
ality trait dimensions of Extraversion (E) and Neuroticism
(N) play a vital role in the theory, which represents a syn-
thesis of Eysenck’s (1967) biological theory of personality
and Gray’s (1975) neuropsychological model of the con-
ceptual nervous system. The synthesis mapped the extra-
version dimension onto the relative strengths of Gray’s be-
havioral activation and inhibition systems and identified the
neuroticism dimension with Gray’s nonspecific arousal sys-
tem. This theory linked the disorders of FD and VN to the
signal sensitivities and response biases of neurotic intro-
verts and neurotic extraverts, respectively.

The purpose of this research was to evaluate indi-
vidual differences in personality and aspects of psychological
functioning by comparing a variety of voice-disordered groups
on measures of personality and emotional adjustment. Using
a superfactor approach to personality description, the follow-
ing research questions were addressed: (1) Do personality dif-
ferences exist between voice-disordered groups at the
superfactor trait level? (2) If so, are these differences consis-
tent with hypotheses derived from the Roy and Bless (in press)
theory describing the dispositional bases of FD and VN? (3)
To what extent are these personality differences related to age?
(4) Do group differences exist in the presence and degree of
self-reported depression and anxiety? If so, are these differ-
ences related to the level of vocal handicap, and/or the dura-
tion of voice symptoms? (5) For clinical purposes, do scales
of personality offer useful diagnostic information that would
potentially distinguish the groups?
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Method
Participants

In order to address our research questions, four
voice-disordered groups and a non-voice-disordered medi-
cal control group were evaluated using measures of person-
ality and psychological distress. Because the voice disor-
ders of interest occur predominantly in female populations,
only female subjects were recruited to participate. This re-
striction permitted comparisons between and within groups.

With the exception of 12 Canadian subjects within
the FD group, all subject selection and recruitment was based
at the University of Wisconsin-Madison and conducted by
the Division of Otolaryngology-Head and Neck Surgery.
Consecutive subjects with voice disorders were identified
and recruited to participate. The non-voice-disordered medi-
cal outpatient control group was also recruited from the same
institution by the attending otolaryngologist or nurse dur-
ing a nonemergent visit.

A total of 292 potential subjects were invited to
participate. From that total, 208 individuals (71.2%) agreed
to complete all questionnaires. Despite receiving reminder
notices, 32 subjects failed to return their completed ques-
tionnaires, resulting in 177 total respondents, or 61.5% of
all subjects recruited. Eight subjects from the UVFP group
were eventually excluded, based upon subsequent compre-
hensive chart review that revealed that these subjects did
not meet the strict inclusion described below. A summary
of response ratios for individual groups is described in Table
1. Response ratios ranged from 51% to 78%. The final num-
ber of participants in this research study was 169, or 57.8%
of all subjects recruited.

Table 1.

A summary of subject recruitment and
participation by group membership.
Response ratios (%) for each group indicate
the percentage of originally invited subjects
who agreed to participate or completed all
questionnaires (i.e., respondents).

Groups Total # of Subjects  Total # of Subjects Total # of
Invited to Participate Agreed toParticipate  Respondents
(Response Ratio %) (Response Ratio %))
Functional N=66 N =55(83.3%) N=45(68.2%)
Dysphonia 45 US; 21 Canadian 39 US; 16 Canadian 33 US; 12 Canadian
Vocal N=71 N=45(63.4%) N=37(52.1%)
Nodules
Spasmodic N=45 N =136 (80%) N=35(77.8%)
Dysphynia
Unilateral N=45 N =30(66.7%) N=23(51.1%)
Vocal Fold 8 laterexcluded
Paralysis for criteria reasons
Controls N=65 N =42(64.6%) N=37(57%)

Groups

Group 1: Functional Dysphonia (FD) — This ex-
perimental group consisted of 45 women (mean age 49.0
(13.3); range 22 to 79 years) with disordered voices in the
absence of neurological and/or structural pathology, who
had not undergone previous laryngeal microsurgery
(Koufman & Blalock, 1982). The diagnosis of FD was made
if comprehensive laryngeal examination and medical inves-
tigation by both a laryngologist and a speech language pa-
thologist specializing in voice disorders failed to identify
laryngeal disease or laryngeal neuropathology sufficient to
account for the dysphonia.

Group 2: Vocal Nodules (VN) — This group con-
sisted of 37 women (mean age 33.7 (9.9); range 18 to 63
years) with disordered voices secondary to bilateral vocal
fold nodules. Videolaryngostroboscopic examination con-
firmed the presence of bilateral nodules at the junction of
the anterior one-third and posterior two-thirds of both vo-
cal folds.

Group 3: Spasmodic Dysphonia (SD) — This
group consisted of 35 women (mean age 55.1 (15.0); range
30 to 78 years) who had received the diagnosis of adductor
SD following case history review and auditory-perceptual,
videolaryngostroboscopic, aerodynamic, and in some cases
electromyographic evaluations. Auditotry-perceptual char-
acteristics of adductor SD include sustained or intermittent
strained-strangled voice, hard glottal initiation, choked vo-
cal attack, and staccato and stutterlike blocks (Izdebski &
Dedo, 1981; Ludlow, Naunton & Bassich, 1984). The pres-
ence of voice tremor was noted but was not considered an
exclusionary criterion. In addition to uncontrolled breaks
in phonation during connected speech, subjects typically
demonstrated improved performance during whisper and fal-
setto, normal laughing, throat clearing, and coughing (Cannito,
1991). Subjects had no previous history of other neurological
or speech disorders (Ludlow & Connor, 1987). Fiberoptic
examination of the larynx during connected speech often re-
vealed intermittent or relatively sustained involuntary
hyperadduction of the true vocal folds and/or supraglottic struc-
tures (Finitzo & Freeman, 1989; Parnes, Lavarato, & Myers,
1979). All subjects had received periodic intracordal botuli-
num toxin injections. The final diagnosis of SD was corrobo-
rated by (1) an unsuccessful trial of voice therapy, and (2) an
observable reduction in vocal symptoms following toxin in-
jection (as evidenced by auditory-perceptual improvements
and the patient’s subjective report).

Group 4: Unilate 1d Paralysis -
This group consisted of 15 women (mean age 53.8 (12.4);
range 33 to 69 years) with disordered voices uniquely asso-
ciated with unilateral vocal fold paralysis.
Videolaryngostroboscopy, acrodynamic evaluation, and in
some cases laryngeal electromyographic assessment con-
firmed the diagnosis. This group constituted a fairly etio-
logically homogeneous voice-disordered group. Specifi-
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cally, subjects with vocal fold paralysis due to motor neu-
ron disease, intracranial lesions such as tumors, degenera-
tive diseases of the central nervous system, brainstem en-
cephalitis, cerebrovascular disease, or cancer were excluded.
Patients with other cranial nerve involvement and dysfunc-
tion or polyneuropathies were also excluded to ensure a rela-
tively pure voice-disordered group for comparison purposes.
The etiology underlying the majority of paralysis cases was
therefore either iatrogenic or idiopathic. These “idiopathic”
laryngeal palsies are often attributed to neuritis secondary
to viral infection, among other causes (Lewis, 1958).

Group 5: Non-voice-disordered otolaryngology con-
trols (Controls) — The control group consisted of 37 con-
secutive female non-voice-disordered otolaryngology patients
(mean age 45.3 (13.6); range 19 to 71 years). Selecting voice-
disordered and control subjects from a comparable medical
setting and level of medical care, specifically tertiary (spe-
cialty) hospital-based care, was preferred over selecting sub-
jects from a dissimilar level of care, (e.g., primary care-gen-
eral practice). This approach obviated possible confounds such
as “help-seeking behavior,” and “psychological distress,”
which could be related to assessment and management of
medical problems at dissimilar levels of patient care (Deary,
Scott, Wilson, White, MacKenzie & Wilson, 1997).

These non-voice-disordered subjects attended the
otolaryngology clinic for physical complaints unrelated to
voice production. They had no history of previous voice
disorder, voice therapy, or medical or surgical management
aimed at correcting disordered voice. Patients who received
surgical or medical treatment for head and neck cancer were
excluded. This head and neck cancer group was not consid-
ered analogous to the voice-disordered groups, in view of
the disparate levels of physical involvement, perceived life
threat, and emotional stresses confronting them.

Procedures
Description of the Self-Report Instruments

The next few sections summarize the self-report
measures used to assess subjects’ broad personality dimen-
sions and aspects of emotional adjustment. Each subject
completed the questionnaires and returned them in a post-
age-paid envelope provided by the researchers. These popu-
lar self-report instruments were selected because of their
excellent test construction and psychometric properties.

Eysenck Personality Questionnaire (EPQ; H.J.
Eysenck & S.B. Eysenck, [1975a]. The EPQ is one of the
most widely used inventories in personality research today.
It is a 90-item self-report questionnaire and is scored on
one validity scale and three personality scales. The exam-
inee responds “yes” or “no,” depending on whether the sub-
ject views the statement as descriptive of her behavior. It
has been used to identify three broad personality dimen-
sions: Extraversion (E), Neuroticism (N), and Psychoticism
(P). Each of these traits is measured by means of 24 yes or no

statements, selected on the basis of item and factor analysis.
Additionally, the EPQ contains a Lie scale (L) designed to
measure response style/impression management through a ten-
dency to “fake good.” The EPQ scales have been shown to
possess good reliability (H.J. Eysenck & S.B. Eysenck, 1975a)
and validity (H.J. Eysenck & S.B. Eysenck, 1971; S.B. Eysenck
& H.J. Eysenck, 1970; Verma & Eysenck, 1973).

The State-Trait Anxiety Inventory - Trait Scale
(STAI -Trait; Spielberger, Gorusch, Luschene, Vagg, &
Jacobs, 1983). The STAI-Trait is a norm-referenced inven-
tory consisting of 20 statements describing various mani-
festations of anxiety/distress. Subjects use a four-point scale
to indicate how frequently the individual experiences the
feeling. The “trait” version is designed to assess enduring
or persistent anxiety. Thus, it is felt to reflect dispositional
anxiety, not mood. These scales have been submitted to a
substantial degree of development and testing, particularly
for use in investigating psychological concepts and behav-
ior under various stress conditions of different groups. Both
subtests are popular tools for clinical and research purposes
and demonstrate acceptable psychometric properties.

The Beck Depression Inventory (BDI; Beck, Ward,
Mendelson, Mock, & Erbaugh, 1961; Beck & Steer, 1993).
The BDI consists of 21 items, each with a 0-3 grading sys-
tem. Each item consists of four or five self-evaluative state-
ments indicating increasing severity of depression, for ex-
ample:

0 1do not feel sad or blue

1 Ifeel blue or sad

2a Iam blue or sad all the time and I can’t snap out of it
2b I am so sad or unhappy that it is very painful

3 Iam so sad or unhappy that I can’t stand it.

For some items two alternative statements are pro-
vided at the same weight. A total depression score is calcu-
lated by summing the highest scores from each item.

This instrument has undergone extensive standard-
iization (Beck et. al. 1961), which indicates adequate inter-
nal consistency (Beck and Beamersderfer, 1974; Schwab,
Bialow & Holzer, 1967) and external validity (Bech, Gram,
Dein, Jacobsen, Bitger & Bolwig, 1975; Crawford-Little &
McPhail, 1973; Metcalfe & Goldman, 1965). Against the
Hamilton Depression Rating Scale, high correlations have
been found, ranging from 0.72 to 0.82 (Bech et al., 1975;
Davies, Burrows, Poynton, 1975; Schwab et al., 1967). The
validity of change scores on the BDI (sensitivity) has been
shown in a number of studies (Metcalfe and Goldman, 1965;
Bech et al., 1975). In summary, the BDI is a widely used
instrument, which is sensitive to clinical change, has good
discrimination, and is covalidated with clinical rating scales
and behavioral observation scales.

Voice Handicap Profile (VHP; Adapted from
ASHA SID 3 Prototype). This self-report measure was de-
signed to assess the global impact of the voice disturbance
on the patient’s social and vocational functioning. Because
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at the time of this research, no single instrument with known
psychometric characteristics existed to achieve this goal, it
was necessary to develop such a tool. Item selection was
adapted from a prototype currently under investigation by
the ASHA Special Interest Division (SID 3)-Voice and Voice
Disorders. The profile consists of 10 statements and an over-
all severity rating scale (see appendix A). Subjects rate on a
4-point scale how frequently they experience the condition
or state. The last item requires the subject to provide an
overall severity rating of their voice disturbance, where 1
equals normal, and 7 equals severe impairment. The total
score provides an index of the subject’s current self-rating
of the degree of their voice difficulties.

Results

Do personality differences exist between groups
at the superfactor level of personality description? To what
extent are these differences related to age?

To assess the relation between personality and di-
agnostic status, we compared the voice-disordered groups
and the non-voice-disordered control group on each per-
sonality and psychological adjustment measure using a one-
way analysis of variance (ANOVA). Fisher’s protected least
significant difference (LSD) procedure was used to com-
pare the means. Because personality differences have been
associated with age (Eysenck & Eysenck, 1975), the contri-
bution of age to the voice disorder-personality relationship
was evaluated, using age as a covariate in an analysis of
covariance (ANCOVA). Pairwise LSD comparisons were
then repeated using age-adjusted mean scores. To ensure
robustness of the analysis, both the ANOVA and ANCOVA
(age on the original scale) were repeated on rank-trans-
formed data. This analysis is equivalent to the Kruskal-Wallis
k-sample test, the F test generated by the parametric proce-
dure applied to the ranks. Again, pairwise comparisons were
performed on the rank-transformed data using Fisher’s pro-
tected LSD procedure.

As a general rule, the results from the ranked analy-
ses did not differ qualitatively from the unranked analyses.
When the results from the two analyses differed substan-
tially (i.e., rendered opposite interpretations), and/or if the
differences were relevant to the theoretical formulations,
results from both analyses are reported.

To illustrate group comparisons on each personal-
ity scale, column graphs depict group mean scores and stan-
dard errors in descending order. The lines drawn above the
columns connect sets of homogeneous groups based on LSD
comparisons of the original untransformed data. Groups
covered/connected by a line were not significantly differ-
ent and thus constituted a homogeneous subset. Groups not
covered/connected by a line were significantly different
(p<.05, two-tailed).!

The Eysenck Personality Questionnaire (EPQ)

To assess the relation between personality and di-
agnostic status at the superfactor level, groups were com-
pared using the “Big Three” scales derived from the EPQ:
E, N, and P. The results are also summarized for the L scale.

Extraversion (E). A significant omnibus F test re-
vealed differences between groups on the E scale (F(4, 164) =
6.99, p<.0001). E reflects individual differences in sociability,
dominance, energy, and enthusiasm. The significant omnibus F
test was followed by all pairwise LSD tests, which showed
that the VN group was clearly more extraverted (high E)
than the FD (p<.0001), SD (p<.0014) and UVFP (p<.0031)
groups. However, the VN group did not differ significantly
from the control group on the E scale (p =.18) (ranked data
p =.094). Additionally, the FD (p<.0011) and UVFP
(p<.049) groups were less extraverted (low E) than the con-
trol group. Figure 1 graphically illustrates the differences
between the groups on E, with the VN and FD groups scor-
ing at opposite ends of the E continuum. Age was not a
significant covariate in the ANCOVA (F(1,163) = 0.79,
p<.38).

Neuroticism (N). The N scale is sensitive to indi-
vidual differences in emotional stability and emotional re-
activity. A significant omnibus test confirmed differences
between groups (F(4, 164) =4.27, p<.0026). The FD group
was significantly more emotionally reactive (high N) than
the SD (p<.0027), UVFP (p<.0069), and control groups
(p<.0006). However, the difference between the VN and
FD groups only approached statistical significance (p=.071).
The VN group also scored higher than the controls on this
scale, although this difference did not achieve statistical sig-
nificance (p =.108). Figure 1 illustrates that the FD and VN
groups scored highest on N when compared to the other
groups. No other differences were detected between groups.
The ANCOVA did not reveal a significant age effect (F(1,
163) = 0.79, p<.38).

Psychoticism (P). The P scale is sensitive to acom-
bination of personality constructs, including impulsivity and
aggressiveness (high P), and agreeableness and conscien-
tiousness (low P).2 A significant omnibus test confirmed
differences between groups on the P scale (F(4,164) = 3.65,
p<.007). As shown in Figure 1, the VN group scored sig-
nificantly higher on P when compared to the FD (p<.0101),
SD (p<.0013), and control groups (p<.0012). No statistical

! Before embarking on the analysis of personality differences between groups, a
comparison of the Canadian and US FD subjects was undertaken to determine
whether results could be pooled for this group. T-test comparisons of the mean
scores for al! scales revealed no significant differences between the Canadian
and US FD subjects (p<.05, two-tailed). Therefore, results are reported for the
pooled data.

2 The Psychoticism scale assesses P, the third dimension in Eysenck’s Big Three
model of personality. Recall that P contains many of the same features of the
Constraint dimension reversed, so that High P is essentially equivalent to low CON.
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difference was detected between the VN and UVFP groups
(p<.095). The ANCOVA did not reveal a significant age
effect (F(5, 163) = 1.90, p<.17).

Lie Scale (L). The L scale assesses differences in
self-disclosure style and attempts at impression management.
The omnibus test confirmed differences between groups on
this validity scale (F(4, 164) = 3.56, p<.0082). Analysis of
group differences revealed that the VN group scored signifi-
cantly lower than the FD (p<.002) and SD (p<.003) groups on
this validity scale (Figure 1). The ANCOVA did not reveal a
significant age effect (F(5, 163) =3.37, p<.068) and the re-
sults were unaltered when scores were adjusted for age.

Stepwise Logistic Discriminant Analysis — EPQ
Superfactors

Do scales of personality exist that distinguish the
groups? Do these variables have diagnostic value?

Several stepwise logistic discriminant analyses
were computed to identify personality scales that success-
fully distinguished the voice-disordered subjects from one
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another and from the non-voice-disordered control subjects.
Personality variables entered the model in a stepwise fash-
ion, in the order of their discriminatory ability. Variable entry
stopped when the remaining variables contributed no fur-
ther significant discriminatory information. All personality
variables remaining in the model were significant at the 0.05
critical level. Each logistic discriminant analysis was first
performed with age excluded as an entry variable, and then
repeated with age allowed to enter.

The area under the Receiver Operating Character-
istic curve (A, ) was also computed to determine the dis-
criminatory potential of the personality variables identified
by the logistic analysis. A . represents the probability that
a randomly chosen “diseased” subject (or a subject with a
particular voice disorder diagnosis, i.e., “‘a case™) is (cor-
rectly) rated or ranked with greater suspicion than a ran-
domly chosen non-diseased subject (or a subject with an-
other voice disorder type, i.., a “non-case”). A, will vary
from 0.5 (no apparent accuracy) to 1.0 (perfect accuracy).
The null hypothesis, that the A, . is 0.5, was tested for sig-
nificance with the overall model likelihood ratio Chi-square
statistic (Hanley & McNeil, 1982). Results are reported sepa-
rately for each pairwise group comparison on the EPQ.
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Figure 1. Rank ord.ere‘d group means and standard errors for each scale of the Eysenck Personality Questionnaire (EPQ). Lines drawn above select
columns (groups) indicate non-significant differences between those groups (i.e., homogeneous sets of groups). Groups not covered by a line are

significantly different (p<.05).
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Figure 2. Scatterplot of scores for individual FD and VN subjects for the
Eysenck Personality Questionnaire (EPQ) E and L scales.

To determine the diagnostic value of the discrimi-
natory variables, sensitivity and specificity estimates were
calculated. The diagnostic index was based on the predicted
probability of a “case” from the logistic regression model.
The cutoff used for case assignment was the midpoint be-
tween the average probabilities of the case group and con-
trol (non-case) group. This was computed as the overall
average for the two groups, but with the subject weighted
by the reciprocal of the group size. When a voice disorder
group and the control group were compared, the predicted
value was the probability that the subject was voice disor-
dered (i.e., a “case”). However, when two different voice
disorder types were compared (for example, FD versus VN),
one diagnosis was designated the “case,” and the other des-
ignated the “non-case.” Estimates of sensitivity (the per-
centage of correctly identified cases) and specificity (the
percentage of correctly identified non-cases) are reported
for each discriminant analysis.

Functional Dysphonia vs. VN

The first stepwise discriminant analysis compared
the VN group with the FD group. When age was excluded
as a potential discriminatory variable, the E and L scales
successfully distinguished the FD subjects from the VN
subjects. The A_ .. was a respectable 0.826 (p<.0001). Fig-
ure 2 graphically illustrates the discriminatory value of these
two scales. The reader should note that for each scatterplot,
some individual observations may be hidden because of data
overlap. The analysis was repeated with age admitted as a
potential entry variable. Age entered significantly, along with
Eand L, increasing the A . =.894 (p<.0001). The estimated
sensitivity and specificity were 80% and 78%, respectively.

Functional Dysphonia vs. Controls

With age excluded as an entry variable, the
stepwise logistic discriminant analysis comparing the FD
group with the control group identified two personality
scales, E and N, which provided significant discriminatory
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Figure 3. Scatterplot of scores for individual FD and control subjects on
the EPQ scales of E and N.

information. The area under the ROC curve was (A, .=
0.756, p<.0001). The results, illustrated in Figure 3, show
that the majority of FD subjects were more neurotic and
less extraverted when compared to the control subjects. The
estimated sensitivity and specificity was 73% and 71%, re-
spectively. When admitted as a variable, age did not pro-
vide any further discriminatory information.

Functional Dysphonia vs. SD and UVFP

The personality scale N successfully discriminated
the FD subjects from the SD (A, . = .670, p<.0058) and
UVFP subjects (A = -698, p<.018). For the FD vs. SD
comparison, the estimated sensitivity and specificity were
63% and 62%, respectively. For the FD vs. UVFP compari-
son, the estimated sensitivity and specificity were 64% and
60%, respectively. Age did not enter as a significant dis-
criminative variable.

Vocal Nodules vs. Controls

With age excluded as an entry variable, the P scale
discriminated the VN subjects from the control subjects.
Recall that P subsumes traits such as impulsivity and dis-
agreeableness (aggressiveness). The area under the ROC
curve was A, =.725 (p<.0012). Age subsequently entered
as a significant variable along with P, increasing the area
under the ROC to A, . = 0.809 (p<.0001). The estimated
sensitivity and specificity were 73% and 68%, respectively.

Vocal Nodules vs. UVFP

With age excluded as an entry variable, only one
personality factor, E, significantly discriminated the VN
subjects from the UVFP subjects (Ay,. =791, p<.0017).
However, when age entered as a significant discriminative
variable, two personality variables, E and N, also entered
significantly, resulting in a substantial increment in the area
under the ROC curve (i.e., A, . =.948, p<.0001). The esti-
mated sensitivity and specificity were 89% and 80%, re-
spectively. The scatterplot shown in Figure 4 shows that the
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Figure 4. Scatterplot of scores for individual VN and UVFP subjects on
the EPQ scales of E and N.

VN subjects scored higher on both N and E when com-
pared to the UVFP subjects.

Vocal Nodules vs. SD

With age excluded from the analysis, two scales, E
and L, distinguished the VN group from the SD group (A, ,.=.768,
p<.0002). When age entered as a significant discriminant vari-
able, only the L scale entered significantly, increasing the over-
all area under the ROC curve to a respectable A, . =
.901(p<.0001). The VN subjects were generally younger and
less concerned with impression management than the SD sub-
jects, as shown in Figure 5. The estimated sensitivity and speci-
ficity were 89% and 74%, respectively.

SD vs. UVFP, Controls and (b) UVFP vs. Controls

No EPQ variables met the 0.05 significance level
for entry into the model when comparing the SD group with
either the control or the UVFP groups. However, the E scale
weakly distinguished the UVFP subjects from the control
subjects (Ap . = 692, p<.024). Sensitivity and specificity
were estimated to be 65% and 53%, respectively, When
admitted, age did not enter as a significant variable.

As hypothesized by Roy and Bless (in press), are
the majority of subjects with FD and VN classified as neu-
rotic introverts and neurotic extraverts respectively?

The Roy and Bless theory predicts that most FD
subjects will score as high N-low E (neurotic introverts)
and that most VN subjects will score as high N-high E (neu-
rotic extraverts). Based on the presumed neurological ori-
gins of SD and UVFP, the theory does not predict any per-
sonality typologies for these voice disorder groups. To de-
termine whether the subjects with FD and VN possessed
these personality features, median scores from the entire
subject pool were calculated separately for the E and N
scales. The median score for the E scale was 14, and the
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Figure 5. Scatterplot of scores for VN and SD subjects using the variable
age and scores from the EPQ Lie Scale .

median score for the N scale was 10. Individuals scoring
greater than the median on E were classified as “high E”
subjects, and those individuals scoring at or below the me-
dian were classified as “low E.” Similarly, all subjects scor-
ing above the median on N were classified as “high N,” and
those subjects scoring at or below the median on N were
discretized as “low N.” Dichotomizing each group in this
way generated four possible classifications: high N-high E
(neurotic extraverts), low N-high E (stable extraverts), high
N-low E (neurotic introverts), and low N-low E (stable in-
troverts). A Chi-square analysis confirmed differences be-
tween groups in proportions of each personality type (Chi-
square (12, 169) = 31.96, p<.001). Chi-square was tested
against equal probability in all cells.

The results are displayed in Figures 6, 7, and 8. In
Figure 6, a comparison of the distribution of FD and VN
subjects revealed that the 49% of subjects with FD occu-
pied the high N-low E quadrant of the cell matrix, whereas
the majority of VN subjects occupied the low N-high E
(43%) or high N-high E (32 %) quadrants. The pattern of
the results illustrates the preponderance of low E in FD and
high E in VN. Figure 7 confirms that the SD group was not
dominated by a single personality dimension or combina-
tion of dimensions. However, as indicated in the logistic
discriminant analysis, 47% of subjects with UVFP appeared
to score below the median on N and E (i.e., stable intro-
verts). The control subjects appeared equally divided be-
tween high E and low E (Figure 8).

Do group differences exist in the degree of depression
and anxiety? If so, are these differences related to the level of
vocal handicap, and/or the duration of voice symptoms?

State-Trait Anxiety Inventory (STAI)

A significant F test revealed omnibus differences
between groups on scores obtained from the STAI (F(4,
1565) = 4.63, p<.0015). The trait version of the STAI evalu-
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Figure 12. Rank-ordered group means and standard errors for duration
of vocal symptoms.

the analysis was repeated with age entered as a covariate. A
significant age effect was detected (F(1, 122) = 8.207,
p<.005); however, Spearman correlations calculated with
age partialed out did not change the resuits.

Discussion

It has been argued that personality, emotions, and
psychological problems contribute to or are primary causes
of voice disorders, and that voice disorders in turn create
psychological problems and personality effects. This inves-
tigation compared a non-voice disordered otolaryngology
control and four voice-disordered groups on self-report
measures of personality and emotional adjustment. At the
superfactor trait level, the FD and VN groups differed in
significant ways from one another, from the other voice-
disordered groups, and from the non-voice-disordered con-
trol group. Results largely support the contention that indi-
viduals with certain personality traits may be susceptible to
developing FD or VN. In contrast, less support was found
for the disability (scar) hypothesis, which argues that voice
disorders lead to general personality changes. This raises
the question as to how the results can be interpreted within
the general theoretical framework presented in the compan-
ion article (this issue).

Personality Features of Individuals with FD

A fundamental principle of the Roy and Bless (in
press) theory linking personality and FD is that subjects with
FD should be neurotic (high N) introverts (low E). This
combination of traits is said to produce heightened anxiety,
inhibitory behavior of the laryngeal system, and elevated
tension states in the context of behavioral inhibition system
(BIS) inputs, such as uncertainty, threat, punishment, and
frustrative nonreward. The discriminant analysis of EPQ
superfactors, which compared the FD and control groups,
provides the most compelling evidence supporting the FD-
neurotic introvert hypothesis. Two personality factors, N
and E, were identified as discriminating the FD subjects

from the controls. Consistent with the hypotheses, FD sub-
jects scored high on N and low on E (neurotic introverts).

The theory also asserts that most FD subjects
should be classified as BIS-dominant introverts. This con-
tention was also supported by the results. When E scores
were dichotomized above and below the sample median,
the majority of FD subjects (71%) were classified as low E,
thereby furnishing support for the FD-introversion hypoth-
esis. On the whole, these findings lend support for the low
E-BIS dominance association in FD.

N is identified with Gray’s nonspecific arousal
system and is conceived as amplifying the stimulus sensi-
tivities and response biases of the BIS. Eysenck (1967) sug-
gested that neuroticism should be conceptualized as a pro-
pensity to react vigorously to all sorts of environmental
stimuli. Evidence for the central role N plays in FD was
furnished by discriminant analyses, which compared the FD
group with all other groups in pairwise contrasts. In each
contrast (with the notable exception of FD vs. VN), the
superfactor N was identified as a powerful discriminatory
variable. N alone successfully discriminated the FD groups
from the SD and UVFP groups. Moreover, when E and N
scores were dichotomized above and below the sample
median, almost one-half of the FD subjects were classified
as high N-low E, providing further support for the neurotic
introvert hypothesis.

Another prediction of the theory was that the com-
bination of high N and low E would be associated with el-
evated reports of anxiety. This prediction was also supported
by the data. The FD groups scored significantly higher than
all groups on the State-Trait Anxiety Inventory.

To summarize, the data revealed substantial dif-
ferences in personality between the FD group, the other
voice-disordered groups, and the non-voice-disordered con-
trol group at the superfactor level of analysis. Moreover,
the majority of these differences conformed to the predictions
of Roy and Bless (in press) regarding the FD group. The dis-
cussion is now turned to the subjects with vocal nodules.

Personality Features of Individuals with VN

The theory offered by Roy and Bless (in press) -
predicts that VN subjects, in accord with behavioral activa-
tion system (BAS) dominance, should demonstrate elevated
scores on the Extraversion (E) scale. Analysis of the results
at the superfactor level confirmed that the VN group did
score higher on E than all of the voice-disordered groups.
The importance of E was accented in both univariate and
logistic discriminant analyses of the EPQ “Big Three”
superfactors. Over three-quarters of the VN subjects (76%)
were classified as high E when E scores were dichotomized
into high and low E based on the sample median. The promi-
nence of extraversion was also validated by the logistic dis-
criminant analysis (with age excluded as a variable) whereby
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high E was identified in every pairwise comparison involv-
ing the VN and voice-disordered groups.

Yano, Ichimura, Hoshino and Nozue (1982) also
identified elevated extraversion among patients with vocal
nodules and polyps when compared to two control groups
(a vocally normal medical control group and vocal cord neo-
plasm group), and concluded that excessive voice use, which
elevates the risk for developing vocal nodules, is a behav-
ioral manifestation of an extraverted personality. Because
Yano et al (1982) found elevated E scores even among in-
dustrial workers who had to communicate in noisy environ-
ments, they concluded that personality was as important as
occupational voice use in nodule development. While the
VN group in this study was clearly more extraverted than
the other voice disordered groups, the difference between
the VN and control groups on the EPQ E scale only ap-
proached significance.

Neuroticism plays a pivotal role in the theory of
the dispositional bases of VN. N is believed to amplify the
signal sensitivities and response biases of the BAS, causing
extraverts to behave in a more extraverted and impulsive
manner. The evidence for elevated N at the superfactor level
is generally less robust. The difference between the VN
group and the control group only approached statistical sig-
nificance. However, the EPQ discriminant analysis com-
paring the VN and UVFP groups identified N and E as im-
portant discriminatory variables. In this analysis, the VN
group scored higher on both E and N, which provided par-
tial validation of the VN-N relationship.

The present theoretical formulation predicts that
behavioral disinhibition (impulsivity) is the consequence of
the conjunction of the extraversion and neuroticism traits.
Furthermore, it is argued that this disinhibition is to some
extent responsible for the development and maintenance of
the vocal pathology. From this perspective, subjects with
VN are unable to alter ongoing or dominant response sets
(i.e., stop talking, vocal overuse-abuse) in the presence of
salient social reward cues. At a superfactor level, features
of disinhibition are captured in the EPQ Psychoticism scale
(P). The theory holds that VN subjects should score low on
constraint, or alternatively, high on P.

Examination of the results at the superfactor level
supported the predictions of elevated P in the VN group.
Subjects with VN were significantly less inhibited and scored
highest on the EPQ P scale when compared to subjects in
the other groups. This important finding was bolstered by
the discriminant analysis of the EPQ superfactors, which
identified elevated P as the personality dimension that best
discriminated the VN group from the control group. Recall
that P contains elements of impulsivity and disagreeable-
ness (aggression). These results associate low Constraint
with the VN group.

The role of impulsivity in the development and
maintenance of vocal nodules has not received much atten-

tion in the voice literature. Impulsivity is admittedly a com-
plicated construct, but most current descriptions of impul-
sivity include some form of behavioral excess, in the sense
of doing something that potentially leads to trouble. The
behavior is viewed as impulsive, because good judgment .
would suggest that it be inhibited (Fowles, 1987). Vocal
nodules are thought to be related to forms of behavioral
excess; for instance, excessive voice use and abuse. The
theory espoused by Roy and Bless holds that when antici-
pating social rewards, VN subjects will fail to inhibit vocal
overuse and abuse in spite of obvious signs of trouble, such
as laryngeal discomfort and audible voice deterioration.
Engaging in persistent vocal behavior in spite of its unto-
ward effects is viewed as impulsive, because good judge-
ment would suggest that it be inhibited. Green (1989) has
identified similar impulsivity, hyperactivity, and distractibil-
ity in children with vocal nodules when compared with non-
voice-disordered, age-matched peers. Thus, the association
between impulsivity and vocal nodules seems to exist in
both children and adults. This is an important finding wor-
thy of further research attention.

In addition to disinhibition, the P scale of the EPQ
is also assumed to capture features of elevated aggression
(Eysenck & Eysenck, 1975b). It is not unreasonable to
speculate that combining the traits of extraversion (socia-
bility and dominance) and aggressiveness could contribute
to abusive vocal patterns. For example, in order to be heard
and noticed in social situations, VN subjects may vocalize
excessively at elevated volumes and pitch. This pattern could
be augmented by an aggressive verbal style, promoting fur-
ther vocalization toward the extremes of loudness and pitch.
Sustained vocalizing in this manner could result in vocal
fold biomechanical stresses (i.e., increased collision forces)
and mucosal changes, leading to vocal nodule development
and maintenance (Hillman, Holmberg, Perkell, Walsh,
Vaughan, 1989; Titze, 1994). This abusive pattern might be
aggravated by an impulsive personality style whereby sub-
jects with VN may not engage in stop/reflect behavior when
the first signs of dysphonia or laryngeal discomfort appear.

Another interesting finding worthy of discussion
is the discriminatory value of the L scale of the EPQ in
distinguishing FD subjects from VN subjects. Eysenck and
Eysenck (1975a) suggest that in addition to measuring an
individual’s tendency to respond in a socially desirable
manner, “the L scale must measure some stable personality
function; unfortunately little is known about the precise
nature of this function (p.7).” Low scores on L suggest few
attempts at impression management and a bias toward ex-
aggerated self-disclosure. While neither the FD nor the VN
groups scored differently than the controls on L, the VN
group did score lowest of all groups and significantly lower
when compared to both the FD and SD groups. Thus, the
VN group seemed not to engage in impression management
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and in fact tended to overdisclose. Likewise, Yano and co-
workers (1982) reported a similar finding in that their VN/
polyp group scored significantly lower on the L scale when
compared to a non-voice-disordered control group. Unfor-
tunately, the authors did not comment on the meaning of
this low L scale result. The tendency to overdisclose is cer-
tainly an enticing finding worthy of further clarification.

To summarize, only partial support was found for
the predictions of high N and high E leading to an impul-
sive personality style in the subjects with VN. While VN
subjects as a group appeared extraverted and disinhibited
based on measures of extraversion (high E) and constraint
(high P), respectively, the evidence for elevated N at the
superfactor level was generally weak.

On the whole, the subjects with FD and VN in this
investigation fell on opposite ends of the extraversion-in-
troversion continuum, with FD subjects scoring closest to
the introverted pole and VN subjects scoring closest to the
extraversion pole. Elevated scores on the neuroticism mea-
sure suggested amplified emotional reactivity in the FD
group. The combination of high N and low E was inter-
preted to produce increased anxiety in the FD group, whereas
high N and high E was interpreted as provoking impulsivity
and aggressiveness in the VN group. Collectively, these re-
sults provide partial support for the central tenets of the
Roy and Bless (in press) theory delineating the dispositional
bases of both voice disorders.

Several caveats are in order, however. These re-
sults do not provide direct evidence of the signal sensitivi-
ties or response biases outlined in the Roy and Bless (in
press) model. For instance, the proposition that BIS-domi-
nant FD subjects are sensitive to threat or punishment cues
and respond with passive avoidance was in no way tested in
this research. Similarly, the belief that BAS-dominant VN
subjects are sensitive to reward cues and engage in persis-
tent approach behavior was not evaluated. Thus, the key
mechanistic assertions of the theory await verification. It
should be recognized, however, that Newman et al. have
already completed substantial experimental research evalu-
ating the signal sensitivities and response biases of these
personality typologies (i.e., neurotic introverts and neurotic
extraverts). A complete review of this literature is beyond
the scope of this paper, but suffice it to say that many of the
fundamental predictions of Newman'’s theoretical synthesis
have received considerable empirical support (for a review
see Wallace & Newman, 1991; Bachorowski & Newman,
1990; Newman & Nichols, 1986; Patterson, Kosson, &
Newman, 1987; Wallace & Newman, 1990). Research needs
to be undertaken to directly assess and confirm the exist-
ence of such biases in subjects with FD and VN.

Although group trends supported the hypotheses,
it should also be noted that a number of subjects did not
conform to the personality typologies described above. For

example, several VN subjects were classified as stable in-
troverts, which clearly runs counter to the predictions. It is
evident that while personality seems to be an important con-
sideration in the development of VN, it does not meet the
requirements of necessary or sufficient causal status. If there
is a causal relationship, it probably exists only in the pres-
ence of other physiological and vocal variables. It is rea-
sonable to suggest that personality traits like extraversion
and disinhibition may simply tip the balance toward the for-
mation of nodules in the presence of a physiological or ana-
tomical predisposition toward them. In individual cases, for
example, the occupational voice use demands of singers,
actors, aerobic instructors, and teachers may be the primary
causal factor, and personality may play a minor role. In this
study, the small number of VN subjects classified as intro-
verts (n= 9) did not permit identification of occupational,
medical, or demographic patterns/trends that might explain
the origin of the lesions. Future research should continue to
explore these exceptional cases to identify factors that might
be causally significant.

If personality variables are related in some way to
nodule formation, clarification of the physiological mecha-
nism involved is required. Numerous medical factors influ-
encing nodule development have been identified including
allergies, respiratory tract abnormalities, endocrine imbal-
ance, irritation due to fumes, and tobacco and alcohol con-
sumption (Arnold, 1962; Baynes, 1966; Colton & Casper,
1996; Deal, McClain, & Sudderth, 1976; Herrington-Hall,
Lee, Stemple, Niemi, & McHone, 1988; Kawase,
Sawashima, Hirose, & Ushijima, 1982; Ohlsson, Jarvholm,
Lofqvist, Naslund, & Stenborg, 1987; Senturia & Wilson,
1968 Silverman & Zimmer, 1975; Toohill, 1975). The com-
plex interplay between personality, voice use patterns, and
anatomical/physiological vulnerability and these medical
factors deserves further study.

Voice Handicap and Personality, Depression and
Anxiety

Because voice problems can be associated with a
number of adverse consequences, including laryngeal dis-
comfort, fatigue, and impairment of social and/or occupa-
tional functioning (with a concomitant loss of self-esteem
and social support), it is not unreasonable to posit that
chronic voice problems might lead to general personality
changes, such as the development of heightened feelings of
distress and dissatisfaction (high N) and social withdrawal
(low E). If the disability hypothesis is correct, then person-
ality measures, such as high N and low E in the case of FD,
would simply be negative consequences of the voice disor-
der. However, close examination of the results provides weak
support for this hypothesis. The personality scales N and E
were unrelated to the self-reported level of vocal handicap.
It appears then that the personality differences between
groups were not related to the level of vocal handicap and
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perhaps should not be viewed as a consequence of coping
with voice problems.

By and large, the voice disordered groups did not
differ substantially from one another on the voice handicap
scale, yet significant differences were found between groups
on the personality scales. For example, the FD, SD, and
VN groups reported almost identical levels of vocal handi-
cap, yet the VN subjects appeared extraverted, the FD sub-
jects introverted, and the SD subjects ambiverted. If a voice
disorder is responsible for producing social withdrawal (i.e.
low E), the disability hypothesis cannot account for the high
E tendencies in the VN group. Furthermore, the subjects
with UVFP reported the highest voice handicap scores, yet
they scored lowest on the N scale, indicating little emo-
tional distress. Therefore, it appears that an individual can
have a voice disorder and remain very outgoing and so-
ciable (e.g. subjects with VN) and free of emotional dis-
tress (e.g. subjects with UVFP).

Additional evidence against the disability hypoth-
esis exists in the data evaluating levels of depression and
anxiety. While the FD group reported the highest levels of
depression and anxiety, these affective problems were un-
related to their level of vocal handicap. Although no
interscale correlations achieved statistical significance, it is
noteworthy that for the SD group only, correlations between
the total voice handicap score, the State-Trait Anxiety In-
ventory, and the Beck Depression Inventory scores did ap-
proach significance. Some researchers have taken the posi-
tion that, when identified, such affective disturbances are
the consequence of coping with voice difficulties (Murry,
Cannito, & Woodson, 1994). This investigation, which
employed a variety of voice disorder diagnoses, provides
modest support for the outcome or disability hypothesis.
Admittedly, however, the present methodology is only an
indirect test of the disability hypothesis; future investiga-
tions should assess personality longitudinally to directly
measure the effects of the voice disorder on personality and
psychological adjustment. ‘

Duration of Voice Symptoms and Personality,
Depression and Anxiety

Another factor that may relate to the disability hy-
pothesis is the length of time an individual must contend
with the voice problem. Long-standing voice problems may
negatively influence personality and psychological adjust-
ment more than shorter duration problems. This contention
was not supported by the results. None of the personality or
adjustment scales significantly correlated with voice disor-
der duration.

Personality Differences among Individuals with SD and
UVFP

While the dispositional theory offered by Roy and
Bless (in press) generated several predictions regarding the

salience of specific personality traits associated with FD
and VN, it also predicted that personality would not be an
important etiological factor in the disorders of SD and UVFP.
In view of the presumed neuropathological origins of SD
and UVFP, it was predicted that the personality profiles of
these groups should not differ from each other or from the
non-voice-disordered control group. Collectively, the results
supported this prediction. Analysis of the EPQ superfactor
results confirmed that the SD group did not differ from the
controls or from the UVFP group on the E, N, or P scales.
Almost identical results were obtained when comparing the
UVFP group with the controls; however, the UVFP group
did score lower on E than the controls (p<.049). Because of
the small number of subjects in the UVFP group, these re-
searchers are cautious when interpreting this modest relation-
ship. While it is tempting to explain this finding as evidence
to support the disability hypothesis, which proposes that low
E (introversion) is an outcome of a communicative disability,
more subjects are required to establish the validity of this ef-
fect. Further research may provide clarification.

The SD and UVFP groups did not differ from one
another or from the controls on the anxiety or depression
measures. These negative results concerning the presence
of emotional factors in SD are at odds with the report of
Cannito (1991) who identified elevated levels of anxiety,
depression, and somatic complaints in a group of patients
with SD. However, Cannito compared his experimental SD
group to a healthy nondysphonic control group, while this
investigator used a medical outpatient control group. As
Cannito admitted, the affective differences that he observed
perhaps could be explained on the basis of reaction to a
medical disorder.

Furthermore, differences surrounding subject se-
lection limits direct comparisons. Cannito included a vari-
ety of SD classifications, which were dominated by “mixed”
and “abductor” SD subtypes (67%). Our investigation in-
cluded subjects with the adductor subtype of SD only. This
difference in group composition may partly explain the con-
flicting results. In addition, Cannito did not report the length
of time subjects were symptomatic, or whether the SD sub-
jects were receiving treatment at the time of assessment.
Both of these factors may have influenced the results.

In a later study, Murry and colleagues (1994) re-
ported elevated levels of depression and anxiety in a newly
diagnosed adductor SD group prior to receiving their initial
botulinum toxin injection. The authors employed the same
data from Cannito’s (1991) healthy control group for com-
parison purposes, thus rendering comparisons with our study
difficult. The authors then dichotomized the SD group into
depressed and non-depressed subtypes, further complicat-
ing matters. When the measures were readministered ap-
proximately 1 week and 2 months following botulinum toxin
injection, only the “depressed” SD patients exhibited im-
provements in emotional adjustment. The authors concluded
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that elevated depression and anxiety may be a result of ac-
quiring SD. The absence of affective disturbance in our SD
group may be related to (1) differences in control group
selection, and (2) the fact that all SD subjects in this study
were receiving botulinum toxin injections during the pe-
riod of assessment, which may have moderated the “state”
component of depression. Unlike FD and VN, we did not
find any evidence to support personality as a potential risk
factor in the development of SD, nor did we find evidence
to support group elevations in anxiety or depression.

Further Comparisons with Existing Research

These results are consistent with the Roy, McGrory
et al (1997) investigation that studied the personality-psy-
chological correlates of a group of remitted subjects with
FD. In spite of the fact that the FD patients had been suc-
cessfully treated and were assessed several months post-
treatment, they continued to report elevated anxiety, dif-
fuse somatic symptoms, and introversion. The authors re-
jected the disability hypothesis as an explanatory construct,
and offered that their findings were more consistent with a
general trait of somatopsychic distress (i.e., elevated N).
They argued that such a trait may represent dispositional
vulnerability for the development, maintenance, and relapse
of functional voice symptoms. The results from this inves-
tigation lend support to their dispositional vulnerability ex-
planation.

These results are also compatible with the find-
ings of Gerritsma (1991), who administered Wilde's
Amsterdam Biographical Questionnaire to 82 patients with
FD and aphonia.® The author identified elevated scores on
the Neuroticism (N) and Neurotic Somatization (NS) scales,
and low scores on the E scale. Interestingly, Gerritsma in-
terpreted this finding by regarding aphonia/dysphonia “as a
sign of extremely introverted reacting (p.17).” His inter-
pretation, although not identical, shares some conceptual
similarity with the theoretical formulation of nonspecific
arousal system (NAS) potentiated BIS dominance in FD.

Clinical Implications

Although specific episodes of voice loss may be
transient, documentation of a link between personality and
voice pathology, combined with knowledge regarding the
stability of personality through adulthood, suggests that in
the absence of significant characterological change, person-
ality may act as a persistent risk factor for voice pathology.

3The Amsterdam Biographical Questionnaire consists of 4 scales. The neuroticism
(N) scale and (2) Neurotic Somatization (NS) scales measure neurotic instability
as expressed through psychoneurotic and functional physical complaints,
respectively; the Extraversion scale (E) measures social extraversion versus
introversion; and the Test Defensivaly (T) scale measures self-defensive vs. seff-
critica! test attitude (l.e., lie scale). This questionnaire was based on a precursor
of the EPQ known as Mauds'ey Personality Inventory.

A logical extension of this view is that the disorders of FD
and VN should follow a pattern of remission and relapse
given the persistent dispositional diathesis. It also prescribes
that during the life course, voice problems in these two
groups should not be singular isolated events. Rather, sub-
jects should report a previous history of dysphonia, per-
haps varying in severity. Although few studies of long-term
treatment outcomes exist, the available research seems to
substantiate these contentions, at least in the case of FD. In
recent work (Roy, Bless, Heisey, & Ford, 1997), the results
of behavioral voice therapy with a group of subjects with
FD were evaluated. Despite initially responding favorably
to behavioral treatment, 68% of subjects experienced some
form of relapse during the 36-month follow-up period. Based
upon patient report, these relapses were generally self-lim-
iting, and less severe than the original dysphonia. In other
work, Roy & Leeper (1993) also found that at least 80% of
subjects with FD had reported/experienced previous epi-
sodes of voice loss, which is consistent with the notion that
voice loss is not an isolated event. Gerritsma (1991) and
Bridger & Epstein (1983) reported similar findings.

In the case of VN, few data exist evaluating long-
term treatment outcomes. In clinical circles, clinicians of-
ten report frustration regarding lack of patient compliance
with therapy advice, especially suggestions aimed at limit-
ing the type and extent of voice use. Verdolini-Marston,
Burke, Lessac, Glaze & Caldwell (1995) recently exam-
ined two forms of intervention for patients with VN. The
authors concluded that the two treatments had similar ef-
fectiveness. For both therapies, the probability of a good
outcome covaried directly with use of therapy techniques
outside of the clinical setting. It seems reasonable to specu-
late that such extraclinical compliance might be influenced
by patient’s personality factors, such as extraversion, ag-
gression, and impulsivity. One would assume that such fac-
tors might moderate a patient’s response to therapy efforts.
Thus it would be interesting to evaluate whether such per-
sonality variables are indeed related to treatment outcomes
in patients with VN.

If voice therapies for vocal nodules are aimed at
some form of behavioral inhibition (i.e., to reduce excess
voice use and vocal abuse), an individual with a predilec-
tion toward behavioral activation and impulsivity may rec-
ognize the untoward effects of these vocal behaviors, but
may be less able to inhibit such activity in the context of
motivationally significant reward cues. Clinicians should
recognize that voice therapy techniques that require inhibi-
tion of vocal behavior (e.g., modified voice rest, reduced
loud talking) or even altering technical aspects of voice pro-
duction, seem to be at odds with the personality and pre-
sumed behavioral inclinations of many patients with VN.
This type of controlled processing is precisely what appears
to be dysregulated in impulsivity. Therefore, the patient’s
inability to modify (self-regulate) such vocal behavior may
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be unrelated to motivation and more directly related to en-
during personality dispositions. This understanding would
hopefully lead to methods that integrate more completely
an individual’s personality into the therapy plan. Recogniz-
ing the role of personality may also help clinicians to ex-
plain voice therapy failure.

From a clinical standpoint, it is clear that regard-
less of etiological interpretation the identification of emo-
tional disorders in FD patients is critical for proper man-
agement. It is unlikely that lasting gains in behavioral voice
therapy will be made with patients who remain clinically
anxious and depressed (Butcher, Elias, Raven, Yateman, and
Littlejohn, 1987). Such patients should be referred for psy-
chological or psychiatric consultation regardless of what-
ever other behavioral or medical voice-related regimens may
be indicated (Cannito, 1991).

The impressive discriminatory value of some of
the personality scales also merits further discussion. Esti-
mates of sensitivity and specificity sometimes exceeded 80%
and thus provided excellent accuracy as potential diagnos-
tic indices. For example, these scales may be potentially
useful as a clinical tool to distinguish FD patients from SD
and VN patients. Further research is needed to determine
the inventory items that provided the most discriminatory
power. The development of an abbreviated but reliable
screening tool could raise the index of suspicion of one dis-
order type over another. At the very least, information re-
garding personality and psychological functioning could
assist in the assessment and treatment process by identify-
ing subjects in need of adjunctive psychological counseling
and/or at risk for relapse.

Further Suggestions for Future Research

While the “Big Three” scales (E, N, CON/P) rep-
resent the highest order traits that reflect the most general
level in the hierarchy of dispositions, relying solely on these
composite superfactors can be misleading and fail to pro-
vide the necessary resolution to adequately describe per-
sonality. Because different levels of the trait hierarchy rep-
resent different levels of breadth or abstraction in personal-
ity description (Briggs, 1989; Costa & McCrae, 1995), de-
composition of the superfactors into constituent traits af-
fords a clearer analysis of both the type and range of the
content subsumed within each of the broad factors. Analy-
sis at a lower level of the hierarchy, which includes several
component traits, can offer important information that is
obscured at the highest level. Ideally then, future personal-
ity assessment should be conducted so as to survey differ-
ent levels of the trait hierarchy (Hull, Lehn, & Tedlie, 1991).

Additional behavioral studies are needed with re-
spect to the operation of both the BAS and BIS and their
putative role in behavioral dysregulation in FD and VN.
The current study was limited by its exclusive reliance on
self-report measures of personality and psychopathology.

Future studies should use multimethod assessments of per-
sonality and draw on information from multiple sources,
such as family members, peers, and clinicians. The rela-
tions observed in the current study require replication with
multimethod data in order to more effectively separate con-
struct variance from method variance. Further research also
is required to determine whether personality differences
related to gender exist among these voice-disordered groups.
Although males with FD and VN are a minority, it would be
interesting to determine whether they share similar person-
ality traits with their female counterparts.

For the past several decades, voice scientists and
clinicians have essentially ignored the field of personality
psychology. The results of this investigation suggest that
the relation between personality and voice disorders merits
serious attention for both practical and theoretical reasons.
For instance, the relation between personality and long-term
treatment outcomes in FD and VN needs to be investigated
more fully. If personality represents an enduring factor in
voice vulnerability, then the lingering question of whether
personality influences can be moderated in any significant
manner needs to be addressed. Identification of other pre-
disposing anatomical or physiological factors in VN and
FD may help define the interaction between personality and
voice disorder vulnerability. Most voice therapy techniques
focus on the overt disorder of phonation; until more is known
of the etiologic factors/triggers, it may be unrealistic to ex-
pect great advances in long-term “cure” rates. The results
of this investigation seem to suggest, as Moses (1954) did
over 40 years ago, that exploring the characteristics of the
“person” behind the voice may be as fruitful as studying the
structure that produces it.
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Appendix A
Voice Handicap Profile

Read each statement and then circle the number that best indi-
cates how you presently feel about you voice.

1=Almost never 2=Sometimes 3=Often 4=Almost Always

1. Thave to alter daily activities because of my voice.
1 2 3 4

2. My voice interferes with communication.
1 2 3 4

3. My voice is distracting to others.
1 2 3 4

4. Tt is difficult for others to hear me in noisy environments.
1 2 3 4

5. My voice gets tired during the day.
1 2 3 4

6. It takes a lot of energy to produce voice.
1 2 3 4

7. I miss work because of my voice.
1 2 3 4

8. I think about my voice problem.
1 2 3 4

9. My voice sounds worse than other speakers.
1 2 3 4

10. People make comments about my voice.
1 2 3 4

11. On a scale of 1 to 7, where 1= normal, 4 = moderate impair-
ment, and 7 = severe impairment, circle the number that best de-
scribes how bad your voice is.

1 2 3 4 5 6 7
Normal Moderate Severe
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Abstract

This study investigates the academic and clinical
preparation a speech-language pathologist receives in the
area of voice. Surveys were sent to the graduate programs
in speech-language pathology accredited by the American
Speech-language Hearing Association in 1994, and again
in 1999. Results from the 1994 survey indicated that stu-
dents received limited information and clinical experience
in voice. Although most programs required a voice disor-
ders course, fewer mandated coursework in normal voice
production or clinical experience with voice patients. The
follow-up survey showed that the educational environment
in 1999 is similar to 1994 results.

Introduction

The field of speech-language pathology serves
patients with a wide spectrum of disorders. A certified cli-
nician may provide therapy to patients with conditions as
diverse as traumatic brain injury, dysfluency, or voice dis-
orders. The complex nature of communication and the ac-
celerating pace of research generate a virtually limitless bank
of information for the practitioner to absorb. This need for
a wide and varied knowledge base presents a challenge to
the educational institutions training speech-language pa-
thologists in master’s programs approximately two years in
length.

The entire profession finds itself in debates dis-
cussing this dilemma. Members of the American Speech-
Language-Hearing Association (ASHA) have expressed an
obvious and immediate interest in these discussions. In 1988,

ASHA established a framework for members to organize
special interest divisions to exchange information on cur-
rent topics — including academic preparation - with col-
leagues with common professional interests. The Speech
Science and Orofacial Disorders (Special Interest Division
#5) sought to gauge the academic preparation of those in-
terested in speech science. The SID#5 study concluded that
speech science instruction tended to be introductory in na-
ture, with scanty coursework offered at the graduate level.!

Special Interest Division #3 (Voice and Voice Dis-
orders) members have likewise been involved in debates
concerning academic preparation of speech-language pa-
thologists who wish to specialize in voice. Many recent dis-
cussions and input from members have focused on the pros
and cons of specialty recognition in voice within the field
of speech-language pathology. 2

The adequacy of master’s degree training has been
in question by other specialty areas of speech-language pa-
thology as well. In 1992, the National Center for Neuro-
genic Communication Disorders presented a two-part
Telerounds broadcast. This presentation included a panel
of clinicians and academicians who debated the standard of
training programs preparing speech-language pathology stu-
dents to practice in medical settings. While no conclusions
were drawn, salient arguments included: the level of qual-
ity care the patient and hospitals expect from speech-lan-
guage pathologists; the responsibility of educational insti-
tutions in preparing competent practitioners; and the cost
of education compared to starting salaries of speech-lan-
guage pathologists. *
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Other investigations of the adequacy of speech-
language pathology training programs have focused on the
treatment of those with fluency disorders and of tracheotomy
patients. In a study by Mallard, Gardner, and Downey*, 155
school-based clinicians were asked to report their clinical
preparation for treatment of various communication disor-
ders. Not only did the majority of clinicians report lacking
the confidence and desire to work with patients who stutter,
the group identified a lack of clinical training as a primary
reason for this difficulty. The study also found that these
clinicians rated voice lower than stuttering on confidence/
desire scales. Manley, Frank and, Melvin® reported that only
half of medically-based speech-language pathologists sur-
veyed felt comfortable treating patients with tracheostomies.
The authors reported that the clinicians with the greatest
confidence in servicing this population had both strong aca-
demic and clinical training.

Indeed, debates concerning the training of other
voice professionals are currently in progress. In the training
of teachers of singing, questions have arisen about the quan-
tity, quality and appropriate timing of instruction.’ The Voice
and Speech Trainers Association, a professional organiza-
tion for theater voice and dialect coaches, issued a state-
ment regarding the optimal training for a theater voice coach.
VASTA’s recommendation includes both academic and prac-
tical internships.’

To further complicate matters in this debate, past
surveys have suggested that few speech-language patholo-
gists feel comfortable or even desire to treat patients with
voice disorders. St. Louis’ and Durrenberger’s 1993 study
found that speech-language pathologists found voice one
of the least desirable disorders to treat.® The clinicians cited
reasons for this low desirability to treat voice disorders asa
lack of training and experience. The St. Louis study also
confirms that practitioners serving those with voice and flu-
ency disorders are the minority in the field of speech-lan-
guage pathology.

One suggested solution is specialty training and
recognition of that training. For those who are concerned
about specialty training in voice and other areas, there is
disagreement about the optimal placement within a speech-
language pathologist’s career. Some believe specialty train-
ing should be integrated into the master’s program as supple-
mental clinic hours, expansion to three-year graduate pro-
grams, or the development of clinical doctorates. Required
internships have also been suggested. Others have proposed
additional post-graduate training, such as extended clinical
fellowship years or specialty training and certification. Fi-
nally, others believe specialty training can be obtained
through continuing education programs after attainment of
licensure.

Each of the proposed solutions carries with it in-
herent drawbacks. Starting salaries for new speech-language

pathology graduates make it difficult to justify extended
master’s programs. In 1997, the average starting salary for
speech-language pathologists was $30,000 for an academic
year and $38,000 for a calendar year.® It is feared that lengthy
and expensive graduate programs coupled with low sala-
ries will discourage high-quality candidates to the discipline.
Additionally, there are concemns about the availability of
qualified supervisors for internships, extended clinical fel-
lowships or other apprenticeships. Continuing education op-
portunities may be sparse, expensive, or theoretical rather
than practical in nature. Additionally, continuing education
programs may not be adequately targeted for either the new
clinician attempting to build a knowledge base for special-
ization recognition.

In 1996, ASHA reported that the majority of re-
spondents to a questionnaire and membership priority rat-
ings did not see a need for specialty recognition in voice."®
One of the reasons cited was a need within the profession
for “generalists.” Third-party payers and health mainte-
nance organizations may reinforce this point of view by
preferring to pay generalist fee rates to specialist fees.

At the crux of the issue is the quality of care avail-
able to clients who require the services of competent and
confident voice therapist. A study by Smith et al'! docu-
mented that a majority of patients with voice disorders re-
ported adverse effects on the professional, social and psy-
chological facets of their lives. These negative effects ar-
gue a case for competent and confident professionals to treat
voice disorders. How well is the educational system pre-
paring the new speech-language pathologist to assist the
client regain quality of life?

The current study addresses a simple objective: to
determine the baseline understanding of normal voice pro-
duction, voice disorders, and voice therapy techniques for
the new master’s graduate in speech-language pathology.
The study was repeated following a five-year interval to
assess educational trends in light of the current debates sur-
rounding training. To date, there have been no previous
organized studies addressing academic preparation in the
area of voice.

Methods
Data Collection

The 215 graduate programs in speech-language
pathology, registered with ASHA as of May 1994, and the
207 graduate programs registered with ASHA as of Janu-
ary 1999 were solicited with letters and surveys. The initial
cover letter explained that the purpose was to gather knowl-
edge about graduate training in the area of voice and voice
disorders so that continuing educational materials could be
developed for new practitioners. A letter included with the
second survey explained a similar purpose, including the
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intention of comparing results with those from 1994. The

questionnaires from 1994 and 1999 were identical in con-
tent. A copy of the current, complimentary Guide to
Vocology from the National Center for Voice and Speech
was included in both surveys as an appreciation for partici-
pating in the survey.'> 1

Thirty-eight schools responded to the first survey
within a three-month period of time. In order to increase
the response rate, non-respondents were telephoned and the
questionnaire was completed orally. Questionnaires from
thirty-one schools were completed through the telephone
survey. Thus, the total response was 69, or 32 percent.

The second set of surveys were mailed January 2,
1999, to the chairs of the 207 accredited programs of speech-
language pathology in the United States. By April 27, 1999,
71 surveys had been completed and returned, for a response
rate of 34 percent.

Data Analysis

Data were entered into Microsoft Excel for arith-
metic and statistical processing. Data were then analyzed in
three areas: 1) student interest, 2) academic training, and 3)
clinical training.

Student interest questions required respondents to
state the number of graduate students in their programs, the
number of students interested in voice and voice disorders,
and the number of students with backgrounds in vocal per-
formance. The criteria for a student with a primary interest
in voice included those students who opted for a masters’
theses in voice, asked for extra clinical hours in voice dis-
orders, or stated preferences to advisors or voice instruc-
tors. A background in voice performance was defined as
current activity in the music, theater, or broadcasting field,
or as participation in advanced training in music, theater, or
broadcasting. Each school’s response was tallied for each
question. The number of graduates interested in voice was
divided by the total number of graduate students. Likewise,
the number of graduate students with a vocal performance
background was divided by the total number of graduate
students.

Academic training questions required respondents
to choose the number of credit hours offered and required
in voice production and the number of credit hours taken
by students. Credit hour choices included four categories:
no credit hours, 1-3 credit hours, 4-6 credit hours, and 7+
credit hours. Academic training questions also required re-
spondents to select the number of credit offered and required
in voice disorders and the number of credit hours taken by
students. Again, credit hour choices included: no credit
hours, 1-3 credit hours, 4-6 credit hours, and 7+ credit hours.
Responses were tallied under each category, and the per-
centage of programs within each category was calculated.

Finally, clinical training questions addressed two
areas: the ASHA clinical practica hours in voice disorders
required by each program and the average ASHA clinical
practica hours taken by students. Because ASHA no longer
specifically requires any voice hours for school accredita-
tion, each program was queried regarding internal require-
ments. Respondents were asked to choose the number of
clinical hours required and taken. Clinical hour choices
included: none, 5-10 clinical hours, 11-15 clinical hours,
16-25 clinical hours, and 25+ clinical hours. Responses
were tallied under “hours required” and “hours taken” and
number of programs (in percent) was calculated for each
category.

Results
Student Interest

Table 1 reflects student interest in voice across the
two time periods. In 1994, 14.7 percent of all graduate stu-
dents met at least one requirement defining them as “having
an interest in voice”. In 1999, 10 percent of all graduate
students met at least one of the student interest criteria. The
1994 survey reported 3.7 percent of all students within the
programs possessed backgrounds in voice, as compared to
the 1999 result of 2.5 percent.

Academic Training

Voice Production, Figure 1 (following page) de-
picts the comparison of academic coursework offered in
voice production in 1994 and in 1999. About half (52 per-
cent) of the programs surveyed offer 1-3 credit hours in
voice production for both time periods. Interestingly, the
percentage of programs offering no credit hours in voice
production increased from 1994 to 1999 (9 to 13 percent).
Only 5 programs of 71 (7 percent) in the 1999 survey stated
that they offer a course solely devoted to voice production;
in 1994, the total was 2 programs of 69 (3 percent). The
other programs offered voice production information in com-
bination with coursework in voice disorders, speech sci-
ence, or anatomy and physiology classes.

Table 1.
Percentage of Students from the Programs
Surveyed With a Primary Interest in Voice
Disorders and With a Background in Voice

Performance in 1999 and in 1994
1999 1994
R K e I v s SR B LY s TX
Student Interest
in Voice Disorders 10% 14.7%
Students with Backgrounds
in Voice Performance 2.5% 3.7%
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bolster the ease of completing the survey, and thus, increas-
ing the response rate. Finally, respondent error cannot be
statistically managed and therefore must be factored into
any conclusion or observation made from the study.

However, some general observations can be noted.

Academic offerings are nearly identical to
coursework actually taken, despite requirements imposed
by the program. This comparison is consistent across both
time periods and true for both voice production and voice
disorders coursework. This leads to the question: would
graduate speech pathology students take more voice-ori-
ented courses if they were offered? Does a lack of faculty
members qualified to teach voice courses limit the amount
of available opportunities in voice study?

Secondly, the students’ higher tendency in the 1999
survey to select minimal (5-10 hours) or significant (25 hours
or more) clinical hours with voice patients raises a provoca-
tive question. Can this be interpreted as evidence that stu-
" dents do seck as much specialty training - either in voice
disorders or away from voice disorders - as they are able to
get within their academic programs?

Finally, reviewing requirements (Figures 2, 5 and
7) established by academic programs, many new speech-
language pathologist may graduate without coursework de-
voted to voice production or voice disorders and without
experience with voice clients. Many others in the current
academic climate receive only limited exposure to voice in
a course focusing on disorders. Although courses in voice
disorders provide the future clinician with acceptable tech-
nical skills, we believe these courses do not provide a broad
enough understanding of the vocal mechanisms. This knowl-
edge gap could prevent the clinician from critically evalu-
ating new therapies. It also could limit the practitioner’s
ability to keep abreast of research findings through peer-
reviewed journals and professional meetings.

A simple survey such as this may raise more ques-
tions than it answers, even those posed in the introductory
discussion. Speech-language pathology has reached a criti-
cal stage in its evolution as a health care discipline. The
acceleration of knowledge in many subspecialties —
neurogenics, language, and other areas in addition to voice
—has overflowed the limitations of a two-year master’s pro-
gram. Institutions of higher learning cannot be expected to
graduate new clinicians well versed in all areas. Further-
more, with the ever growing need for proof of treatment
efficacy, how can the profession as a whole insure that its
practitioners indeed understand the disorders and adequately
implement the treatments of voice —or any other disorder-
with only minimal, basic, exposure? Until post-graduate
programs such as specialty internships or expanded clinical
fellowships can be established, innovative continuing edu-
cation programs such as those offered by the Internet and

other distance learning mechanisms provide the first step to
improve the care of services to the voice client.
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