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Forward 

In this report period, NCVS investigators not only attended the usual professional meetings in acoustics, 
speech motor control, speech pathology, and otolaryngology, but some were part of a special session at the Society of 
Photo-Optical Instrumentation Engineers (SPIE) in San Diego. This society extended invitations to Dr. Story, Dr. 
Berry, Kenneth Tom and myself to join a special session on imaging in speech production. We gave an overview of 
imaging in our field (history, current methods, and future needs) and· followed this with several detailed presentations 
on Electron Beam Computed Tomography (EBC1) and Magnetic Resonance Imaging (MRI) of the vocal tract. Two 
of the papers are included in Part II of this report. 

We learned much about imaging in other areas of research and hope to be able to accelerate the efforts 
through the NCVS. 

Ingo R. Titze, Director 
April, 1996 
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Research papers submitted for 
peer review in archival journals 
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An Analysis of Cellular Location and Concentration in 
Vocal Fold Lamina Propria 

Michael Catten, B.S. 
Steven Gray, M.D. 
Division of Otolaryngology, University of Utah 
Thomas Hammond, B.S. 
Ruixia Zhou, M.S. 
Elizabeth Hammond, M.D. 
Department of Pathology, LDS Hospital, Salt Lake City, Utah 

Abstract 
The lamina propria of the vocal folds is important 

in voice production. Understanding of the normal compo
nents of this layer and their distribution may further under
standing of pathological processes. An evaluation of the 
distribution and ratio of fibroblasts and macrophages, the 
main cell types found in the lamina propria, and 
myofibroblasts, a repair cell, is reported. Twenty two 
normal human vocal folds were obtained from II male and 
11 female patients. Using vimentin, CD68, and muscle 
specific actin stains, image analysis was used to determine 
the number and distribution of the three cell types in the 
lamina propria. 

Three distinct areas of different cellular activity, 
based on cell type and distribution are identified: The first 
area comprises the first twenty percent of the lamina propria, 
the second region is found in the middle sixty percent, and 
the last twenty percent of the lamina propria represents the 
third distinct area. We found that the number of fibroblasts 
is higher in superficial and deep layers of the lamina with a 
decrease in total cell number in the middle layer. The 
macrophages were found almost exclusively in the first 
twenty percent of the lamina and the distribution of 
myofibroblasts was greater in the first forty percent of the 
lamina. No significant gender difference was noted. 

These results indicate that most people (86% of our 
sample) with assumed normal vocal folds have reparative 
processes (based on the presence of myofibroblasts). In 
addition, some people (36% of our sample) have macroph
age infiltration. The finding of three areas of different 
cellular activity may be useful in determining where the 

superficial, middle, and deep layers are located in the lamina 
propria and the location of associated pathological pro
cesses. 

Introduction 
Most benign laryngeal conditions are often either 

due to inflammatory causes (laryngitis, reflux, etc.), abusive 
injuries (nodules, polyps), or perhaps both. Cellular activity 
and cell type found in the lamina propria may vary depend
ing on the disease process. Macrophage presence perhaps 
indicates inflammatory processes , whereas myofibroblasts 
may represent more chronic repair from constant injury. To 
evaluate this, it is necessary to characterize the cellular 
components contributing to the normal lamina propria. The 
majority of cells in the lamina propria are fibroblasts1 : The 
existence of macrophages and myofibroblasts has not been 
well described. 

In his morphological studies of the vocal folds, 
Hirano demonstrated distinctive layers of the vocal folds: 
epithelium, lamina propria, and muscularis. 2 He further 
subdivided the lamina propria into three distinct layers 
based on the density of elastin and collagen fibers. 2 The 
intermediate layer is abundant in elastin fibers, while the 
deep layer consists mainly of collagen (figure 1). In this 
study we compare the concentration and location of these 
elastin fibers with the concentration and location of fibro
blasts, macrophages and myofibroblasts. 

Recent research focuses on characterizing other 
components contributing to the normal extracellular matrix 
in the lamina propria3• Attempts to characterize these other 
extracellular components appear to demonstrate a similar 
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layering through the lamina propria that is found with 
collagen and elastin4. This layering may indicate an active 
role by cells in the vocal folds in the production of these 
extracellular components. In a study by Pawlak describing 
the proteoglycans of the normal vocal fold, it was found that 
some of the proteoglycan staining was present not in fibro
blasts, but rather in macrophages. We had assumed that 
most of the extracellular matrix proteins were being manu
factured by fibroblasts. In fact, the paper by Pawlak demon
strated that macrophages can be and are involved in the 
production of some extracellular matrix proteins. The 
investigators of this study also found that some cells were 
neither fibroblasts nor macrophages and through the use of 
histochemical staining found that these ~tained or uniden
tified cells were myofibroblasts. This study was conducted 
to provide us with some general parameters as to the location 
and population density of these three cell types. 

Fibroblast: 'Fibroblast' is a generic term for a 
population of cells responsible for the establishment, main
tenance and repair of three-dimensional form in multicellu
lar organisms' (table I). The function of the fibroblast 
includes the deposition, maintenance, degradation, and re
arrangement of the extracellular matrix. Fibroblasts in dif
ferent tissues have distinctcytoskeletal features6 and secrete 
different extracellular matrix components'. The phenotypic 
modulation of fibroblasts in different organs depends upon 
signals in the extracellular matrix8. In vivo, fibroblasts 
secrete the various collagen molecules9• They produce vari
ous proteoglycans, such as hyaluronic acid, chondroitin 
sulfates, heparin sulfates and dermatan sulfates, a class of 
macromolecules thought to participate in cellular adhe
sion10. They also synthesize fibronectin11 and produce 
various proteolytic enzymes12. Staining of fibroblasts is 
done with vimentin. 

Macro.phage: The term macrophage (table I) is a 
loose term which applies to a range of cells known more 
properly as "mononuclear phagocytes. " 13 Although no 
single characteristic is unique to these cells they share a 
battery of common characteristics. These characteristics 

·include: morphologic (ruftled membrane, cytoplasmic gran
ules and mononuclear); enzymatic (lysozyme, 5'-nucleoti
dase, esterase, and leucine amino peptidase); membrane 
characteristics ( Fe receptors, complement receptors and 
specific antigens); and functional characteristics (phagocy
tosis of particles). They play a key role in the inflammatory 
process as antigen presenting cells as well as secreting 
various cytokines which mediate the intensity and duration 
of the inflammatory response. 

Myofibroblast: 'Myofibroblasts' (granulation tis
sue fibroblasts) are fibroblasts that develop several ultra
structural and biochemical features of smooth muscle cells, 
including the presence of microfilament bundles and the 
expression of actin (table 1). This well developed cytoplas
mic actin micro filament system is not present in fibroblasts 
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of normal tissues14, but is found in smooth muscle cells. 
Furthermore, myofibroblasts are connected by gap junc
tions and are connected to the extracellular matrix by the 
fibronexus, a transmembrane complex involving a continu
ity between intracellular ~nd extracellular fibronectin fi
bers15. The origin of these cells is thought to be a gradual 
differentiation of local fibroblasts 16 . Cells with morpho
logical features similar to myofibroblasts have been found in 
a variety of organs such as the rat intestinal villi, developing 
human palate mucosa, the human ovarian follicle, and the 
human renal glomerulus6. The role of these cells in normal 
tissue has not been fully elucidated but it has been suggested 
thatthey are found in tissues where reorganization processes 
take place continuously or periodicallyll. Myofibroblasts 
are involved in wound healing. They are poorly developed 
in early granulation tissue , most numerous in the phase of 
wound contraction and progressively disappear in the late 
stage of cicatrization16. Through the use of actin and the 
fibronexus, myofibroblasts are suggested to play a role in 
wound contraction. The secretory products of these cells 
have not been well described but are believed to be similar 
to their progenitor cell, the fibroblast. Myofibroblasts may 
be differentiated from fibroblasts by staining for muscle 
specific actin. 

Materials and Methods 
Tissue Preparation 

Larynges were obtained from the Medical Exam
iner from individuals dead of traumatic causes in which the 
vocal folds were known not to have undergone injury or 
instrumentation. The selection included 11 females and 11 
males between the ages of 17 and 73. All vocal folds were 
obtained within 24 hours of d~ath. The vocal folds were 
prepared and processed for permanent sections. 

Larynges were examined grossly for evidence of 
injury. Vocal folds were removed and cut vertically, per
pendicularto the free edge of the vocal fold. One 2 mm mid 
section was frozen in OCT embedding compound in a 
Tissue tek cryostat equipped with an lnstrumedics modifica
tion (Instnunedics Corps, Hackensack, NJ). A facing mid
section was fixed in Carson's Fixative18 and embedded in 
paraffin using routine histological methods. The staining 
was done on serial cuts with each specimen to assure 
comparison of similar vocal matrix. 



Histochemical Evaluation of Histologic Sections 
Four micron-thick sections of normal vocal fold 

were stained to detect the fibroblast content using vimentin 
stain. The number ofMSA (muscle specific actin) staining 
cells (myofibroblasts) found in the successive slide was 
deducted from the total cell number by comparing the 
images taken for vimentin and MSA staining. This was done 
to prevent counting the myofibroblasts as fibroblasts when 
determining cell number. Twenty two vocal folds were 
examined using this method. 

Macrophages were examined using cd68 monoclonal 
antibody stain and developed with immuno-peroxidase. Twenty 
two vocal folds were examined with this stain. Developing time 

·was determined using controls of lymphoid tissue. 
Myofibroblasts were stained using MSA (muscle 

specific actin). Developing time was determined using 
controls and verification of the stain could be seen on each 
slide by examining the muscle components of the vocal fold 
(arterioles, vocal is muscle). 

Elastin staining had been performed previously on 
these same vocal folds4 using Verhoeff's elastic tissue stain 
(EVG)19

· 

Image Analysis 
The slides were analyzed using an image analysis 

system specially configured for histological and cytological 
studies4• A Microimager 1400 high resolution ( 1280 X I 024 
X 10 bit) image scanner (XILLIX Tech Corp., Vancouver, 
B.C. Canada) is mounted on an Olympus BH2 microscope 
with a DPlanApo 20UV 20X Lens and BHT 5X Photo eye 
piece (Olympus Corp. , Lake Success, New York, U.S.A.) 
for the image acquisition. The illumination was carefully 
controlled via a DC Lamp Power Supply (Olympus Corp., 
Lake Success, New York, U.S.A.). The image was viewed 
on a high resolution color monitor to be sure that the proper 
image was acquired. Optimas Image Analysis Software 
(Bioscan Corp., Edmond, W A) developed from macros was 
used to analyze the images. The distribution and the inten
sity of the substance of interest were measured and recorded 
by the software. 

At 40x microscopic power the lamina propria of 
each vocal fold was examined. The analysis started at the 
superficial layer of the lamina propria and continued to the 
beginning of the vocal is muscle. The cells were counted and 
recorded in each high power field. Care was taken to 
proceed in a linear fashion and not overlap frames. The cells 
were counted using the image analyzer and verified visually 
before proceeding to the next frame. 

Data Analysis 
The data was collected and organized using statis

tical software (SPSS). The number of high power fields 
required to cross the entire lamina varied between speci
mens depending on the thickness of the lamina propria. In 
order to compare these samples, each sample was normal-

ized to one. We then determined cell distribution based on 
percentage of lamina propria crossed. This enabled us to 
compare different samples despite the thickness of the 
lamina propria being different between them. 

We evaluated the cell content in the lamina propria 
in increments of 20%, which gave us five total groups 
(figure 1). The different cell types were compared for 
distribution and concentration for each 20% group using 
box plots. Males and females were als.o compared. The 
elastin content of outlying samples in the superficial 60% 
was compared with the inlying samples to detect any corre
lation between cell number and elastin content. Elastin 
content was determined in a previous experiment on the 
same samples (figure 2).4 

Figure 1. 11/ustration of human vocal fold. The lamina propria is divided 
into jive divisions proceeding from the edge of the epidermis to the 
vocalis muscle. Each division represems 20% of the lamina propria. 
Traditional divisions by Hirano using superficial. intermediate. and 
deep divisions are also shown. 

Elastin Concentration in the Lamina Propria 
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Figure 2. Area graph representing staining of elastin in the lamina 
propria. They-axis measures intensity of staining as measured by image 
analysis. The x-axis represents each 20% division across the lamina 
propria. 
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Fibroblasts in the Lamina Propria 

Qj 
..c 
E 
:J z 
Qj 
(.) 

20"/o 40% 60% 80% 100"/o 

Percent across lcnira p-qxia 

Macrophages in Lamina Propria 

Q; 
..c 
E 
:J 
z 
Qj 
(.) 

50=0.6 

20% 40% 60% 80% 1 00% 

Percent Across the Lamina Propna 

o.AJI 

•M31es 
•Ferreles 

OAII 

• Males 

•Females 

Myofibroblasts in Lamina Propria 

Q; 
..c 
E 
:J z 
Qj 
(.) 

50=1 .5 

20"/o 40% 60% 80% 100% 

Percent Across the Lamina Propria 

OAII 

• Males 
•Females 

Figure 3a.b.c. Three bar graphs measuring the number of fibroblasts, 
macrophages, and myofibroblasts respectively found in the lamina propria. 
77le y-axis represents the number of cells per high power field. The x-axis 
represents each 20% division across the lamina propria. 77Je first bar of 
each set represents a total of both male and female samples. The second 
and third bar represent male and female samples respectively. 
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Results 
Cellular Trends in the Lamina Propria 

Three distinct areas of cellular activity were iden
tified based on cell type and distribution: The first area 
comprises the first twenty percent oft he lamina propria, the 
second region is found in the middle sixty percent, and the 
last twenty percent of the lamina propria represents the third 
distinct area. We found that the number of fibroblasts is 
higher in superficial and deep layers of the lamina with a 
sl ight decrease in total cell number in the middle layer. The 
macrophages were found almost exclusively in the first 
twenty percent of the lamina propria. The distribution of 
myofibroblasts was greater in the first sixty percent of the 
lamina with an almost linear reduction in population density 
from superficial to deep. 

Nnumber and Distribution of Fibroblasts 
Fibroblasts were noted in all layers of the lamina 

propria. Considerable variation was noted in the number of 
cells between samples. The average number of cells was 4 
per high power field in the superficial20% of the lamina, 3 
in the middle 60% and 4.5 in the deep 20% of the lamina 
(figure 3a; upper). The standard deviation was 3 for all 
groups. No statistical difference in the number of fibroblasts 
was noted when comparing males to females. 

Number and Distribution of Macro phages 
· Macrophages were observed almost exclusively in 

the superficial 20% ofthe lamina propria (figure 3b; middle). 
Only 36% of the total samples contained macrophages and 
the maximum number observed in the first 20% was 3 per 
high power field. The average number of cells was 0.4 for 
the first 20% of the lamina propria (standard deviation of 
0.6). No statistical differences in the number of macroph
ages was noted when comparing males to females. 

Number and Distribution of Myofibroblasts 
Myofibroblasts were observed in 86% of the 

samples. Their distribution was in the superficial 80% of the 
lamina propria with a greater number observed on the first 
20% (figure 3c; lower). The average number of cells 
observed in the 20%, 40%, 60% and 80% categories was 1.4 
(std dev 1.5), I (std dev 1.4), 0.9 (std dev 1.2), and 0.6 (std 
dev 1.1) respectively. No significant gender difference was 
present. 

Correlation Between Elastin Content and Cell Number 
No correlation was found between statistical outly

ing samples (many fibroblasts, few fibroblasts, many mac
rophages, etc.) and the intensity of elastin protein present 
when using any of the three cell types in the superficial 60% 
of the lamina propria. The deep 40% was not evaluated. 



Correlation Between Age and Cell Number 
Attempts to link statistical outlying samples in cell 

number with any trend in age proved inconclusive. 

Discussion 
In this study we have described and shown evi

dence that three distinct cell types exist in the lamina propria 
and that each cell type has a unique distribution and fre
quency. Cell type and number give us clues as to the biologic 
activity occurring in the lamina propria. The location of the 
different cell types in the lamina propria could correlate with 
the extracellular properties of the vocal folds. In this study 
no correlation between cell type with elastin concentration 
was found. Even when statistical outliers were used no 
correlation was noted between elastin and cell location. 
Although this attempt was unsuccessful, each of these cells 
secrete a wide variety of products and in the future a 
comparison of these secretory products will be made. 

It appears that in the vocal folds, the presence and 
population density of certain cells more likely reflects re
sponses to environmental stimuli. When Hirano described 
the lamina propria he noted fibroblasts but not macrophages 
or myofibroblasts20 • Both of these cell types are indicators 
of inflammation and cellular repair. In the minority, but 
certainly noticeable, percentage of normal vocal folds there 
was significant macrophage presence in the superficial20% 
of the lamina propria. One has to wonder as to the purpose 
for the presence of these macrophages in this very superfi
cial location. Their presence likely indicates mediation of 
inflammation in response to mucosal irritants. These may be 
infectious or chemical respiratory inhalational irritants. We 
do not know if these people had any smoking history. It 
should be mentioned that there were no epithelial abnor
malities often found in smokers in these samples. Other 
respiratory inhalants, which can be irritating and are found 
either in an urban center (smog) or environmental respira
tory exposure in the workplace, are not known for any of 
these samples. We are currently investigating the activity of 
these cells further. 

The presence of myofibroblasts in the superficial 
area, but extending down to the first 60% of the lamina 
propria, shows a different distribution than the macroph
ages. Although it is possible that macrophages and the 
~yofibroblasts are present as a result of injury and repair, it 
Is the authors opinion that both cell types are present for 
different purposes. Those samples with macrophages did 
not necessarily have myofibroblasts, and vice versa. Fur
thermore, myofibroblasts occurred in a larger population of 
subjects than the macrophages: The presence of 
myofibroblasts indicates previous injury and ongoing re
pair. Over 80% of what we assume to be normal vocal folds 
had myofibroblasts present indicating ongoing reparative 
processes in the lamina propria. The distribution of 

myofibroblasts, with more cells being in the superficial layer 
and linearly declining, probably gives us a good working 
~?del for what part of the lamina propria is frequently 
InJ~red. C~rtainly this distribution ofmyofibroblasts popu
lation denstty parallels our knowledge of where stress in the 
vocal folds is likely to occur· the most. This finding further 
substantiates the theory that most people experience mild 
vocal fold injury from normal daily vocal use. The finding 
of some cells of repair and their consequent extracellular 
matrix products probably should not be viewed as pathologic. 

There was a wide variation in cell number between 
samples. This was most prominent in the fibroblasts (figure 
1 ). It is unknown if an increase in cell number predisposes 
to later pathology, is a result of increased voice use, or a 
variation of normal. Further studies must be undertaken to 
answer this question. 

In past studies, it has been shown that the lamina 
propria in males is usually thicker than females. The 
thickness of the lamina propria is important because it has 
been shown that there is a direct relation of thickness to 
pliability of the fold21 • Based on our studies this difference 
cannot be explained by cell number or cell type. Attempts 
to show a gender difference in the number or distribution of 
cells was inconclusive. 

In summary, three distinct cell types are present. 
The fibroblasts are present in all, but their population density 
did not correlate with elastin content intensity. The presence 
ofmacrophages in the initial20% of the lamina propria may 
be indicative of environmental inhalational irritants and the 
presence of myofibroblasts may indicate that most people 
have low-grade vocal injury from normal daily use. Further 
research will determine if correlation exists between these 
cells, the extracellular matrix, and vocal pathology. Benign 
diseases may be better studied and compared to this data on 
normals. We hope that a better understanding of the exact 
composition of the vocal folds and the interactions between 
these components will help with future clinical and preven
tative medicine. 
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Abstract 
There have been considerable research efforts in 

the area of vocal tract modeling but there is still a small body 
of information regarding direct 3-D measurements of the 
vocal tract shape. The purpose of this study was to acquire, 
using MRI, an inventory of speaker-specific, three-dimen
sional, vocal tract air space shapes that correspond to a 
particular set of vowels and consonants. A set of 18 shapes 
was obtained for one male subject who vocalized while being 
scanned for 12 vowels, 3 nasals, and 3 plosives. The 3-D 
shapes were analyzed to find the cross-sectional areas evalu
ated within planes always chosen to be perpendicular to the 
centerline extending from the glottis to the mouth to produce 
an "area function". This paper provides a speaker-specific 
catalogue of area functions for 18 vocal tract shapes. Com
parisons of formant locations extracted from the natural 
(recorded). speech of the imaged subject and from simula
tions using the newly acquired area functions show reason
able similarity but suggest that the imaged vocal tract shapes 
may be somewhat centralized. Additionally, comparisons of 
the area functions reported in this study are compared with 
those from four previous studies and demonstrate general 
similarities in shape but also obvious differences that can be 
attributed to differences in imaging techniques, image pro
cessing methods, and anatomical differences of the imaged 
subjects. 

Introduction 
Speech simulation algorithms have been developed 

to provide a sophisticated representation of acoustic wave 
propagation through the vocal tract (lshizaka and Flanagan 

( 1972), Strube ( 1982), Maeda ( 1982), Sondhi and Schroeter 
(1987) and Liljencrants (1985)). Most speech simulation 
models are based on the assumption of one-dimensional 
wave propagation. This means that the tubular vocal tract 
shape can be approximated as a finite number of cylindrical 
elements that are "stacked" consecutively from the larynx to 
the mouth. A particular vocal tract shape can be imposed on 
a model by specifying the cross-sectional area of each 
cylindrical element as a function of the distance from the 
glottis. For modeling purposes, any vocal tract shape can be 
defined by its unique "area function". Hence, a necessary 
component for the simulation of natural sounding speech is 
an inventory of vocal tract area functions that correspond to 
the vowels and consonants used to produce human speech. 
The success of speech simulators has been limited, in part, by 
the lack of a body of morphological information about the 
vocal tract shape on which to base these area functions. 
Shape informa~on regarding other airways such as the nasal 
tract and trachea is also needed. The one nearly complete set 
of area functions that has been used extensively as input to 
speech simulation models, is that published in 1960 by Pant. 
These area functions were indirectly acquired with sagittal x
ray projection images and plaster casts of the oral cavity and 
have proved to be an invaluable resource for researchers in 
the field of speech synthesis and simulation. 

Modem imaging techniques are now being used to 
acquire three-dimensional shape iqformation about the vocal 
tract volume and associated airways. Volumetric imaging 
relies on the ability of an imaging technique to acquire a 
series of image slices, in one or more anatomical planes, 
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through a desired volume of the human body. This process 
can be performed with either magnetic resonance imaging 
(MRI) or electron beam computed tomography (EBCT). 
Post-processing of the images typically includes segmenta
tion of the air space from the surrounding tissue and a 3-D 
reconstruction of the airway shape. Once the 3-D structure 
has been identified, it can be measured and analyzed. During 
speech production, a speaker will traverse many different 
vocal tract shapes in a short period of time,. often overlapping 
one shape into another (i.e. coarticulation). Unfortunately, 
neither MRI or EBCT can acquire a volume image set fast 
enough to capture the dynamically changing vocal tract 
shape. Thus, the use of present, commercially available, 
imaging techniques can be used only to study static vocal 
tract shapes. 

MRI is an attractive imaging technique primarily 
because it poses no known danger to the human subject-being 
imaged. Since human speech comprises a large number of 
vowel and consonant shapes it is often desirable to acquire a 
large number of image sets. Thus, the human subject may 
need to be exposed to hours of imaging, but fortunately, with 
no apparent risk. However, MRI has a number of distinct 
disadvantages. The scanning time required for acquisition 
of a full image set is on the order of several minutes. When 
this is coupled with the pauses required for subject respira
tion, a complete image set may require double or triple the 
actual scan time. Thus, the image set and subsequent 
reconstruction of the airway is based on a large number of 
repetitions of a particular shape. Also, because of various 
imaging artifacts associated with air/water interfaces, the 
air-tissue interface can be poorly defined when imaged via 
MRI techniques. Additionally, teeth and bone are poorly 
imaged by MRI because of the low hydrogen (water) concen
tration, making these structures appear to be the same gray 
scale value as air. 

Baer et al. (1991) demonstrated the use ofMRI to 
directly measure the vocal tract shape for the four point 
vowels with two adult male s~bjects. In two separate 
experiments, they collected combinations of image sets in 
three planes from which they created the first demonstration 
of 3-D reconstructions of the vocal tract shape using MR 
imaging techniques. They also reported the corresponding 
area functions for each vowel that were discretized along the 
vocal tract centerline at intervals of 0.875 CJil and proposed 
a midsagittal width - to - area transformation based on their 
data. Moore (1992) performed an MRI study in which 
sagittal and coronal image sets of the vocal tract were 
obtained from five adult male subjects for three vowels and 
two continuants. The study investigated correlations be
tween cavity volumes and resonance frequencies of the vocal 
tract, as well as other variables such as lip length and lip area. 
However, it did not include three-dimensional reconstruc
tions of the vocal tract shapes. Another MRI study of the 
vocal tract was performed by Suiter et al. ( 1992). They used 
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one male subject who was a trained singer. Their primary 
interest was in correlating the vocal tract length measured for 
an /£1 vowel to resonance frequencies (formants) predicted 
by theory. They also imaged the vowels /il and /a/ from 
which they measured cavity volumes. Greenwood et al. 
(1992) imaged five static vowels using one subject. They 
acquired an image in the midsagittal plane, and a set of 
images in the axial and coronal planes. Areas functions were 
extracted from the image slices in close accordance with th'e 
vocal tract model proposed by Mermelstein (1973). Dang et 
al. (1994) used MRI to acquire contiguous coronal image 
sets throughout the nasal tract volume and sagittal image sets 
of the vocal tract for nasal consonants /m/ and /nl. Using 
these data they produced 3-D reconstructions of the nasal 
tract passages and sinus cavities. The nasal tract morphology 
along with the yocal tract area functions were subsequently 
used to model the acoustic characteristics of the nasal system 
and production of nasal consonants. Reconstruction of 3-D 
vocal tract shapes for five vowels was reported for an adult 
male, adult female, and an eleven year old male by Yang and 
Kasuya ( 1994). Coronal and axial image sets were acquired 
in order to define the oral and pharyngeal cavities, respec
tively. Area functions that were extracted from the vocal 
tract reconstructions for each subject were implemented in a 
frequency domain model of acoustic wave propagation 
(Sondhi and Schroeter, 1987). Formant frequency compari
sons between the model and natural recorded speech were 
quite close, with many cases exhibiting less than a 5 percent 
error. Narayanan et al.(l995) and Narayanan (1995) have 
reported the acquisition of coronal and axial image sets from 
four adult subjects (2 male and 2 female) representing the 
fricative consonants, ls,f ,f,O,z,3, v ,0/. 3-D reconstructions 
of both the vocal tract shape and the tongue were created 
from these images and a cross-sectional area analysis was 
performed. This study provides the most accurate informa
tion to date of the constrictions and air channels that produce 
the turbulence generated sound, characteristic of fricative 
consonants. Lakshminarayanan et al. ( 1991) have focused 
on using MRI to acquire midsagittal sections of the vocal 
tract from which they measured the tract widths and con
verted them to cross-sectional areas using an empirically 
derived formula from Rubin et al. (1981). Perrier et. al. 
(1992) and Beautemps et al. (1995) have both used x-ray 
techniques in an attempt to further develop transformations 
from the midsagittal width to area. 

The intent of this experiment was to obtain a collec
tion of vocal tract shapes (and consequent area functions) 
corresponding to a large number of speech sounds for one 
specific speaker. Such a collection should allow for a unique 
simulation of speech (i.e. of the imaged subject) in which 
acoustic pressures and flows generated by a speech produc
tion model can be directly compared to that of the subject. 
Additionally, methods of interpolating or convolving the 
area functions in time to form "running speech" might be 



more easily studied since a direct comparison can be made 
between simulation and recorded natural speech of the 
subject. Thus, a set of area functions from one speaker will 
allow a more rigorous evaluation of speech modeling algo
rithms since the simulation can be directly compared to the 
real human system being modeled. Twenty-two complete 
vocal tract shapes, trachea, piriform sinuses, and two states 
of the nasal tract were scanned with MRI for this study. 
However, only a subset containing 12 vowels, 3 nasals, and 
3 plosives will be presented in this paper. 

In addition to requiring that one subject produce all 
of the desired vocal tract shapes it was desired that the image 
set representing any one particular shape be completely 
acquired within one imaging session; i.e. the subject would 
be positioned in the scanner only once for any particular 
vowel or consonant. This requirement was intended to avoid 
the potential errors associated with repositioning the subject 
in the scanner for separate sessions as well as the possibility 
that the subject might produce a particular vowel or conso
nant with a slightly different vocal tract shape from session 
to session. The volumetric imaging studies reviewed above 
(Baeretal., 1991; Moore, 1992; Suiter, 1992; Greenwoodet 
al. 1992, Dang et al., 1994; Narayanan et al., 1995) all 
acquired multiple plane image sets. In these studies it has 
typically been regarded that some combination of two imag
ing planes is necessary for measurement of the vocal tract 
shape. But because of the physical demands required of a 

· single subject to produce different vocal tract shapes for 22 
full volume scans (with phonation during scanning) plus two 
volume scans of the nasal tract and one of the trachea, it was 
concluded that each image set could reasonably inc.lude only 
one imaging plane. Even with the reduction to one imaging 
plane, the subject spent between seven and eight hours over 
the course of three separate sessions lying in the MRI 
scanner. The axial plane was chosen because it would most 
accurately represent the small epilaryngeal region and the 
often constricted pharynx as well allowing a direct compari
son to a limited number of image sets acquired with electron 
beam computed tomography (EBCT) that were part of an
other experiment (Story, 1995; Story et al. 1996); EBCT 
allows only the acquisition of axial image sets. Using only 
axial slices may compromise the measurement accuracy in 
the oral cavity, particularly for front vowels when there is 
little air space between the upper surface of the tongue and 
the hard palate. In such a ~ase, the thickness of the MR slice 
may be larger than the airway passage. Ideally, multi-plane 
scanning would be performed for every vowel and consonant 
shape produced by the subject, but subject endurance as well 
as monetary and time constraints associated with obtaining 
scanning time prevented this ideal case. 

This paper is primarily intended to report area 
function data for static vocal tract shapes. However, com
parisons of formant locations produced by 12 tract shapes for 

both the natural speech of the subject and a simulation based 
on the new set of area functions will be presented. 

Image Acquisition and Analysis 
MRI Scanning Parameters and Image 
Acquisition Protocol 

The MR images were acquired using a General 
Electric Signa 1.5 Tesla scanner. MRI produces a slightly 
blurred boundary between tissue and air(Baer et al., 1991). 
However, the acquisition mode can be chosen and the pulse 
sequence parameters adjusted to provide acceptable air
tissue interfaces. The parameters shown in Table 1 were 
empirically found to provide acceptable images of the air
way. 

Table 1. 
MR parameters for vocal tract image acquisition. 

Mode = Fast Spin-Echo, using an anterior neck coil 
TE = 13 msec (echo delay time) 
TR = 4000 msec (repetition time) 
ETL = 16 msec (echo train length) 
FOV = 24 em (field of view) 
NEX = 2 (number of excitations) 
image matrix = 256 x 256 pixels 
resolution = 0.938 mrnlpixel 
slice thickness = 5 mm 

Volumetric imaging of the vocal tract using MRI 
for a single subject was completed for 22 different phoneme 
configurations and also for the nasal tract and trachea (but as 
stated previously, only the analysis of 18 tract configurations 
will be discussed in this paper). The subject (BS) was a 29 
year-old male with no history of speech or voice disorders 
and is a native of the midwestern United States. The subject 
is 5 feet 7 inches tall and weighs approximately 145 pounds. 
His head circumference was measured to be 57 em and for 
the neck, 34 em, measured just above the prominence of the 
thyroid cartilage. Height, weight, and head and neck sizes 
have not typically been reported in previous imaging studies, 
but such information may be useful to the reader when 
comparing the data presented here to other data sets. While 
the body dimensions given certainly do not define a vocal 
tract size, they may provide a clearer picture of the subject's 
body structure. The subject is also the frrst author of this 
study. 

Using the parameters given in Table 1, a 26 slice 
series of 5 mm thick contiguous, parallel, axial sections was 
gathered in an interleaved acquisition. This image set, which 
extended from just above the hard palate down to the first 
tracheal ring, could be acquired with 4 minutes and 16 
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seconds of scan time. However, because the subject was 
required to phonate during image acquisition, the actual 
amount of time required to image one shape was approxi
mately 10 minutes, allowing for respiration during pauses in 
scanning. 

Prior to the imaging session, the subject spent a 
significant amount of time practicing phonation while hold
ing the vocal tract shape as steady as possible. The protocol 
for image acquisition was as follows. The subject was first 
given ear plugs to attenuate the intense sound of the MR 
machine. The subject was then positioned in a comfortable 
supine position on the patient table in the MRI examination 
room. The subject's head was placed directly on the table (no 
foam or cushion) and positioned so that the table was 
perpendicular to the Frankfort plane. Cloth adhesive tape 
was then used to secure the head to the table in this position. 
With this approach, very little head movement was possible. 
An anterior neck coil was brought into position so that the 
desired portion of the head and neck were within its field of 
view. With this preparation completed, the patient table was 
moved such that the subject's head was in the center of the 
magnet. Prior to each image acquisition session, a sagittal 
localizer was performed to allow for identification of the 
appropriate field of view and scan location. 

During protocol development a foot signaling 
method was tested to indicate to the MR technician when a 
breath was needed. However, the foot movement introduced 
motion artifacts and blurring. The subject reported that this 
method interrupted concentration. In the final study the 
technician started the image acquisition when the subject 
began phonation (as heard over the intercom) and then 
"paused" the machine after eight seconds of scanning so the 
subject could take a breath. As soon as the subject began 
phonating again, the image acquisition was continued. This 
method allowed the subject to be in control of the time 
between acquisitions and also keep the vocal tract stable. 
The subject was given any pertinent instructions over an 
intercom system. Throughout all image acquisitions a speech 
scientist, experienced in phonetics, was present in the control 
room to listen to each speech sound and halt the acquisition 
if the subject strayed from the desired target. 

The phonemes used to create static vocal tract 
shapes during imaging are shown in Table 2 with the example 
word that was given to the subject prior to the image 
acquisition. For the consonants, the subject imagined that 
the preceding and following vowel shape was a neutral or 
schwa vowel (note the rather strange example for /Of). 

Image Analysis 
All image analysis operations were perfonned with 

a general Unix-based image display and quantitation pack
age called VIDA TM (Volumetric Image Display and Analysis) 
which has been developed(andcontinues to be enhanced) by 
researchers in the Division of Physiologic Imaging at the 
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Table 2. 
List of imaged phonemes using phonetic symbols, 

· symbols, and example words. 

Phonetic Sl!mbQI Example 
Iii heed 
III hid 
1£1 head 
Ire/ had 
IN ton 
Ia/ hod 
I:JI paw 
/of hoe 
lui hood 
lui who 
13'1 earth 
Ill lump 
lml mum 
In/ numb 
/Q/ unga 
/p/ puck 
It/ tuck 
lkl cut 

University of Iowa (Hoffman et al., 1992). Additional 
information regarding VIDA can be found on the Internet by 
using a web browser and logging onto http:// 
everest.radiology .uiowa.edu/. 

The goal of this experiment was to determine area 
functions for each of the phonemes listed in Table 2. To 
achieve this goal the image analysis process included three 
main steps: 1) segmentation of the airway from the surround
ing tissue, 2) three-dimensional reconstruction of the airway 
by shape-based interpolation, and 3) determination of an 
airway centerline and subsequent extraction of cross-sec
tional areas assessed from oblique sections calculated to be 
locally perpendicular to the airway centerline. 

Airway Segmentation 
The image data sets were transferred from the GE 

Signa scanner to a Unix-based workstation (via magnetic 
tape) and translated into a file format recognized by the 
analysis and quantitation software (VIDA). When files are 
in this format they can be read into a shared memory 
structure, and for convenience, images were converted from 
16 to 8 bit per pixel gray scale resolution. The upper gray 
level cutoff was determined by computing a pixel histogram 
on several slices sampled throughout the data set and choos
ing the cutoff point so that all pixel values present in the 
image set were below the cutoff (our version of the GE 
scanner downloaded the MR data sets as 8 bits of gray scale 
information stored in 16 bit pixel values). 



The airway was segmented from the surrounding 
tissue by setting all voxels considered to be in the airway to 
a unique gray scale value. The first step in this process was 
to attenuate all gray scale values in an image slice by 5 
percent. This ensured that no voxel in the image volume had 
a value of 255 (the brightest value for an 8-bit gray-scale 
range). Next a gray scale value that represented the threshold 
dividing air and tissue was determined by choosing the voxel 
intensity that was halfway between the darkest part of the 
airway and the brightest part of the tissue surrounding the 
airway as determined by region of interest analysis. Valida
tion of this approach using the image data sets for a phantom 
study is discussed in Appendix A. 

Once the threshold value had been determined the 
actual segmentation process could be performed. A seeded 
region growing algorithm was used that changed the gray 
scale values of all pixels below the threshold value to the 
brightest possible gray level (Hoffman, 1983; Udupa, 1991 ). 
This effectively set the airway to a single color that, because 
ofthe previous attenuation process, was unique with respect 

(a) 

Figure 1: Method of terminating the open mouth to contain the seeded 
region growing, a. at top) "painted" rectangle on the midsagittal slice, 
b) containment "fence·· in the axial plane. 

to the rest of the image volume. The seeded region growing 
process required the airway region to be non-continuous with 
air outside the body. For the axial slices in the pharyngeal 
section this was not a problem, but in the oral region where 
some slices have an open mouth condition, the algorithm 
would "leak" the brightest pixel value out of airway and into 
the "blackness" (air) outside the image. To correct the 
problem, an artific~al boundary that defined the mouth termi
nation of the vocal tract was constructed. First the image set 
was viewed in a reformatted midsagittal plane (extracted 
from the volumetric image data set) where the outline of the 
lips are easily seen. A mouth termination plane was then 
defined using the technique of Mermelstein ( 1973). Figure 
I shows the boundary in the midsagittal plane and the 
containment of the seeded region growing algorithm in the 
axial plane. 

A potential problem that arises in segmentation of 
the oral cavity is that the 5 mm s lice thickness may cut 
through both tissue and air. For example, the upper 2.5 mm 
of a slice may contain a portion of the hard palate while the 
lower 2.5 mm contains air. The result would be a voxel 
density with some average value of air and tissue which could 
be above or below the set threshold; i.e. tissue could be 
included as air and vice versa. The most superior slice in a 
given image set normally included the lower portion of the 
nasal tract and also some of the velopharyngeal air space for 
the nasal consonants. Usually, this slice was ignored except 
in the case of the nasals. The next slice inferior to the first, 
typically contained the hard palate and extended down to 
include the midline raphe on the roof of the mouth. Because 
of the uneven surface created by the midline raphe on the roof 
of the mouth, this slice contained some voxels with densities 
made up of contributions from both air and tissue; their 
values often would lie below the threshold determined for 
segmentation. During the segmentation process, this par
ticular slice was always segmented with the threshold-based 
seeded region growing method. However, the subsequent 3-
D reconstruction of the tract shape using methods described 
in the next section, were performed with and without this 
particular slice. It was often the case that, when the slice was 
included, the 3-D reconstruction possessed some rather 
unnatural "fins" on its most superior portion that were most 
likely the result of including something other than air. Thus, 
in such cases, this particular slice was ignored and the 
interpolation, surface rendering, and area function analysis 
were performed without it. A similar error could occur in the 
inferior part of the oral cavity where portions of the tongue 
and adjacent airspace might be included within a slice. 
However, the effect may be less severe in this case because 
the variety of shapes assumed by the tongue in the production 
of different speech sounds may ensure that one slice would 
not usually contain the entire upper surface of the tongue. 
Thus, no attempt was made to alter the threshold-based 
segmentation in this region. With the approach taken, it is 
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possible that a very small volume of air was excluded from 
the airway which would have the most significant effect on 
vowels with a front constriction such as fii, III, and lei. 

Volume Reconstruction 
Interpolation to produce an isotropic (cubic voxel) 

image set is often used when an image set has been collected 
in only one image plane and one dimension has a spatial 
resolution equal to the thickness of an image slice. Voxel 
densities can be interpolated between consecutive image 
slices to generate a uniformly sampled image set. The 
interpolation is typically performed with nearest neighbor, 
linear, or trilinear techniques (Udupa, 1991). If interaction 
by the user is required to identify and segment a region or 
structure of interest, the cubic voxel image set greatly 
increases the workload. For example, the MR image sets 
collected for this experiment were 26 slice series of 5 mm 
thick slices. An interpolation to a cubic voxel image set 
would generate 138 slices. 

Instead of the more general practice of interpolat
ing voxel densities, a technique called shape-based interpo
lation (Raya and Udup~ 1990) was used reconstruct the 
three-dimensional shape of the vocal tract airway. The 
shape-based algorithm interpolates segmented image data to 
form an isotropic (cubic voxel) data set. Thus, user interac
tion can be limited to structure or region identification in the 
original image set. Since the image segmentation process 
assigned a gray-scale value to each voxel within the airspace 
that was unique to the rest of the image (in particular the 
value 255}, the segmented image set can be considered to 
represent a binary scene; i.e. each slice can be separated into 
a "patch" of air (gray level = 255) or not air (gray-level < 
255). The technique of shape-based interpolation (Raya and 
Udup~ 1990) utilizes this binary representation of a struc
ture (in this case the airway) within an image set to interpo
late slices between the originals using information related to 
the structure's surface location above and below the new 
slice location to be generated. Within a given image slice, 
the shortest distance between each voxel and the boundary 
of the airway is computed and stored in a 2-D array with the 
same dimensions as the image slice. For example, if the 
image consists of a 256 x · 256 pixel matrix and a shortest 
distance to the airway boundary is measured for the pixel 
located at a position of ( 123,50), then this measured distance 
is stored in the (123,50) location within the 2-D array. If the 
voxel was in the airway, the measured distance is considered 
to be positive valued, otherwise the distance is set to be 
negative. This process is performed for each image slice so 
that, when finished, a new set of "slices" (2-D arrays) 
containing distance measures has been created that main
tains the correct spatial ordering of the original segmented 
image set The interpolation between slices is performed on 
the shortest distance arrays,· rather than actual image slices. 
When the interpolation is complete, the new set of shortest 
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distance slices (2-D arrays) can be mapped back into a binary 
scene by assigning every positive distance value to a voxel in 
an image slice with a gray-level value of255. Every negative 
distance value is assigned to a voxel with a gray-level value 
of 0. Thus, the shape-based approach interpolates only the 
gray scale value of the airway while all other colors are 
ignored, effectively "stripping" all tissue away from the 
airway while creating the same voxel resolution in the axial 
direction as the other directions; i.e. isotropic resolution. 

The interpolated airway produced by shape-based 
interpolation was subsequently used in both a surface render
ing application and a cross-sectional area analysis. The 
surface rendering consisted of first extracting the edges of 
the interpolated airway image and then creating a shaded 
surface display. The result was digital "cast" of the vocal 
tract. Surface rendering applications used effectively in 
many cardiac and pulmonary applications are discussed in 
Hoffman (1991). High quality three-dimensional represen
tations of the airway can be rotated and magnified to show 
many different perspectives. It is only a qualitative tool, but 
nevertheless an important step in the image analysis because 
it shows the quality of the segmentation process and provides 
three-dimensional views of each vocal tract shape. 

The area analysis takes advantage of the resultant 
isotropic, binary representation of the vocal tract to compute 
oblique cross-sectional areas perpendicular to the local long 
axis. The details of this analysis are given in the next section. 

Area Function Analysis 
To extract the area function from the interpolated 

vocal tract shape, an algorithm was used that was originally 
developed to analyze upper airway geometry and volume 
with regard to sleep disorders (Hoffman etal., 1992; Hoffman 
and Gefter, 1990). It computes cross-sectional areas from 
oblique sections calculated to be perpendicular to the local 
airway long axis. 

A segmented and interpolated image is used from 
which a three dimensional centerline is computed through 
the airway. An iterative bisection algorithm is used to 
compute the centerline. A voxel is chosen by the user at the 
beginning and the end of the segmented image; i.e. the 
beginning voxel is chosen near the mouth termination and the 
end voxel is chosen near the glottis. A line is then drawn 
through three-dimensional space from the beginning voxel to 
the end voxel. The plane perpendicular to this line and 
halfway between the two specified voxels is determined, and 
all voxels in this plane that have the gray scale value of the 
airway are identified and used to calculate an average voxel 
location (i.e. the centroid). The new voxellocation along 
with the original end points are now used to create two new 
line segments, two new planes perpendicular to the line 
segments, and consequently two new centroid points within 
the airway. The process can be repeated for any number of 
iterations specified by the user. When the iterations are 



finished the result is a sampled version of the three-dimen
sional centerline through the airway. Oblique sections were 
calculated perpendicular to the long axis of the airway at each 
centerline point. A voxel counting algorithm (summing all 
voxels of the airway gray scale value) was applied to each 
oblique section yielding the cross-sectional area, anterior
posterior length, and lateral length as a function of slice 
location along the airway length. The distance between 
consecutive cross-sections can be calculated with the three
dimensional Pythagorean theorem, 

where (x
0
,y

0
,z

0
) and (x

1
,y

1
,z

1
) are the spatial coordinates of 

the airway centroid locations from consecutive cross-sec
tions. However, because of the irregular shape of each cross
section, the centroid location often varied within the plane of 
the section. This will impose small displacements of the 
centerline out of the axis of wave propagation. Figure 2a 
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Figure 2: Off-axis variations of the vocal tract centerline, a) lateral (x) 
coordinate variations as a function of section number; first section is 
at point just above the glottis and the last point is at the lips, b) raw 
and smoothed vocal tract profiles in the midsagittal plane. 

shows the lateral (x) coordinate for the vowel/a/ as a function 
of section number. The fll'Stsection is at a point just above 
the glottis and the last section is at the lips. The figure shows 
that there is an overall left and right displacement as well as 
many small, sharp variations. While the variation from point 
to point is typically a millimeter or less, the summation of the 
variations can accumulate and add a centimeter or more to 
the total vocal tract length. For the frequency range of speech 
sounds, these variations are a tiny fraction of a given wave
length and it is, therefore, unlikely that a pressure wave 
would alter its direction of propagation in response to small 
off-axis variations; i.e. a propagating acoustic wave would 
not "see" these small variations as significant changes in the 
axis of propagation. To suppress their influence, an averag
ing filter was applied to the anterior-posterior (y) and infe
rior-superiof'(z) coordinates to smooth out sharp variations 
in the midsagittal plane. The lateral (x) coordinate was not 
used in the length calculation, hence the tract length was 
based on the midsagittal vocal tract profile while the true 
centerline was used for oblique plane and cross-sectional 
area calculations. Both raw and smoothed tract profiles for 
the vowel/a/ are shown in Figure 2b. 

It was difficult to locate the seed voxels at exactly 
the mouth termination plane and the plane just above the 
glottis. Since the cross-sectional areas of the these planes are 
important end points for each area function, a region of 
interest analysis was used to measure the area of the mouth 
termination by viewing the interpolated airway coronally 
and the area just above the glottis was measured from an axial 
slice. Additionally, for each of these cross sections, the 
centroid coordinates were determined and added to the data 
set generated by the iterative bisection algorithm. The region 
of interest analysis was also used to determine the cross
sectional areas of the lateral pathways forthell/by measuring 
coronal slices through them. The iterative bisection method 
used for this study did not perform well for branching 
airways. 

Each area function was generated as the set of x-y 
pairs that include the length coordinate (Ln) and the corre
sponding area (An), 

A.) (2) 

The area function is assumed to begin at the glottal end of the 
vocal tract (i.e. L=O is just above the glottis) and terminate at 
the lips. 

Exclusion of the Teeth 
A small concentration of hydrogen causes the teeth 

to be poorly imaged with MRI making these structures 
appear to be the same gray scale value as air. To avoid 
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including the teeth during the segmentation process, an 
estimation of their extent into the oral cavity was required. 
Story (1995) and Story et al. (1996) reported an imaging 
experiment that used electron beam computed tomography 
(EBCT) to acquire axial image sets for two vowels, /if and 
/a/ for the same subject (BS) imaged in the present experi
ment. Since EBCT uses x-ray radiation, the teeth are well 
defined in the image slices in which they are present. Thus, 
the EBCT image sets provide a convenient means of measur
ing the dimensions of the teeth, in terms of their extent into 
the airway, which can then be used as an aid in segmenting 
the air from tissue and teeth in the MR image sets. 

Using the EBCT image set for the vowel /a/, the 
teeth were removed by segmenting them from all other tissue 
and air and then applying the shape-based interpolation 
algorithm described previously to extract only the teeth from 
the image set. A shaded surface rendering of the teeth 
extracted from the /a/ vowel is shown in Figure 3. The 
dimensions of this "cast" of the teeth can now be measured 
with a general region of interest analysis program (Hoffman 
et al., 1992). The space occupied by the teeth within each 
axial MRI slice in the region of the oral cavity was estimated 
from these measurements and the airway segmentation was 
corrected by "painting out" a space approximately equiva
lent to the size of the teeth. In Figure 2b, the spatial 
contribution of the teeth have been excluded using this 
method; i.e. observe the black regions lateral to the airway 
that would have otherwise been included as air space. 

A demonstration of this method of removing the 
contribution of teeth is shown in Figure 4 in which two 
perspective views of the 3-D reconstruction of the /a/ vowel 
oral cavity using the MRI data is given. The upper pharynx 
is seen at the left side of the figure which bends into the oral 
cavity, and terminates at the lips as represented by the flat 
plane. Figure 4a was reconstructed assuming that the teeth 
did not exist (i.e. all of the space occupied by the teeth was 

Figure 3: A "digital cast" of the teeth using the EBCf image-set for the 
vowel Ia/ (inferior, f rontal view; i.e. looking up toward the teeth f rom 
below). 
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segmented as air) while Figure 4b represents the same vowel 
shape but after using the dimensions of the teeth obtained 
from the EBCT images to estimate their extent and conse
quently el iminate their contribution to the MR derived air 
space image. Note that since the dimensions of the teeth do 
not change, their dimensions measured from the EBCT data 
can also be used in segmenting any other vowel shape 
acquired with MRI. Thus, one EBCT image set provides the 
necessary information for estimating the location and size of 
the teeth in any MR image set when relating the teeth 
dimensions to their soft tissue surroundings. 

Speech Simulation and Acoustic Recording 
Simulation Model 

A wave-reflection analog vocal tract model (Story, 
1995) was used to simulate the vowel sounds based on the 
area functions measured from the MR image sets. Energy 
losses due to the yielding properties of the vocal tract walls, 
fluid viscosity, and radiation from the mouth have been 
incorporated into the model. An acoustic side branch repre
senting the piriform sinuses was also implemented. The 
model was sampled at a frequency of 44100 Hz and each 
finite section of the area function represented a tube length of 
0.396 em. 

(a) 

(b) 

Figure 4: Shaded surface displays of the vowel /a/where the flnt 
surface in the upper right ponion of the picture is the mouth 
termination plane: a) perspective view including the teeth - the ''fins .. 
that are visible on right side of the oral region (they also exist on the 
left side) are due to the included presence of the teeth, b) perspective 
view excluding the teeth. 



The simulation of each vowel sound was performed 
by injecting a parameterized glottal flow waveform(Titze et 
al., 1994) into the glonal end of the vocal tract to serve as the 
v.oice source. A parameterized source allows precise control 
of fundamental frequency (pitch) and spectral content (glot
tal waveshape) so that all of the simulations can be produced 
with exactly the same voice. 

Acoustic Recordings of Natural Speech 
In order to compare simulations to the natural 

speech of the subject, a high quality audio recording was 
made in which the subject produced speech sounds that 
corresponded to the static shapes that were acquired with 
MRI. An attempt was made to simulate, as closely as pos
sible, the conditions experienced during the MRI sessions. 
The subject was set in a supine position on the suspended 
floor of an anechoic chamber. The Frankfort plane was 
perpendicular to the fl oor. No attempt was made to replicate 
the acoustic signal produced by the MR scanner but the 
subject did use ear plugs to create similar acoustic feedback 
conditions in terms of perceived vocal intensity. The speech 
sounds were recorded three separate times. 

Analysis by Linear Predictive Coding (LPC) 
The natural and simulated speech samples were 

compared in terms of linear prediction spectra. The LPC 
algorithm was a 50 pole autocorrelation method (Markel and 
Gray, 1976). For each recorded vowel sound, a sample 
approximately 0.10 seconds long was extracted from near 
the beginning of the total recorded production. An LPC 
analysis was then performed on this sample. Once the LPC 
spectrum had been computed, a peak picking algorithm 
based on a parabolic interpolation method (Titze et al., 1987) 
was used to find the first three resonance frequencies of the 
vocal tract. The simulated sounds were subjected to the same 
analysis as the natural speech. 

Results and Discussion 
Vowels 

Sagittal views of the surface rendered airways, 
along with their " raw" area functions (i.e. points are not 
necessarily spaced in equal increments), are shown in Fig
ures 5,6,7, and 8 for the vowels produced by subject BS. 
Since the imaging was performed on static vocal tract shapes, 
the lsi and Ill are included in the group of "vowels"; i.e. any 
open tract shape was considered to be a vowel. A rotated and 
tilted view for the II/ is shown so that the lateral pathways are 
visible. Additionally , five coronal cross-sections spaced at 
intervals of0.188 em show the shape of the lateral pathways. 
For each surface rendered airway, the most inferior point of 
the 3-D shape begins with the uppermost section of the 
trachea. Above the trachea, the airway becomes small in the 
region of the glottis and then widens, more or less depending 

on the vowel or consonant, into the lower pharyngeal section. 
The finger-like extensions that hang down below the pharynx 
are the piriform sinuses. As the vocal tract bends into the 
horizontally oriented oral cavity the airway becomes narrow 
or wide and terminates with the mouth opening. For all area 
functions, the glottis is considered to be at the 0 em point. The 
figures are grouped to show a progression of shapes that first 
exhibit a constricted oral section, then a constricted pharyn
geal region, and finally a constricted mid-section of the tract. 

A general observation with regard to all of the vocal 
tract shapes is that they show a widening of the tract above 
the glottis that starts at 2 to 3 em and narrows again at 
approximately 4 to 5 em. This is primarily due to the piriform 
sinuses merging with the main vocal tract tube. The point 
above the glottis at which the widening begins is nearly the 
same for all vowels, suggesting that the analysis of each 
vowel was consistent in terms of defining the glottal termina
tion. 

IJ :n 

Iii 

O 0 , 6 I 10 ll 1• 16 IS lO 
Oimnc~ (rom Cofoun {em) 

lei 

I 

•• ~~~~.~"~.~ •• ~.~, ~.~. ~.6~ .. ~10 

Ire! 
IJt~~ncc fton'l Gton•~ t.:ml 

Figure 5: Surface rendered ainvays and "raw " area fun ctions for / if. 

It/, lEI. and Ire! (subject BS). Shaded surface display. left; area 
function. right. 
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The first four airway surface renderings and area 
functions in Figure 5 (lil,IIJ,!EI, and /cef), show that the region 
just above the glottis is nearly constant up to 2 em above the 
glottis. Beyond this point there is an abrupt increase in area, 
with the/if vowel achieving the greatest area of 4.2 cm2• The 
other two "front" vowels, III and IE/ have successively lower 
areas in this region (peak areas of 3.5 cm2 and 2.9 cm2, 

respectively). In the front half of the area function the cross
sectional area of the /i/ vowel drops to values on the order of 
0.2 cm2

, far below theii/ and IE/ areas which are in the range 
of I cm2• Thus, the/if vowel defines the extreme areas in both 
the front and back vocal tract cavities. The vowel/1/ reaches 
less extreme areas than the /i/ but more extreme than IE/. The 
area function for the /ce/ vowel is similar to /i/,II/, and IE/ in 
the pharyngeal region and to//11, /a/, and/~/ (shown in Figure 
6) in the oral cavity. It appears to be a transition vowel 
between the front and back categories. 

Surface renderings of the airways for /Ill, Ia/, and 
/~/ (Figure 6) all show a similar constricted pharynx and 
widened oral cavity, except that the /a/ clearly has a larger 
mouth opening. The area functions for these "back" vowels 
are all very similar in the region between the glottis and about 

/Ill 

2 4 6 J 10 12 14 16 II 20 

Ice/ 
o,u.aa;c fronl Cil«tat (em) 

.c 6 • 10 12 •• 16 u zn 
/~/. 

Db.u.r.a Cram Gloths (.:m,) 

Figure 6: Surface rendered ainvays and "raw ·· area functions for IN. 
Ia/, and I::V (subject BS). Shaded surface display. left; area function, 
right. 
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4.5 em above the glottis at which point the /Ill remains at 
approximately 0.8 cm2 and the /a/ and~/ both drop to about 
0.25 cm2• All three vowels steadily increase in area from 
about the 7 em point up to the -13.5 em point with /~/ 
achieving the greatest area of7 cm2• From the point of peak 
area out to the mouth termination (at approximately 17.5 em) 
the area functions for /AI and r.J/ steadily decrease to a final 
mouth opening area of about 1.0 cm2• The area function for 
/a/ initially exhibits a similar decrease, but at 15.5 em the 
area begins to rise and continues out to a mouth termination 
of 5.0 cm2. 

The airway images for /o/, lui, lui and /3"/ in Figure 
7 clearly show the profile of the tongue and especially the 
tongue tip. The area functions demonstrate how each of 
these vowels are more or less divided into two distinct 
chambers by a tight constriction. The /o/ and /u/ both have 
large cavities in the front of the tract and smaller cavities in 

/of 
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Figure 7: Surface rendered ainvays and "raw" area functions for lol. 
l ui. lui, and 13'1 (subject BS).Siwded surface display, left; area 
function. right. 



the back. However, the constriction in the lol is 2 em closer 
to the mouth and more well-defined than forthelul. The front 
and back cavities of lui both have cross-sectional areas that 
reach about 5.5 cm2, providing a more equal front-back 
distribution of cavity size than the other three vowels. The 
13"1 shape also exhibits a nearly equal front-back cavity 
distribution, but the largest cross-sectional areas are on the 
order of 3 cm2• In addition, the point of constriction occurs 
only 2.5 em posterior to the mouth, which is closer than for 
any of the three vowels lol, lui, and lui. 

The ntis shown in Figure 8 from a rotated and tilted 
perspective to give an indication of the lateral air flow (and 
acoustic wave) path around the tongue. The gap between the 
oral section and the lip section is due to the presence of the 
tongue contacting the hard palate. Ideally a lateral path 
would exist on both sides of the oral cavity but the subject 
imaged in this experiment closed off the right pathway (right 
refers to the subject's right). The area function for the I ll 
shows a generally uniform area in the range of 2-3 cm2, 

throughout the pharyngeal region, but a rapid area increase 
up to 7 cm2 just prior to the lateral pathway constriction. 
Immediately following the constriction the area again in
creases rapidly with a final mouth termination area of 3.7 
cm2

• 

To gain a better view of the lateral pathways, a 
series of 5 coronal slices from the interpolated vocal tract 
shape is shown in Figure 9. The slices are spaced at intervals 
of 0.188 em. The series begins with a section located ap
proximately 1 em posterior to the mouth termination plane 
(Figure 9a) and the view is from the perspective of looking 
into the vocal tract from the anterior end (mouth); i.e. the 
right side of each figure is the subject's left. At this point the 
airway is a contiguous region. Figure 9b shows the airway 
split into three regions; the right and left region define the 
lateral air spaces while the region in the lower center repre
sents the small air space below the tongue tip. A fourth 
region appears in the superior portion of Figure 9c which is 
part of the main vocal tract airway. Figure 9d shows the 
pathway on the right side (subject's left) split into two 

Shaded Surface Display Area Function 
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Outante lrom GloUil ('m) 

Figure 8:Surface rendered ainvay and "raw" area function for Ill 
(subject BS). 

regions. Figure 9e shows the merging of the right pathway 
with the main airway. Note that the lower part of the pathway 
on the right side of the figure, the entire pathway on the left 
side, and the air space under the tongue never reconnect with 
the main airway. Thus, the constricted portion of the Ill area 
function at approximately 17 em from the glottis was based 
on measurements of only the lateral pathway that did recon
nect with the main airway. 

Two of the area functions shown in this section, lEI 
and 1-:JI, contain an extremely small area, less than 0.1 cm2, 

located at about 2 em from the glottis (see Table 3 on the 
following page fornumerical values). It is interesting thatthe 
location of this small area is almost exactly the same for the 
two vowels. A close check of the original image slices 
indicated that the airway was, in fac t, very constricted in this 
region of the vocal tract. However, for an area as small as 
these, only a few voxels define the airway; e.g. an area of0.06 
cm2 would be comprised of only 7 voxels (0.06 cm2 1 (.0938 

.• -.. .l 
(a) (h) 

(c) (d) 

(c) 

Figure 9: A series of jive coronal slices through a portion of the oral 
region of the interpolated vocal tract shape for Ill. The slices show the 
shape of the lateral air space. The illlerva/ between slices is 0.188 em 
and the slices are shown from a view looking into the vocal tract from 
the mouth: a) slice located approximately lcm posterior to the mouth 
termination plane, b) ainvay is split into three regions; the right and 
left region define the lateral air spaces while the region in the lower 
center represents the small air space below the tongue tip, c) a fourth 
region appears which is part of the main vocal tract ainvay, 
d) pathway on the right side (subject's left) splits inw two regions, 
e) right pathway merges with the main ainvay - the lower part of the 
pathway on the right side of the figure, the entire pathway on the left 
side, and the air space under the tongue never reconnect with the main 
ainvay. 
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cm)2 = 7). A slight increase in the threshold value for the 
seeded region growing algorithm (see section 2.4) could 
have easily included a few more voxels, which would in
crease the measured cross-sectional area. However, it was 
decided not to adjust the threshold value for segmentation of 
these small areas, but:ntaintain a consistent threshold through
out the vocal tract. A potential problem with imaging these 
vowels is that they are typically not sustained for long 
periods of time in normal speech (i.e. short vowels), and as 
a result may have been more susceptible to movement 
artifact and blurring than say the point vowels /i, re, a, ul 
which are often sustained. While such small areas may be due 
to measurement error or movement artifact, it is shown later 
in section 4.6 that these two vowels produced very close 
acoustic matches to natural speech in terms of locations for 
formants Fl and F2. 

Nasals and Plosives 
Nasal and plosive tract shapes are included in the 

same section because they both possess occlusions of the 
vocal tract In fact, the occlusions should be analogous for 
lml and lp/, lnl and /t/, and /o/ and /k/. Since the imaging 
protocol allows only static shapes to be acquired, no distinc
tion between voiced and unvoiced plosives can be made; i.e. 
the shape for a/p/ is considered to be equivalently useable as 
a /b/, It/ or /d/, etc. The airway surface renderings and area 
functions for each of the three nasal and plosive consonants 
areshowninFigures tO and ll,respectively. The significant 
feature in each of these shapes_ is the location of the main 
vocal tract occlusion, and in the case of the nasals, the 
presence of the open velopharyngeal port through which air 
flow and acoustic waves are diverted. The tract occlusion for 
the /m/ and /p/ occurs at the lips so that a "break" in the vocal 
tract shape is not observed other than an apparent shortening 

Table 3. 
Equal interval (0.396825 em) area functions for 18 vocal tract shapes. 

Section 1 is the glottal end of the vocal tract and "n.c." denotes the nasal coupling. 

~CCl. Ill III lei /ret !AI /01 /"J/ !of lUI lUI /3-/ IJI lrnl lnl /rj/ !pi It/ lkl No. 

~ 0.33 0.20 0.21 0.22 0.33 0.45 0.61 0.18 0.32 0.40 0.41 0 .. ~5 0.57 0.26 0.51 0.31 0.38 0.34 
0.30 0.17 0.13 0.26 0.28 0.20 0.,28 0.17 0.39 0.38 0.38 0.63 0.51 0.24 0.47 0.39 o.so 0.35 

3 0.36 0.18 0.16 0.26 0.23 0.26 0.19 0.23 0.39 0.28 0.40 0.15 0.21 0.17 0.45 0.42 0.40 0.49 
4 0.34 0.18 0.14 0.16 O.IS 0.21 O.JO 0.28 0.43 0.43 0.29 1.80 0.58 0.21 0.30 0.71 1.07 0.78 s 0.68 0.10 0.06 0.13 0.17 0.32 0.07 0.59 0.56 o.ss 0.13 2.98 2.18 O.IS 0.48 1.28 1.38 1.31 
6 0.50 1.08 0.78 0.21 0.33 0.30 0.30 1.46 1.46 1.72 0.53 3.56 3.15 0.36 0.67 1.80 1.65 i.34 
7 2.43 1.66 1.25 0.83 0.39 0.33 0.18 1.60 2.20 2.91 1.58 3.45 2.96 1.37 0.83 1.70 1.29 1.19 
8 3.15 1.64 1.24 1.50 1.02 1.05 1.13 1.11 2.06 2.88 1.56 3.22 2.89 1.66 0.96 1.43 1.01 0.94 
9 2.66 1.19 0.99 1.35 1.22 1.12 1.42 0.82 1.58 2.37 1.22 3.20 3.70 1.35 1.43 1.25 0.92 0.69 
10 2.49 0.92 o:n 0.99 1.14 0.85 1.21 1.01 1.11 2.10 1.19 2.67 4.21 0.90 1.14 0.90 0.86 0.92 
11 3.39 1.13 0.73 0.69 0.82 0.63 0.69 2.72 1.11 3.63 1.00 3.02 3.57 0.71 0.84 2.06 1.03 1.45 
12 3.80 2.48 1.06 1.35 0.76 0.39 0.51 2.71 1.26 5.86 0.77 3.55 3.59 0.93 0.69 2.77 1.60 1.73 
13 3.78 2.76 1.77 2.32 0.66 0.26 0.43 1.96 1.30 5.63 0.92 3.76 2.97 1.41 0.82 2.19 2.46 1.67 
14 4.35 2.97 1.97 2.13 0.80 0.28 0.66 1.92 0.98 5.43 1.19 3.53 3.17 2.07 0.86 2.35 2.24 2.13 
IS 4.50 3.43 2.46 1.94 0.72 0.23 O.S7 1.70 0.93 4.80 1.27 2.62 3.25 2.12 0.57 2.67 2.47 1.61 

.16 4.43 3.32 2.70 2.17 0.66 0.32 0.32 1.66 0.83 4.56 1.35 2.40 2.58 2.04 ().81 2.17 2.86 1.56 
17 4.68 3.48 2.92 2.85 1.08 0.29 0.43 1.52 0.61 4.29 1.48 2.32 2.74 2.16 1.00 1.77 2.74 1.54 
18 4.52 3;96 3.03 3.26 0.91 0.28 0.45 1.28 0.97 3.63 1.56 2.43 2.n 2.36 0.66 2.09 3.32 1.18 
19 4.15 3.79 2.84 3.73 1.09 0.40 0.53 1.44 0.75 3.37 1.61 2.13 2.49 2.52 0.80 2.16 3.83 1.44 
20 4.()CJ 3.88 2.84 3.80 1.06 0.66 0.60 1.28 0.93 3.16 1.87 2.27 2.93 2.88 0.97 2.26 3.97 1.12 
21 3.51 3.47 2.83 3.69 1.09 . 1.20 o.n 0.89 0.53 3.31 2.10 2.28 3.33 2.30 0.78 2.26 4.16 0.76 
22 . 2.95 2:98 2.36 3.87 t.f7 1.05 0.65 1.25 0.65 3.22 2.01 2.26 2.27 1.93 0.58 2.29 4.41 0.96 
23 2.03 2.62 2.14 3.68 1.39 1.62 0.58 1.38 0.95 2.33 2.62 2.33 2.57 t.n 0.46 2.17 4.11 1.09 
24 1.66 2.37 2.00 3.20 1.55 2.09 0.94 1.09 0.99 2.07 2.96 2.43 2.17 0.96 0.44 2.13 3.95 0.79 
25 1.38 1.99 1.78 3.26 1.89 2.56 2.02 0.71 1.07 2.07 3.07 2.44 1.84 0.89 0.47 2.64 3.64 0.25 
26 1.05 l.90 1.81 3.29 2.17 2.78 2.50 0.46 1.39 1.52 3.11 2.54 1.98 1.22 0.41 2.65 3.37 0.00 
27 0.60 1.70 1.79 3.19 2.46 2.86 2.41 0.39 1.47 0.74 2.77 2.64 1.73 1.30 0.11 2.30 2.89 0.06 
28 0.35 1.44 1.50 3.23 2.65 3.02 2.62 0.32 1.79 0.23 2.67 2.67 1.43 1.30 ·0.00 2.12 2.61 0.03 
29 0.32 1.45 1.37 3.23 3.13 3.75 3.29 0.57 2.34 0.15 2.47 3.16· l.73 1.14 0.00 1.67 2.69 0.09 
30 0.12 1.06 1.36 3.40 3.81 4.60 4.34 1.06 2.68 0.22 2.34 3.68 2.08 0.77 0.00 1.44 2.32 0.10 
31 0.10 0.87 1.43 3.78 4.30 5.09 4.78 1.38 3.36 0.22 2.25 4.30 2.32 0.34 0.00 1.16 2.04 0.06 
32 0.16 0.75 1.83 3.84 4.57 6.02 5.24 2.29 3.98 0.37 1.90 5.14 2.84 0.15 0.00 1.51 1.64 0.03 
33 0.25 1.06 2.08 3.98 4.94 6.55 6.07 2.99 4.74 0.60 1.32 5.83 3.51 0.22 0.00 1.76 1.39· 0.48 
34 0.24 1.29 2.59 4.41 5.58 6.29 7.08 3.74 5.48 0.76 0.76 6.44 4.25 0.21 0.00 1.93 1.26 1.27 
3S 0.38 1.78 2.54 4.56 5.19 6.27 6.81 4.39 5.69 0.86 0.44 6.54 4.79 0.00 2.18 1.98 0.87 2.28 
36 0,28 1.83 2.11 4.79 5.51 5.94 6.20 5.38 5.51 1.82 0.45 6.91 4.61 0.00 4.72· 2.21 0.60 2.35 
37 0.36 1.70 2.34 4.39 5.49 5.28 5.89 7.25 4.99 2.35 0.92 6.72 .4.07 0.00 6.86 2.35 0.10 2.40 
38 0.65 1.97 2.74 4.42 4.69 4.70 5.04 7.00 4.48 2.55 2.05 S.61 3.64 0.00 8.58 2.45 0.00 2.41 
39 1.58 1.92 2.19 4.23 4.50 3.87 429 4.51 3.07 3.73 3.25 4.08 2.84 0.00 8.76 2.37 0.00 4.21 
40 2.05 1.62 1.60 4.56 3.21 4.13 2.49 2.75 1.67 5.47 3.63 2.73 1.42 0.00 7.21 2.47 0.13 3.37 
41 2.01 1.36 4.31 2.79 4.25 1.84 1.48 1.13 4.46 3.59 0.45 . 0.29 1.59 4.92 1.75 0.18 2.46 
42 1.58 1.18 3.94 2.11 4.27 1.33 0.68 0.64 2.39 3.07 0.90 0.00 1.60 3.21 1.09 1.48 2.46 
43 1.98 4.69 l.l9 0.39 0.15 1.10 2.25 3.92 0.00 1.69 2.17 0.70 1.60 2.14 
44 . 1.17 5.03 0.88 0.14 0.22 0.77 1.20 4.99 0.00 1.17 1.41 0.00 1.43 1.50 
45 0.41 4.57 
46 0.86 3.70 

n. c. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.04 1.26 1.09 0.00 0.00 o.oo 
VT 16.67· 16.67 15.88 16.67 17.46 17.46 17.46 17.46 17.46 18.25 17.46 18:25 17.46 17.46 17.46 17.46 17.46 17.46 

length_ 
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relative to the previously shown vowel shapes. Since the 
mouth is closed, the only outlet for sound during production 
of /rn/ is through the nasal cavity, which means that the entire 
oral cavity becomes a side branch resonator. Area functions 
for the /rn/ and /p/ demonstrate a generally uniform vocal 
tract shape with cross-sectional areas in the range of2-3 cm2 

in the pharyngeal region, followed by a slight narrowing to 
about 1.5 cm2 and subsequent expansion in the oral section 
to 4.5 cm2 for / rn/ and 2.5 cm2 for /p/ before closing down to 
zero area. This particular shape is probably due to the 
requirement that the subject produce the/rn/ while imagining 
that the preceding and succeeding vowels would be a schwa 
(neutral) vowel. Had an /a/ or Iii been used as the imagined 
" target", the area function might have shown a closer resem
blance to those vowels. Simulation of dynamic speech 
segments may require different area functions for the/rn/ and 
/pi, depending upon the surrounding vowel shapes. The most 
important information to take from the /rn/ images is the area 
and location of the nasal coupling port. The port area was 
measured to be 1.04 cm2 and is located approximately 8 em 
from the glottis. 

The /nl and It! shapes exhibit a break in the vocal 
tract where the tongue contacts the hard palate and buccal 
walls. For the /nl, a small side branch cavity is created by the 

/rnl 
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Figure IO: Surface rendered shapes and area functions for nasals 
(subject BS). Shaded surface display, left; area function. right. 

airspace between the location of the nasal coupling (8 em 
from the glottis) and the constriction. The cavity of air near 
the mouth termination was included only to demonstrate the 
"break" in the tract. Acoustically speaking, this volume of air 

. is inactive for this particular shape. Area functions for the 
In/ and It! both show a widened upper pharyngeal region with 
an abrupt closure in the oral cavity, with theft/ requiring more 
volume than the /n/. The vocal tract is also about a centimeter 
longer for the It! than for the In!, which places the point of 
constriction at a more anterior location. The nasal coupling 
area was determined to be 1.09cm2 and located 8 em from the 
glottis. 

Surface rendered airways for the /r]l and /kJ are 
nearly identical except for the open velopharyngeal passage 
in the /rjl. The occlusion of the tract for lrJI occurs at a point 
that is posterior enough that there is just a very small side 
branch cavity created. The 3-D image shows an almost 
straight tract from the glottis up into the velopharyngeal tube. 
The area function for /rjl verifies this notion, where the 
indicated branch point is only 2 em posterior to the occlu
sion. The coupling area was found to be 1.26 cm2 and again 
located 8 em from the glottis. Like the airway renderings, the 
area functions show the similarity of the two consonants. The 
cavities in front of the occlusion are quite different, but since 

/p/ 

It! 

/kJ 

.: r, .s 10 r: P 16 u ze 
P.suucc frcru Gto:tu {:::n' 
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Figure I I: Surface rendered shapes and area fimctions for plosives 
(subject BS). Shaded surface display. left; area fimcrion. right. 
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this section of the tract is acoustically inactive, it is not a 
significant feature. 

Numerical Area Functions 
The linear distance between consecutive oblique 

cross-sections determined by equation (1} is not necessarily 
constant throughout the vocal tract. The area functions 
produced by equation (2) contained 50 to 80 data points, 
depending on the number of iterations that were performed 
during the analysis and were spaced at intervals that ranged 
from 0.2 em to 0.4 em. The wave-reflection algorithm 
discussed in Section 3.1 requires that each area function be 
discretizedatequallengtbintervalsandthelengthofthefinal 
area function must be an even integer multiple of the length 
interval. To transform the "raw" area functions determined 
by equation (2) into a usable form for the speech simulation, 
they were ftrst normalized to a discrete length that was close 
to their measured length. A wave-reflection type model 
dictates that the length of each fmite section of the area 
function be equal to the speed of sound divided by two times 
the sampling frequency. For this study, the length interval 
was chosen to be 0.396825 em which results from using a 
sampling frequency of 44.1kHz and a speed of sound equal 
to 350 m/s. If the measured length of the tract was 17.2 em, 
a 44 section area function would be chosen to represent it 
since 17.46 em is the closest discrete length. The raw area 
function would ftrst be normalized to 17.46 em and then 
transformed to an equal interval function by fitting it with a 
cubic spline and then sampling the resulting curve at equally 
spaced intervals. If desired, all of the raw area functions 
could be normalized to one particular length so that all of the 
discretized functions would have, for example, 44 sections. 
The effect would be a slight compression of the longer area 
functions and an expansion of the shorter area functions. 

3000 1-
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Figure 12: Comparison offo1711J111J locatioru for Fl, F2, and F3 
extracud from UC spectra for both natural and nmuloted speech. 
The mean value for three separate recording sesnoru of natural 
speech u depicted by the diamond symbou and the e"or ban indicate 
the range. The dashed line represents the simulation. 
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Equal interval (0.396825 em) area functions are 
shown in Table 3 and should be read by assuming that the 
glottal end of the tract is represented by section 1 while the 
last section for each phoneme represents the mouth termina
tion. The second row from the bottom of the table, labeled 
"n.c.", is the nasal coupling area, which is zero for all shapes 
except the nasal consonants. The last row indicates the vocal 
tract length for each area function. 

Comparison of Natural and Simulated Vowel Sounds 
A comparison of the first three formant locations 

extracted from LPC spectra for the natural and simulated 
versions of each vowel is shown in Figure 12. The natural 
speech sounds were recorded three separate times, so that 
each diamond shaped symbol represents the mean formant 
values of the three sets while the error bars indicate the range. 
The dashed line passes through the simulated values. 

The ftrSt formants extracted from the simulations 
show, eight out of the twelve vowels falling within the range 
of the natural speech, while the remaining four vowels were · 
positioned outside the range. For five of the vowels, the 
second formants from the simulations fell within the natural 
speech range .while the other seven fell outside the range. 
Similarly, the third formants show five vowels positioned 
within the range of the natural speech, but significant devia
tions from natural speech are observed for /:J/, /ol, /$"/, and 
Ill. The large range shown for the third formant of/$"/ was an 
artifact caused by the second and third formants merging in 
one of the recorded cases so that formant peak picking 
algorithm skipped to the next formant and reported it as the 
third. Simply by chance, themean valueofthethirdformant 
for Ill deviated from the simulated version by only 11 
percent. The true deviation in this case was much greater. 

The data presented in Figure 12 is tabulated in 
Table 4, along with the percentage error for the simulations 
relative to the mean formant values of the natural cases. 

Table 4. 
FirSt three formants from natural recorded speech and simulated 

speech based on the area functions given in Table 3. The superscript 
"N" denotes the natural speech and "S" the simulated version. 

The a· s represent the percent error of the formants from simulated 
speech relative to the mean value of the natural speech formants. 

1 I c m ft. a :> u u u C" 1 
Fl"' 333 518 624 692 707 754 654 S40 541 389 SilO 348 
Fl~ 2332 2004 1853 1873 1161 ll95 944 922 1045 987 1357 1250 
113~ -2986 260S 2475 2463 2.591 2685 2739 2SI!4 2.568 2299 2124 2785 

FJ 1 337 499 621 rn 689 738 618 461 '461 356 S59 soo 
Fl1 2340 1894 1795 1689 1159 1093 9S8 861 877 1108 1431 ll27 
n• 3158 2388 2436 2370 2454 2757 219S 2217 2.596 2334 2206 2574 

AI 1.3 3.7 0.4 5.8 2.5 2.1 s.s 14.6 14.7 8.5 11.7 43.6 
Al 0.4 5.5 3.1 9.8 0.2 8.5 1.4 6.6 16.2 l2.3 s.s 9.8 
A3 5.76 8.3 1.6 3.8 5.3 2.7 19.9 14.2 1.1 1.5 3.9 7.6 



Across all vowels and formants, percentage errors range 
from 0.37 percent to 43.6 percent with the majority below 
10%. The largest error of 43.6 percent occurred in the first 
formant for II/. This is not surprising considering that the oral 
cavity for II/, with the lateral air spaces, was far more 
complex than any. of the other shapes, thus more susceptible 
to measurement error. In fact, one could argue that an III 
cannot be adequately described by a simple area function 
implemented in a one-dimensional acoustic model. How
ever, the second and third formants both were in error by less 
than ten percent so that the measured area function should 
not be entirely disregarded. The simulation of the two 
vowels, lei and t:ll, both produced formant locations for F1 
and F2 which deviated from the natural speech by less that 
6% . The presence of a very small cross-sectional area in 
these two area functions at approximately 2 em from the 
glottis was discussed in section 4.2. 

A study of Figure 12 reveals that, for many of the 
simulated vowels, the second and third formants tend to be 
displaced from the natural speech in the direction of a neutral 
(schwa)vowelformantstructure(i.e.F1,F2,F3=500, 1500, 
2500 Hz). For example, the second formant for the simu
lated /re/ is displaced from the natural speech mean value of 
1873Hz down to 1689Hz; movement toward a more neutral 
1500 Hz. In addition, the third formants for II/, lei, Ire/, 
II\/, t:ll.lol, and III are all displaced from natural speech in the 
direction of 2500 Hz. This suggests that the subject (BS) 
tended to centralize the production of vowels during the MR 
imaging sessions. The vowel centralization could be due to 
fatigue of the articulatory musculature as well as listening 
fatigue of the aural system. Fatigue effects are quite pos-
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sible, since the MRI protocol required the subject to produce 
many repetitions of a given vowel (appro X:. 30 repetitions for 
each vocal tract shape). However, another observation with 
respect to Figure 12 is that neither the simulated Iii or /a/ 
vowels show centralizing effects. In fact, the third formant of 
Iii and the second formant of /a/ are displaced in the opposite 
direction of a neutral vowel. It is possible that the intermedi
ate (short) vowels may require more precise muscular control 
to maintain the appropriate formant structure than the ex
treme/if and/a/ shapes; /il and/a/ are "asymptotic" positions 
that have physiologically imposed constraints or boundaries. 
In general, the MRI based area functions may be somewhat 
centralized and should be considered to be an average shape 
over many productions of the same vowel. 

Comparisons of Area Functions with Previous 
Imaging Studies 

At this point it is of interest to compare the area 
functions reported in the present study with those given in 
several previous publications. In the following discussion, 
whenever reference is made to "subject BS" the reader should 
assume this to mean the area function(s) from the present 
study. 

Figure 13 shows a graphical representation of the 
discretized area functions (given in Table 3) for the vowels 
/i, re, a, u/ superimposed with the area functions reported by 
Baeret al. (1991) for the same vowels (two subjects). To be 
analogous to the area functions in the present study, the Baer 
et al. area functions have been plotted without the contribu
tions of piriform sinuses as indicated in Table I of their paper 
(p. 811 ). The area functions for each vowel show the same 
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Figure 13: Comparison of the area junctions for subject BS (solid) with Baer et al. (1991) area functions for subjects TB( long dashed) and PN 
(short dashed): a, upper left) Iii: b, upper right) llrl: c, lower left) Ia!: d. lower right) lui. 

NCVS Status and Progress Report • 21 



general shapes but demonstrate obvious individual differ
ences. The /il vowel in Figure 13a for subject BS is smaller 
than the Baer et al. area functions in every region of the vocal 
tract except close to mouth termination where it is slightly 
larger than that for subject TB. This characteristic might 
suggest that the areas in the present study were underesti
mated. But the /re/ area function (Figure 13b) is larger 
throughout nearly all of the tract than that for subject PN and 
mostly smaller than the same vowel for subject TB. In the 
Ia/ area functions (Figure 13c) the BS version is smaller than 
both TB and PN in the pharyngeal region but larger than both 
in the oral cavity and at the mouth termination. The /u/ 
(Figure I 3d) is similar for all three subjects except that the 
BS version has a tighter constriction in the middle part of the 
tract. In general, across all four vowels, the constricted parts 
of vocal tract are smaller in the BS area functions. In 
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Figure 14: Comparison oftM area functions for subject BS (soUd) with 
Yang and Kasuya ( 1994) (dashed): a), toprll: b, center) Ia/: c,lower)/u/. 
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particular, the region just above the larynx (0 to 3 em) seems 
to always have smaller cross-sectional area than the Baer et 
al. area functions. The reasons for this could be an underes
timation of the areas due to the image processing techniques 
that were used or it could simply be an individual anatomical 
difference. However, it should be noted that, based on the 
height and weight information given in section 2.1, the 
subject BS is not a large person. Thus, small cross-sectional 
areas in the vocal tract may not be entirely unexpected. 

Figure 14 shows the discretized area functions for 
the vowels /i, a, ul along with the area functions given in 
Yang and Kasuya (1994) for an adult male subject. Again the 
general shape for each vowel is similar, as would be ex
pected, but individual differences are apparent. The glottal 
end (0 em) of each of theY ang and Kasuya area functions has 
an area 0.5 cm2 to 1.0 cm2 larger than the corresponding BS 
version. The major constrictions are again smaller for the BS 
area functions but interestingly the front and back chambers 
for the /u/ vowel are on the order of 2 cm2 1arger than for the 
Yang and Kasuya version. This was not the case when 
comparisons were made with the Baer et al. area functions. 
One interesting aspect of theY ang and Kasuyadatais that the 
Iii vowel had a longer vocal tract length than either the /a/ or 
the /u/. In the present study and the Baer et al. paper, the /u/ 
vowel has the longest vocal tract length. 
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Figure 15: Comparison of the area junctions for subject BS (solid) with 
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In addition to an extensive analysis of the nasal 
tract, Dang et al. 1994 also present vocal tract area functions 
for the nasal consonants /m/ and /n/. The numerical values 
for these area functions have been estimated from their 
Figure 13 (p. 2097) and are shown with the /m/ and /n/ area 
functions for subject BS in Figure 15. The/m/ (Figure 15a) 
for both subject BS and the Dang et al. study exhibit a back 
chamber in the pharynx with a cross-sectional area of about 
3.5 cm2• This region extends from a point approximately 2 
cmfrom the glottis out to the 8 em point in the Dang et al. area 
function while the same region would be roughly defined to 
be between 2 em and 10.5 em from the glottis for subject BS. 
Both area functions also show an expanded oral cavity which 
reaches a cross-sectional area of 8 cm2 in the Dang et al. 
version but only 4.8 cm2 for subject BS. The point of tract 
closure occurs 1 em farther from the glottis for subject BS 
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Figure 16: Comparison of the area functions for subject BS (solid) with 
Fant ( 1960) (dashed): a, upper) Ill: b, center) Ia/; c, lower) lui. 

than for the Dang et al. area function. In Figure i 5b, the 
overall shapes ofthe/n/ area functions are quite similar. The 
areas vary between about 1 cm2 and 3 cm2 in the region from 
3 to 11 em above the glottis. The point of closure is 
approximately0.2 em farther from the glottis for the Dang et 
al. area function than for subject BS. 

Finally, comparisons of the vowels /i, a, u/ from 
Fant (1960) with those of subject BS are shown in Figure 16. 
For all of the vowels, the areas given by Fant seem to be quite 
large in comparison to those for subject BS and are also large 
when compared to the Baer et al. andY ang and Kasuya area 
functions. The areas in the pharyngeal region for the vowel 
Iii are approximately 5 cm2 larger for the Fant version than 
for the previous study. The Fant area function for /a/ is 
almost uniformly larger across the entire vocal tract while the 
lui shows exceptionally large front and back chambers that 
are on the order of3 to 7 cm2 larger than the BS version. The 
Fant /u/ is also more than a centimeter longer than that for 
subject BS. 

Conclusion 
MRI has been used to volumetrically image the 

vocal tract airway of one male subject for 12 vowels, 3 
nasals, and 3 plosives. The 3-D image sets were segmented 
to extract the airways which in turn were analyzed to fmd the 
cross-sectional area as a function of the distance from the 
glottis (along the long axis of the vocal tract). This experi
ment has provided qualitative and quantitative information 
about the vocal tract shape. The 3-D surface renderings of 
the various vowel configurations are a helpful aid in visual
izing the effect of articulator positioning on resultant vocal 
tract shape. The numerical area functions provide a speaker
specific inventory of vocal tract configurations that can be 
used as input for a speech simulation system. However, since 
the acquisition oftheimagesetrepresenting each vocal tract 
shaperequiredmanyrepetitions (approx. 30repetitions), the 
area functions need to be considered as an "average" shape 
for a particular vowel or consonant. Due to the large number 
of repetitions, some fatigue of the articulatory musculature 
would be expected and as a result, the tract shapes may be 
somewhat centralized; i.e. fatigue effects may tend to slightly 
move the vocal tract toward a more neutral or schwa-like 
shape. 

The extracted area functions were used as input to 
a computer model of one-dimensional acoustic wave propa
gation in the vocal tract. The simulated speech sounds were 
compared, in terms of formant locations, to recorded natural 
speech of the subject was imaged. Results indicated that the 
formant locations were reasonably well represented but 
some of centralizing effects mentioned above were ob
served. 
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The area functions for several vowels and nasal 
consonants obtained in this study were compared to those 
given in four previous imaging studies of vocal tract shape. 
The variability in the area functions observed across these 
~tudies are likely due to differences in imaging techniques 
and procedures, image processing and analysis, and, maybe 
most importantly, anatomical and physiological differences 
of the subjects who were imaged. The general shape of each 
vowel is similar while the details maintain uniqueness. This 
means, for example, that the /a/ vowel area functions com
pared in section 4. 7 could all be used to generate an /a/ sound 
but each would possess a unique vowel quality or formant 
structure. 

Measurements of the nasal tract, trachea, and 
fricative consonants will be presented in the future to aug
ment the data set presented in this paper. A more extensive 
presentation of speech modeling using these area functions 
is also planned. Additional work is needed to collect vocal 
tract shape inventories for more subjects. In particular, there 
exists little morphological information regarding the female 
vocal tract and some future studies should be directed 
specifically at acquiring an area function inventory for fe
male subjects. 
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Appendix A· Phantom Study 
To test the accuracy of the image acquisition and 

analysis process, a tubular phantom of known dimensions 
was imaged in the MR scanner. The phantom consisted of a 
three-section system of hollow (air-filled) plastic tubes con
nected in a stair-step fashion. The tube system was sealed at 
both ends and mounted in ~water-filled plastic chamber with 
a 6 inch outer diameter (Figure A-1 ). The middle section of 
the tube system had a cross-sectional area of 1.14 cm2if only 
the air was considered and 1.98 cm2 if both the tube walls and 
air were included. Both of the end pieces had a 2.45 cm2 

cross-section for air only and a 3.87 cm2 cross-section for 
both tube and air. Because of the phantom geometry and its 
positioning in the scanner, accurate cross sectional area 
could not be obtained.from area measurements in a single 
slice. True area could only be obtained if the analysis 
software adequately extracted appropriate oblique sections 
from the volumetric image data set. 

. The scans consisted of a series of contiguous, 
parallel, axial slices that included the entire phantom vol-
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ume. An axial slice refers to the image plane perpendicular 
to the axis of the cylindrical phantom chamber. The slice 
thickness was 5 mm. 

A.l Phantom Measurements 
The image sets for the phantom were segmented, 

interpolated, and analyzed using the methods described in 
section 2. The set of images does not show the plastic tubing 
or the air, since hydrogen is not present in either substance. 

Table A-1 shows the known cross sections of the 
large and small tubes (tube 1 and tube 2, respectively) that 
make up the phantom along with the cross-sections that were 
measured using the image analysis methods. The measure
ment overestimated the cross-sectional area of the larger 
tube by 1.5 percent. However, measurement of cross
sectional area of the small tube was underestimated by nearly 
10 percent. Since the boundary of a region of interest cannot 
be determined any closer than ± 112 a voxel around its 
perimeter, the resolution of the MR image sets would pro
duce a larger uncertainty in measurement of the region area 
than would a finer voxel resolution. For a large tube, the 
voxels on a region boundary would contain a small fraction 
of the total region area, contributing a small percentage error 
in area measurement. However, the error in measuring the 
area would be expected to grow progressively larger as the 
cross-sectional area becomes smaller; i.e. the voxels on the 
boundary of a region of interest will contain a significant 

2.45 cm2, air only 

1.14 cm2, air only 
1.99 cm2, air+tube 

Figure A-1. Schematic diagram of tubular phantom. 

Table A-1. 

\ 
Parallel, 

Contiguous, 
Axial Slices 

I 

Known and measured cross-sectional areas of phantom sections. 

MRI 

Air & Tube Wall. known 
Measured MRI Image 
%enor 

Tube I (cm1) 

3.88 
3.94 
1.5% 

Tube 2 (cm1) 

1.99 
1.8 
9.5% 



fraction of the total area, contributing increasing uncertainty 
in the total area. 

A rough estimate of the expected error for the area 
measurement of an arbitrarily shaped cross-section can be 
computed by representing the cross-section as an equivalent 
circle. Using the area, the circumference of an equivalent 
circle can be computed, which can then be divided by the 
voxel dimension. This gives an estimate of the number of 
voxels on the boundary of the cross-section (this process can 
also be performed by considering an equivalent area square; 
similar answers will result). Since the uncertainty for the 
voxels on the boundary is ±112 voxel, the uncertainty in the 
measured area will be the total number of voxels consumed 
by the cross-section plus or minus one-half of the number of 
edge voxels. For example, the error produced in the mea
surement of a 1.99 cm2 cross-section using MR images 
would be calculated as follows. The circumference of the 
equivalent circle would be computed to be 5.0 em, which, 
when divided by a voxel dimension of0.0938 em, is equiva
lent to about 53 edge voxels. The total area consumes 226 
voxels (i.e. 1.99/(.0938)2 ), and the error associated with it 
should be ±26.5 voxels (i.e. 53/2). This produces a percent
age·error of 11.7 percent, which is similar to the measured 
error for the small diameter tube given in Table A-1. 
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Abstract 
This overview paper discusses certain topics of 

resonance in performers with an emphasis on classical 
singing. Topics include general acoustic "rules", formant 
tuning, the Singer's Formant, voice classification, and vocal 
covering. 

Quality and intensity in vocal performance are 
more than an aspect of entertainment. Behind performance 
sound lie secrets of efficient physiology and effective acous
tics, as well as cultural and personal artistic creativity. The 
study of performance sound leads to reconsiderations of 
what target vocal and vocal tract behaviors might be adopted 
for the most effective communication. 

This report is a selective overview of performance 
resonance. Topics to be covered include formant tuning, the 
singer's formant, voice classification, and vocal covering. 

The source of sound in phonation is considered to 
be the glottal volume velocity or its derivative. It is pro
duced by the flow-induced mechanical action of the larynx 
and has some dependence on the acoustic pressures of the 
airways. The sound source as a·time or frequency signal sent 
into the vocal tract can be highly varied. Partials or compo
nents of the source must exist if we want any resonance 
structure of the vocal tract to radiate those frequencies from 
the mouth, if we assume the usual acoustic theory. 

Vocal Tract Length and Constriction 
Discussions of vocal tract resonance usually begin 

with the open-closed uniform tube. This is helpful because 
the glottis end of the vocal tract is nearly closed. As a 
uniform tube shortens, the fonnant frequencies increase. 
The formants themselves act to allow partials from the 
source to pass through the vocal tract if the partials are near 
the fonnant center frequencies. Thus a person will have 

formant frequencies inherent to his or her vocal tract length. 
Also, vocal tract length can be voluntarily altered by raising 
or lowering the larynx and protruding or spreading the lips, 
thus providing some limited control of formant frequencies 
through vocal tract length adjustment. 

The formant values are highly dependent on the 
shape of the vocal tract. Both sung and speecli sounds must 
confonn to rules. governing fonnant frequency values: ( 1) 
Vocal tract lengthening lowers all formant values. (2) A 
pharyngeal constriction raises the first formant and lowers 
the second fonnant, as in the production of /a/. (3) A 
constriction near the front of the mouth lowers F 1 and raises 
F2, as in /i/. (4) Formant frequencies decrease with lip 
rounding and increase with lip spreading, similar to the first 
rule, as is lui. (5) The first fonnant increases as jaw opening 
increases, to be discussed later. lngo Titze [ 1] gives physical 
acoustic reasoning for these effects. 

FormantThning 
Formant tuning occurs when a partial of the glottal 

source has the same or nearly the same frequency as one of 
the vocal tract fonnant center frequencies. When this 
occurs, that source partial will be radiated With relatively 
greater intensity. If the fundamental frequency is above the 
first formant value, however, there may be a clear mismatch 
of partials and fonnants, resulting in poor vowel integrity 
and relatively low intensity. As Sundberg [2,3] has shown, 
female singers can remedy this problem by modifying the 
first formant frequency by raising it with a greater jaw 
opening to bring the first formant in line with the fundamen
tal frequency. Notice that in sung music, the fundamental is 
prescribed, but the formants can be manipulated. Data from 
[3] show that jaw opening for a soprano singing different 
vowels at different pitches increases by approximately 1 0-
15 mm over the range of250 to 700Hz for most vowels (but 
not for /a/). The first fonnant and fundamental frequency 
match preserves intensity and a desired (acceptable) quality 
in classical singing. 
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Does formant tuning take place in performance 
voices other than the soprano's? Raphael and Scherer [4] 
studied the training techniques named "Call" by Arthur 
Lessac. This technique emphasizes quality and physical 
sensation, and de-emphasizes vowel specificity. The pri
mary difference between the Speech and Call techniques is 
the amplitude of the second partial, which differ by about 16 
dB in their most trained subject .. The implication is that the 
subject tunes or matches the first formant with a source 
partial more for the Call than for the Speech techniques. This 
experiment suggests that formant tuning is at least a part of 
the training of some actors, if not an intent of quality 
enhancement during performance. 

Sopranos utilize F 1 formant tuning, and so may 
actors. Do tenors use formant tuning for high pitch singing? 
Data from Titze and colleagues [5] suggest that at high 
pitches, tenors will raise F 1, but not tune it to a voicing 
partial. For some vowels, however, they may tune F2 to the 
second or third partial. For example, for the vowel Iii, F1 
increased and F2 decreased when the spoken formants were 
compared to the sung formants. F1 did not match with any 
partial, and the F 1 movement even appeared to avoid the 
partials by going midway between them for lise, a, ul. But 
there was a movement to match F2 with the second partial 
for lui and with. the third partial for Iii and /e/. It is curious 
that F2 for /a/ and /of moved midway between partials 2 and 
3. These results may suggest that tenors attempt F2 tuning 
for high vowels. Since F2 is strongly related to vowel 
identification, tenors may attemptto preserve vowel identity 
as pitch rises, as well as a characteristic quality that would be 
destroyed by close formant tuning to F1, the strongest vocal 
tract formant. Spectra for male classical singers often are 
seen to be flat with approximately equal intensity in F 1, F2 
and the F3 region. 

Carlsson and Sundberg [6] studied an extreme 
form of formant tuning. They played synthesized chromatic 
scales to conservatory students where the scales included F 1 
and F2 formant matches to partials for each note. These 
scales with formant-partial matches were .compared to a 
scale with constant F 1 and F2 values. The scales with 
constant F 1 and F2 values by far were preferred. This study 
suggests that formant tuning in general is not a preferred 
device. Any gain in overall intensity would be overwhelmed 
by undesirable timbre discontinuities. 

Singer's Formant 
Formant tuning concerns F 1 and F2 primarily. The 

singer's formant concerns a significant boost in the F3 and 
F4 frequency region between about 2500 and 3500 Hz. As 
shown by Sundberg [3], the Singer's Formant for a male 
classical singer can have a spectral value of approximately 
15 dB above the corresponding orchestra spectral value. 
The creation of the Singer's Formant can arise from the 
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movement of F4 closer to F3, thereby boosting the vocal 
tract spectrum in the region, relative to F 1 and F2 ampli
tudes. 

We studied the spectra of voice modification of a 
. mezzo-soprano [7]. She sang a scale without changing her 
vocal tract shape to preserve the vowel integrity, and then 
with changing her vocal tract shape to preserve the desired 
classical voice quality and intensity. In the unmodified 
version at the highest pitch of the scale, 740Hz, the first and 
second partial of the voice for her intended/"/ vowel were 
strong and very close to the expected speaking formant 
values. There was a de-emphasis of energy between 2,000 
and 4,000 Hz, and a prominence between 4,000 and 6,000. 
In contrast, in the modified production, the first partial or the 
fundamental frequency was relatively strong, and was ac
companied by a relatively broad spectral area with an 
intense peak at approximately 3,400 Hz. There was a 
significant de-emphasis of the second formant. Thus, the 
modified production included both the strong representation 
of the fundamental and the Singer's Fonhant, and that was 
about all. 

Do actors use the Singer's Formant, that is, an 
enhancement of the third formant region? It would seem 
evident from listening to the stentorian sounds of some 
actors in their loud voicings. We asked whether students in 
our National Theatre Conservatory increased the presence 
of their third formant region if their vocal quality were rated 
higher [8]. In the preliminary study, 32 students were 
recorded twice within an academic year producing 10 /a/'s 
in their best stage voice. Their voice qualities were rated on 
a 1-10 scale with 3 being "normal" and 10 being "exception
ally good". Mutual agreement was reached by both a voice 
coach and a voice scientist. One male and one female were 
randomly chosen from each rating category from 3 to 9. The 
results indicated a general trend for F3 to increase as the 
voice quality rating increases. The men produced an F 1-F3 
intensity difference of about 20 dB for the low quality 
ratings, but about 10 dB or less for the higher ratings. The 
relation was stronger for the males. An interesting finding 
was that, for the men across the 10 /a/ tokens, the standard 
deviation of the F3 level values decreased strongly as the 
voice quality rose. These results suggest that the presence of 
F3 for male actors may tend to increase with better voice 
quality, and is more consistent from a technique point of 
view. 

What is the source of the Singer's Formant? This 
is a highly significant question because its implied associa
tion with the vocal tract, carrying power of the voice, and 
often a greater clarity and quality acceptance of the voice, 
suggests that it provides desirable communication enhance
ment and highly efficient production without added laryn
geal and respiratory efforts. 

Sundberg proposed [3,9] that larynx lowering to 
widen the hypopharynx, and laryngeal ventricle widening, 



might relate to the enhancement of the Singer's Formant on 
the basis of a laryngeal acoustic tube orientation. The 
primary logic was the acoustic isolation of the larynx tube so 
that its own resonance could ring through, regardless of the 
vowel. If the larynx tube is modeled as a cylinder with a 
length of 2 to 3 em, the approximate length of the larynx 
tube, the independent resonance is in the Singer's Formant 
region. The opening of the larynx tube was prescribed to be 
smaller than the laryngopharynx by approximately a factor 
of 6. There have been a number of video examples of the 
anterior-posterior motion of the epiglottis and arytenoid 
cartilages to create the relatively smaller larynx tube exit 
(e.g., Yanagisawa et al. [10]). 

Wilson's 1972 dissertation [ 11] at Indiana Univer
sity studied laryngeal and hypopharyngeal airways in sing
ers using radiography. Different vowels, pitches and inten
sities were sung. The suggestion by Yanagisawa et al. that 
there is more constriction for louder sounds was generally 
supported. This subject showed reduced A-P distance for 
the loud productions, in general. These characteristics did 
not hold, however, for some subjects. 

Further consideration of the generality of the early 
criteria suggestions by Sundberg has come from a study by 
Detweiler [12]. She studied a tenor and 2 baritones using 
magnetic resonance imaging and video laryngoscopy. The 
subjects sang in vocal fry, wherein the ventricular folds 
touched the true folds, obliterating the ventricle, and found 
that the Singer's Formant was as strong as in their normal 
classical singing. She also tested the 6: 1 area ratio concept 
and found that her singers produced about a 3: 1 area ratio 
while producing a strong Singer's Formant. We can con
clude that further refinement of our knowledge of the origin 
of the Singer's Formant is needed. 

The acoustic isolation by larynx tube manipulation 
may refer to a highly refined control of three specific regions 
within a few millimeters of each other- the vocal folds and 
intrinsic muscles, the aryepiglottic structures, and the hy
popharynx. 

Vocal Classification 
Classifying the singing voice into bass, baritone, 

and so forth, as well as creating useful subclassifications, is 
important for practical performance literature purposes as 
well as for vocal health purposes. Cleveland [ 13] found that 
the voice classifications of 8 professional singers were 
highly related to the center of each subject's vocal range, 
thus relating voice classification for men to the physiologic 
properties of the vocal folds- the higher the placement of the 
singing range, the higher the voice classification. Cleveland 
also showed that the center of the pitch range corresponded 
to the average of the first four formant frequency values, 
thus indicating a relation between laryngeal pitch properties 
and vocal tract resonance properties. In addition, he showed 

thatthe voice classifications were highly correlated with the 
value of the specific formant frequencies, especially F3 and 
F4. 

Dmitriev and Kiselev [14] suggested that the spe
cific classification of voice from bass to high soprano 
correspond to two aspects: the frequency of the high promi
nent formant area, which we will consider to be the Singer's 
Formant, as well as to the length of the vocal tract. This 
suggests the first acoustic rule discussed - the longer the 
vocal tract, the lower the formants, and here then, the lower 
the voice classification. 

Berdtsson and Sundberg [ 15] performed an inter
esting classification study using singing synthesis. A panel 
of 6 singing teachers heard descending triads. There were 
two important results. First, as the Singer's Formant fre
quency rose, the teachers rated the voice with a higher voice 
classification, even when F 1 and F2 were held constant. 
And secondly, if the triad was raised in its octave but without 
changing the Singer's Formant, the teachers tended also to 
raise the voice classification. 

Thus there is evidence to support the notions that 
voice classification into primary categories depends upon 
pitch range, average formant values, and even the frequency 
of the Singer's Formant alone. 

Vocal Covering 
Lastly we will mention the most recent study on 

vocal covering, a topic with a long history. Hertegard et al. 
[ 16] studied eleven professional male singers (bass, baritone 
and tenor) who sang both normal open and covered produc
tions on the vowel /ae/ on a passagio pitch. The first formant 
was lowered consistently in the covered sound compared to 
the open sound. Also, for the limited available data, the 
second formant was higher in covered than in open singing. 
The effect for both was 100 Hz or more. The interesting 
associated findings with these formant results were that 
there were tendencies to raise the soft palate, widen the 
pharynx, widen the laryngeal ventricles, and increase the 
transglottal peak-to-peak flow in the covered compared to 
open singing. Of significance is the anecdotal statement by 
the singers that this manipulation was necessary so as not to 
~in the voice above the passagio. 

We can now add additional "rules" and observa
tions regarding singing and vocal tract formants. (6) F3 is 
dependent on the size of the cavity immediately behind the 
incisors (F3 is lower when the cavity increases). Please refer 
to [3]. (7) F4 may be strongly dependent on the shape of the 
laryngeal tube. (8) Narrowing the frequency distance be
tween F3 and F4 boosts the Singer's Formant amplitude. (9) 
Pitch-dependent formant tuning above 500 Hz for females 
preserves intensity and classical performance quality. ( 1 0) 
Pitch-dependent formant tuning may aid the intensity and 
quality (or the training) of the actor's voice. (11) Formant 
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tuning of F 1 and F2 in singing is not a general goal in 
Western classical training and performance, partly because 
of quality preference, although this needs further explora
tion, especially regarding tuning the second formant. (12) 
The Singer's Formant can be present in both male and 
female singers and actors, but is less consistently apparent in 
sopranos. (13) The Singer's Formant may be strongly 
associated with larynx tube configuration, but further mod
elling is necessary. (14) Voice classification (bass to s~ 
prano) depends upon the person's pitch range and formant 
frequency values, and can be estimated based on the Singer's 
Formant frequency itself, and ( 15) Covered singing appears 
to involve a lowered F1 and potentially a raised F2, and in 
general a more elevated soft palate, a wider pharynx and 
laryngeal ventricles, and an increased peak-to-peak AC 
glottal flow. 

If vocal efficiency of source and vocal tract filter is 
to be well established, the study of trained performers is 
obligatory. The selected studies reviewed here (ref. also, 
e.g., [ 17]) help us to better conceptualize potential effi
ciency enhancement for the non-performer through obser
vation of resonance behaviors in the trained vocal per
former. 
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Abstract 
The Ritz method is used to calculate the eigenmodes 

and eigenfrequencies of a 3D vocal fold-like continuum. 
The investigation represents a rectification and extension of 
previous studies, emphasizing the indispensability of utiliz
ing natural boundary conditions ~hen computing the char
acteristic modes of a system. Concurring with previous 
assertions, two of the eigenmodes are theorized to play a 
major role in facilitating self-oscillation of the folds. For the 
case of incompressible tissues, the investigation suggests 
that the eigenfrequencies associated with these two 
eigenmodes are nearly identical across the entire parameter 
space considered in the study. If truly indicative of mecha
nisms governing vocal fold dynamics, it may help explain 
why these two modes entrain so easily for conditions of self
oscillation. 

Introduction 
Much of the theoretical groundwork for treating 

vocal fold vibrations as viscoelastic waves in a continuum 
can be found in Titze and Strong (1975) and Titze (1976). 
Both of these papers are based on small-amplitude vibra
tions where linearization is assumed to be valid. The 
assumption of linearity allows natural frequencies of oscil
lation and normal modes to be calculated Although there 
are many nonlinearities associated with vocal fold dynamics 
(Titze, Baken, and Herzel, 1993}, variations of the lowest
order normal modes describe some of the most commonly 
observed vibration patterns of the folds (Moore and Von 
Leden, 1958). Similarly, despite explicit nonlinearities that 
have been incorporated into both low and high-dimensional 
models, simulations of vocal fold movement suggest that 
typical vibration patterns may be approximated as superpo
sitions of a few of the low-order eigenmodes (see Titze, 
1976; Berry, Herzel, Titze, and Krischer, 1994). Further-

more, the correspondence between the phonation frequency 
and the natural frequencies of oscillation has been noted in 
both experimental and theoretical studies (Titze, 1976; 
Kaneko, Masuda, Shimada, Suzuki, Hayasaki & Komatsu, 
1986; Ishizaka, 1988). 

Given the assumption of completely compressible 
tissue, analytic solutions for the eigenmodes and 
eigenfrequencies of a vocal fold-like continuum were pre
sented in Titze and Strong (1975). However, because free 
boundary conditions were not utilized in determining the 
solutions, they did not correspond to the true eigenmodes 
and eigenfrequencies of the system. Specifically, because 
tangential stresses were not required to vanish on the free 
surfaces, the modes and frequencies presented were not 
necessarily the characteristic ones of the system, i.e., they 
may have been influenced by the external stresses. 

Although the mechanics of vocal fold vibration for 
a 3D continuum were extended in Titze (1976) to incorpo
rate the incompressible and viscous nature of the folds, 
calculation of eigenfrequencies and eigenmodes was not 
attempted in this more general development. Instead, glottal 
impedances were investigated for conditions of a laterally
driven glottis. Although this condition may approximate 
intraglottal driving pressures during self-oscillation, it does 
not exploit the normal mode concept, which suggests that 
each linear system has its own characteristic vibration pat
terns and frequencies, independent of externally applied 
forces. 

Thus, while for several decades the eigenmode 
concept has shown promise for interpreting various aspects 
of vocal fold dynamics, the specific consequences of 
eigentheory analysis for continuum models of vocal fold 
vibration remain relatively unexplored. The purpose of the 
present investigation is to help remedy this situation. 
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The Equations of Motion 
As in former treatments (Titze and Strong, 1975; 

Titze, 1976), several assumptions are made in the derivation 
and solution of the equations of motion for the 3D con
tinuum. First of all, vocal fold tissues are a~sumed to be 
elastic with transverse isotropy about the y-axis, which is 
positioned along the anterior-posterior length of the folds. 
Because tissues are generally stiffer in the direction of 
muscle fibers, transverse isotropy is probably the simplest 
realistic assumption that can be made for vocal fold tissues. 
To a first approximation, the direction of the muscle fibers 
is assumed to lie along they-axis. Isotropy, then, exists only 
in the x-zplane, i.e., the plane transverse to the muscle fibers. 

The folds are also assumed to take the shape of a 
rectangular parallelepiped, which is presumed to be a rea
sonable first approximation. In general, simple geometrical 
shapes are required in order to obtain analytic solutions for 
normal modes. Fixed boundary conditions are imposed at 
the lateral, anterior and posterior surfaces, while free bound
ary conditions are dictated at the medial, superior, and 
inferior surfaces (see fig. 1). For small oscillations about 
this equilibrium configuration, two additional assumptions 
are made: (1) the system is assumed to be linear, and (2) all 
y-displacements are assumed to be negligible, or zero. This 
latter assumption is based on observations of trajectories of 
vocal fold fleshpoints during self-oscillation (Baer, 1981; 
Saito et. al, 1985). 

For infinitesimal displacements in an elastic con
tinuum, Newton's second law of motion may be expressed as: 

z 

T 
T 

1 
, , , 

'· 

, , , , , 
~' FIXED 

D ·I 

, , 
~' , 

,'FIXED , 

X 

Figure I. The rectangular parallelepiped geometry and associated 
boundary conditions used to approximate a vocal fold-like continuum. 
(After Titze and Strong, 1975). 
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8trz + lh-zr + lh-zz +X = EPe 
8z IJy I:Jz . p fJt2 ' (Ia) 

(lb) 

(lc) 

where ~' 'If, and ~ are displacements in the x, y, and z 
directions; the a.'s are normal stresses to the exterior of the 

I 

infinitesimal volume element; the t .. 's are the corresponding 
IJ fi . tangential stresses; and X Y, and Z are the body orces, 1.e., 

forces which act over the entire volume such as gravity or 
inertia. In this development, Eq. 1 b is not relevant because 
of the constraint on y-displacements for small vibrations. 
Consequently, the general tissue displacement vector for 
small oscillations about the equilibrium position may be 
written as: 

(2) 

i(z,y,z, t) = e(z,y,z, t) i + ~(z,y,z, t) j + ((z, y,z, t) k 
~ 

. =0 

Note that Eq. 1 is a mixed equation, i.e., the 
equation contains both stresses and displacements. In the 
solution of these equations, one usually expresses the equa
tions in terms of stresses only, or displacements only. In this 
investigation, it is more appropriate to work with displace
ments, since eigenmode shapes are expressed in terms of 
displacements. Stresses may be removed from the equations 
of motion using Hooke's law: 

= CE, whef'e E = 

Tzz 

aeii:Jz 
8t/JIIJy 
I:JCIIJz 

fh/JII:Jz + aeii:Jy 
ac I 8y + 8-tP I I:Jz 
ae I I:Jz + I:JC I I:Jz 

(3) 

where C is the stiffness matrix and£ is the strain vector, as 
defined above. In general,C is a 6 x 6 symmetric matrix with 
21 independent constants. For the case of transverse isot
ropy about the y-axis, the inverse of C may be expressed in 
terms of just 5 independent mechanical constants (as adapted 
from Lekhnitskii, 1963): 

1 rl II 0 0 0 ii -E, -Ei 
II' 1 II' 0 0 0 -JJT 1ffT -ET 

o-1 = II 
,, 1 0 0 0 (4) -if -E, if 

0 0 0 p.' 0 0 
0 0 0 0 p.' 0 
0 0 0 0 0 "' 



where E is the Young's modulus in the transverse plane, E' 
is the Young's modulus along they-axis, J.L' is the shear 
modulus along they-axis, v is the Poisson's ratio in the 
transverse plane, and v' is the Poisson's ratio along the y
axis. Although J.1 is another common engineering constant 
(the shear modulus in the transverse plane), it is not indepen
dent of the other constants, but may be expressed as: 

E 
p. = 2(1 + v) (S) 

The corresponding stiffness matrix, C, is: 

BE/,/ ,.,,, B+11EI}B 
0 0 0 ---.- (1+11)' 

EJ' c;-1> BE'.,' 0 0 0 ---. 
C= - _s,.,• { -E! +11'2 B}B 

0 0 0 (H.,)k 
0 0 .!. 0 0 (6) p' 

0 0 0 0 .!. 0 p' 

0 0 0 0 0 !. 
p 

toheN l:. = -E'(l- 11) + 2v12 E 

Values of the Mechanical Constants 
A brief rationale for the mechanical constants used 

in study will now be given. First, consider the role that the 
Poisson's ratio v' plays in scaling the longitudinal strain, 
d'lfldy' induced by the lateral strain, a;tax: . 

81/J , ae 
8y = -v 8z (7) 

Because ofthe constraint on y-displacements throughout the 
entire parallelepiped (for small oscillations about the equi
librium position), 'If and all of its spatial derivatives must be 
zero, including the longitudinal strain in Eq. 7. Because the 
longitudinal strain remains zero for any arbitrary lateral 
strain, the constant v' must be identically zero. This result 
considerably simplifies the stiffness matrix: 

E 
(1+fl)(1-fl) 0 fiE 

b+fl) (1-fl) 0 0 0 

0 E' 0 0 0 0 
fiE 0 E 0 0 0 (8) 0= (1+fl) (1-... ) (l+fl)(l-fl) 
0 0 0 1 0 0 -;;; 
0 0 0 0 .!. 0 

"' 0 0 0 0 0 !. 

" 
Analogous to Eq. 7, the function of the Poisson's 

ratio, v, is illustrated in the following expression, showing 
the resultant vertical strain al;!az induced by the lateral 
strain, al;/ax: 

ac ae 
- =-v-
8z 8z (9) 

In the case of a completely compressible material (v equals 
zero), Eq. 9 predicts that a given lateral strain will induce no 
vertical strain. On the other hand in the case of a completely 

incompressible material (v equals one), a given lateral strain 
must induce an equal and opposite vertical strain (e.g., 
lateral compression must result in vertical elongation). This 
can be substantiated with the well-known kinematic expres
sion for incompressibility, which states that the divergence 
of the displacement vector equals zero: 

V·i=ae+a'=o 
8z 8z (10) 

Through comparison ofEqs. 9 and 10, one sees that v must 
equal one for the case of incompressibility. Although many 
texts on elastic theory state that the upper bound on the 
Poisson's ratio is 0.5, such a bound is only relevant for 
isotropic materials. As demonstrated by Lempriere (1968), 
the upper bound on v for transversely isotropic materials is 
given by: · 

11 ~ 1- 2v'2 E/E' (11) 

Because v' equals zero in this problem, the upper bound on 
vis one, which corresponds to the condition of incompress
ibility. 

A series of experiments have been conducted to 
quantify E' for the body, cover, and ligament of the folds 
(Alipour and Titze, 1991, Min et. al, 1995). Unfortunately, 
the results of those investigations do not directly impactthe 
present study, because E' does not enter the equations of 
motion for the condition of no y-displacements. However, 
a useful observation that may still be gleaned from these 
studies is that for low strains, the values of E' for the body, 
cover, and ligament are all on the order of 105 dynes/cm2• In 
the absence of measurements for mechanical constants in 
the transverse plane, we make the assumption that for low
strains, both E and Jl' equal approximately 105 dynes/cm2 

throughout all the layers of vocal fold tissues. Because of the 
uncertainty surrounding the values of E and J.1', one of the 
final topics investigated in this paper will be the influence of 
these parameters on the resultant eigenfrequencies. This 
will be accomplished through an examination of iso-fre
quency contours generated in the E-J.L' plane. 

Solution of the Equations of Motion 
By employing Hooke's law (Eq. 3) and the stiff

ness matrix given in Eq. 8, the equations of motion may be 

expressed as: 

o2e+ l+v..!. (ae + ac) =O 
1 - 11 8z 8z 8z ' 

DzC+ l+v..!. (ae + 8C) =O 
l-v8z 8z 8z ' 

1 E 
2 (1 + v) p • 

(12a) 

(12b) 

i = 1,2 (12c) 

(12d) 
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Following a similar development given byTeodorescu (1972), 
an effective method for de-coupling the lateral and vertical 
displacements, l; and ~' may be realized by expressing Eq. 
12a in the following form: 

(13) 

where D1 and D2 are differential operators. Assuming that 
the differential operators are interchangeable, l; and~ can be 
expressed in terms of a common displacement function, F: 

(14) 

Substitution of Eq. 14 into Eq. 12b yields a fourth-order, 
biharmonic wave equation: 

D1 D2F = 0 (15) 

Without loss of generality, the function F may be expressed 
in terms of two components satisfying distinct second-order 
wave equations: 

D1F1 = 0, D2F2 = 0, tDhere F = Ft + F2. 
(16) 

where ~ and ~ may be obtained from the displacement 
functions using the following relations: 

e = e1 + e2, (17a) 

'= '1 + ,2, (17b) 

e __ 1+1182F1 
1 - 1 - 11 8z8z ' (17c) 

e __ 1+11B2F2 2 - 1 - 11 8z8z ' (17d) 

( __ 1 +11B2F1 
1 - l-11 8z2 ' (17e) 

( _l+11B2F2 
2 -1-118z2 " 

(17t) 

At this point, it is possible to assign a physical 
interpretation to the two distinct components of the eigenmode 
solutions. For example, using Eq. 17, one can verify that the 
first component is an irrotational wave about the y-axis: 

( 
- ) • 8(1 ae1 Vx\P1 ·J=---=0 

8z 8z 
(18) 

Similarly, the second component is an incompressible wave: 

v . ,p 2 = 8e2 + 8(2 = o (19> 
8z 8z 

In the limit of incompressibility, the irrotational component 
vanishes. However, in the general case, eigenmodes consist 
of both irrotational and incompressible components. 
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The Free Boundary Conditions 
As already mentioned, fixed boundaries are im

posed at the lateral, anterior, and posterior surfaces; and free 
boundaries at the medial, superior, and inferior surfaces. 
But what exactly is a free boundary? In the literature, free 
or natural boundary conditions correspond to those condi
tions which require the first variation in the potential energy 
to vanish (McFarland, 1972; Saada, 1974). For the second
order equations in question, this condition is obtained by 
requiring the normal and tangential stresses to vanish on the 
free surfaces (Teodorescu, 1972; Leissa and Zhang, 1983). 
However, because the y-displacements, 'If, have already 
been forced to vanish, it is not possible to simultaneously 
demand that the tangential stresses in the y-direction also 
vanish. Consequently, only the tangential stresses normal to 
the y-axis are required to vanish on the free surfaces. 

By imposing the fixed boundary conditions at the 
anterior and posterior surfaces, the method of separation of 
variables may be used to obtain an expression for the y
dependence of~ and ~: 

Fn = F1n + F2n =sin (ni') [/l(z,z) + !2(z,z)] (20) 

From the equations of motion (Eq. 16), it also 
appears that the method of separation of variables may be 
used to de-couple the x and z-dependence of l; and ~
However, the complex boundary conditions do not permit 
such a de-coupling. In fact, the boundary conditions may 
only be satisfied exactly through means of an infinite ~eries 
solution. However, through appropriate truncation of the 
series, approximations may be obtained to desired degree of 
accuracy. For example, the method of superposition has 
been used to compute eigenmodes and eigenfrequencies of 
similar problems utilizing a Fourier series approximation 
(Gorman, 1982). 

The Potential Energy and the Ritz Method 
A simpler approach for calculating the eigenmodes 

and eigenfrequencies involves an implicit, rather than 
explicit, application of the boundary conditions. Recall that 
the free boundary conditions are deduced by requiring the 
first variation of the potential energy to vanish. Based on this 
principle, the Ritz method is implemented by assuming a 
general form of the solution. The general solution is inserted 
into the potential energy function, and the free parameters of 
the solution are determined by requiring the first variation in 
the potential energy to vanish. Leissa and Zhang (1983) 
have shown this to be an efficient method for determining 
the eigenfrequencies of an isotropic cantilevered rectangu
lar parallelepiped A cantilevered parallelepiped differs 
from the present problem in that it has only one fixed 
surface, rather than three. The isotropic assumption also 
represents a simplification of the present study. 



Washizu ( 1968) has shown that the total potential 
energy for an elastic continuum in free vibration may be 
written as: 

(2la) 

where (21b) 

As in Eq. 3, £refers to the strain vector. 
Using the results fromEq. 20, a general solution for 

a few of the lowest-order eigenmodes may be written as: 
I J 

e(z,y,z,t) = sinw~ sin 7 L L A,;z'zi, (22a) 
i=l J=O 

M N 

'(z,y,z,t) = sinwt sin 7 2: LBmnZmz" (22b) 
m=l n=O 

Notice that the general solution automatically incorporates 
all the fixed boundary conditions. In order to simulta
neously satisfy the free boundary conditions, the first varia
tion in the potential energy must vanish, as expressed in the 
following equations: 

:~; = 0 ( i = 1, ... , I; j = 1, ... , J) 

8II 
-
8
-- = 0 (m = l, ... ,M; n = l, ... ,N) 
Bmn 

(23a) 

(23b) 

The general form of the potential energy allows the forego
ing equations to be expressed in a standard matrix formula
tion of the eigenvalue problem: 

Qv = w2 Rv (24) 
where 

vT = (Alo, .•• ,ArJ,Blo, •.• ,BMN]T (2Sa) 

(~ 
J.lJ..;_ ......!llJ._ 

8v1 8vt8v2 8vt8f13 ... l _J&_ ~ ~ 8v28f1t 8v2 2 3 
... 

Q= _J&_ ...JJh._ ~ 8vs8vt 8va8v, 8v3 (2Sb) 

(~ 
__§h_ ~ 
8vt8f12 8vt8va ... ) __§h_ ¥.t ~ ... 8v,8vt 8v2 8v,8va 

R= __§h_ ~ ~ 8va8Vt 3 2 8v3 

(2Sc) 

Utilizing MAPLE V, .exact differentiations and 
integrations were performed on all terms in the equations, 
yielding analytic expressions for each element in the Q and 
R matrices. Only in the final step of the analysis were 
numerical values utilized to compute the eigenmodes and 
eigenfrequencies. Results were also verified using ABAQUS, 
a finite element software package. 

Results and Discussion 
Table I shows the parameter values used in com

puting the eigenmodes and eigenfrequencies. In order to 
compare our findings with earlier studies (Titze & Strong, 

Lateral depth, D 

Table I. 
Parameter Values Used in Computing 

Eigenmodes and Eigenfrequencies 

Longitudinal (anterior-posterior) length. L 
Vertical thickness, T 
Tissue density. p 
Transverse Young's modulus, E 
Longitudinal shear modulus, 11' 
Transverse Poisson's ratio, v 
Longitudinal Poisson's ratio, v' 

165 

1110 

140 

135 

I.Ocm 
1.2cm 
0.7 em 
1.03 glcm3 

1 os dynes/cm1 

1 os dynes/cm1 

0/0.9999 

0 

100o~----~------40~----IIO~----II0~----1~~-----,~~~-1~40----~1110 
Ord« n ollhe rna1l!x 

100 

1110 
I 
'I 

i 
I 

g170 ~ \ 

I ·. '· 
I '· 
I I 1110 I 1. 

(a) 

" I 

...... ._::·:·::..-:.-_ ::: =~-.;.-~-:·:·::.-.:-..::::·.::.-.:::~·::: --~::: 
150 

1~o~~~~==40~==110;===110;===,;oo===,;~;==,~40;=~1110 
Ord« n olllle matx 

(b) 

Figure 2.Convergence of the three lowest eigenfrequencies as a jUnction 
of the order n of the Q and R matrices for (a) completely compressible 
tissue. and {b) nearly incompressible tissue. 
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Figure 3. The three lowest eigenfrequencies of the vocal folds as a function 
of the incompressibility of the tissue. 

1975; Titze, 1976}, the two following cases are examined: 
( 1) the case of complete compressibility (v = 0), and (2) the 
case of near incompressibility (v = 0.9999). Fig. 2 shows 
how the eigenfrequencies converge as the order n of the Q 
and R matrices increases. For both cases, three significant 
digit accuracy is obtained as the order of the matrices 
approaches 60. Also, in both instances, the lowest 
eigenfrequency is approximately 133 Hz. The second and 
third eigenfrequencies range between 150 and 160Hz, and 
closely approximate each other for the case of near incom
pressibility. 

· Fig. 3 illustrates the dependence of the 
eigenfrequencies on the degree of incompressibility. While 
the first eigenfrequency appears relatively insensitive to 
variations in incompressibility, the influence of incompress
ibility on the next two eigenfrequencies is clear: the second 
eigenfrequency increases with incompressibility, while the 
third eigenfrequency decreases. This effect is sufficiently 
pronounced thatthe ordering of the eigenfrequencies changes 
forv ~0.8. 

Fig. 4 depicts a few of the lower-order eigenmodes 
for the case of completely compressible tissues. Because the 
y-dependence of the eigenmodes is already known (see Eq. 
20), the eigenmodes are illustrated as 2D coronal cross
sections in the x-z plane. While eigenmode 1 (see Fig. 4a) 
is similar to the z-1 0 mode presented in Titze and Strong 
( 1975), this eigenmode contradicts a previous assertion that 
eigenmodes for completely compressible tissues are either 
purely lateral or purely vertical, with no x-z coupling. 
Eigenmode 1 clearly contains both lateral and vertical com
ponents. However, because it is predominantly a vertical 
mode of vibration, it probably does not play a major role in 
phonatory dynamics. In contrast, eigenmode 2 (see Fig. 4b) 
is a purely lateral mode of vibration, with no vertical 
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(a) 

(b) 

(c) 

Figure 4. The three lowest-order eigenmodesfor completely compressible 
tissue: (a) eigenmode /, analogous to the z-/0 mode; (b) eigenmode 2, 
identical to the x-1 0 mode; (c) eigenmode 3, analogous to the x-11 mode. 
Left and right folds shown to give indication of glottal geometry produced 
by co"esponding mode. Upper and lower frames indicate extreme 
positions of eigenmodes, spaced /8{)D apart in a vibratory cycle. Dotted 
lines indicate equilibrium positions. 

components. With all lateral displacements moving in
phase with each other, this eigenmode is identical to the x-
10 ofTitze and Strong (1975). It is the only lower-order 
eigenmode which can be expressed in terms of a simple 
trigonometric function and still meet the free boundary 
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Figure 5. The three lowest-order eigenmodes for nearly incompressible 
tissue: (a) eigenmode /, analogous to the z-10 mode; (b) eigenmode 2. 
analogous to thex-11 mode,· (c) eigenmode 3. analogous to thex-10 mode. 

conditions. Next, eigenmode 3 (see Fig. 4c) exhibits strong 
lateral and vertical components. Nevertheless, it is qualita
tively similar to the x-11 mode in the role that it plays in 
glottal shaping. During oscillation, this eigenmode causes 
the glottal airway to alternate between convergent and 
divergent shapes, as portrayed in the upper (divergent) and 
lower (convergent) frames of Fig. 4c. In fact, because the 
medial edge of this eigenmode is characterized by a straight 

line, it has a simpler, more direct control over glottal conver
gence/divergence than the x-11 mode, which is character
ized by a sine function along this medial edge. 

As opposed to the case of complete compressibil
ity, the condition of near'incompressibility is believed to 
yield eigenmodes and eigenfrequencies which better char
acterize the actual vocal fold tissues. This is because vocal 
fold tissues are composed mostly of water, and are thus 
essentially incompressible. A few of these lower-order 
eigenmodes are shown in Fig. 5. With one possible excep
tion, these eigenmodes have not changed remarkably from 
the previous case. For example, using visual inspection it is 
difficult to detect any difference between the eigenmodes in 
Figs. 4a and Sa, or in Figs. 4c and 5b. Dot products of the 
eigenmodes, presented in Table II, are a further indication 
that the eigenmodes are very similar, although not identical. 
Furthermore, although visual differences are apparent in the 
eigenmodes shown in Figs. 4b and 5c, qualitative similari
ties are still present. For example, along the medial edge of 
the folds, the tissue movement is predominantly lateral and 
in-phase, just as in Fig. 4b. Even numerical comparisons 
demonstrate the correspondence between these two 
eigenmodes, their dot product yielding 0.94. 

Table n. 
Dot Product of Corresponding Compressible and 

Incompressible Eigenmodes 

"'•CDIJII'I'• "'•me 
'llzCDIJII'I'• '111m.: 

'Ill c:ompr' '112m.: 

0.996 

0.987 

0.940 

Earlier in the manuscript, it was noted that all 
eigenmodes may consist of both irrotational and incom
pressible components. Table Ill indicates the relative domi
nance of these components for each of the eigenmodes. Fig. 
4b is an example of an eigenmode that is purely irrotational, 
i.e., it has no curvature. The corresponding eigenmode in 
Fig. Sc, however, is purely incompressible . 

Tablem. 
Irrotational and Incompressible Components of Eigenmodes (in %) 

\jliimM) "'·~ 
<w.c:o•. 17.3% 82.7% 

{\jllwlllpl', 100.0% 0.0% 

('I'JC:Ompl'. 39.6% 60.4% 

<w.m.:. 0.0% 100.0% 

('1'2m.:' 0.0% 100.0% 

('I'Jillc' 0.0% 100.0% 
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Figure 6. !so-frequency contours in the E-J.L' parameter plane associated 
with the eigenfrequenciesfor (a) eigenmode 1, (b) eigenmode 2, and (c) 
eigenmode 3. Computed for the condition of nearly incompressible tissue. · 
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Notethatthe other two "compressible" eigenmodes 
in Figs. 4a and 4c are predominantly "incompressible". As 
substantiated by Eqs. 18 and 19, even completely compress
ible solutions may have both irrotational and incompressible 
components (however, irrotational components do vanish in 
the limit of incompressibility). Thus, it is.not surprising that 
these two eigenmodes which are largely incompressible, 
even in the case of complete compressibility, change very 
little as the incompressibility condition is mandated. 

As already stated, the z-1 0 like mode probably 
does not plays an important in vocal fold dynamics. How
ever, it has long been asserted that the other two eigenmodes 
are essential for self-oscillation (Titze, 1988). The x-lllike 
eigenmode has already been shown to pr~duce alternating 
divergent and convergent shapes in the glottis during oscil
lation (Fig. 5b ). Based on physical considerations, Titze 
( 1988) has argued that this eigenmode is roughly in-phase 
with the intraglottal pressure. The x-1 0 like eigenmode, on 
the other hand, yields a rough description of net lateral 
movement of the folds. 

The basic condition for self-oscillation is that the 
glottal airflow must impart sufficient energy to the folds to 
overcome the energy losses associated with vocal fold vibra
tion (i.e., viscous damping, collision, etc.). In order to satisfy 
this condition and maximize the energy imparted to the folds, 
the tissue velocity (controlled predominantly by the x-10 
mode) must be in-phase with the intraglottal pressure (con
trolled predominantly by the x-11 mode). A unique phase 
relationship between the x-10 and x-11 like eigenmodes 
ensures that this condition is satisfied. This relationship has 
been observed and carefully investigated in finite element 
simulations of vocal fold movement (Berry et. al, 1994). 

The two-mass model of lshizaka and Flanagan 
( 1972), upon linearization, also has two eigenmodes which 
are conceptually equivalent to the x-1 0 and x-11 modes. For 
example, the mode with both masses in-phase corresponds 
to the x-10 mode and the mode with both masses out-of
phase corresponds to the x-11 mode. Because of this 
correspondence, throughout the remainder of this discus
. sion, we refer to the eigenmodes of the two-mass model as 
x-1 0 and x-11 modes. Much of the success of the two-mass 
model might be attributed to its ability to capture these two 
eigenmodes which facilitate self-oscillation. 

It has been observed that during self-oscillation the 
fundamental frequency of the two-mass model corresponds 
closely to the eigenfrequency of the x-1 0 mode, which is the 
lowest-order eigenmode of the model. In the present inves
tigation of eigenfrequencies in a continuum, it has been 
observed that th~ x-1 0 mode has a lower eigenfrequency 
than x-11 mode only for the case of compressible tissues. 
For the more realistic case of near incompressibility, it is the 
x-11 mode, the mode most closely related to intraglottal air 
pressure, which has the lower eigenfrequency. However, 
because these two eigenfrequencies are so closely spaced in 



the continuum model, it may not be meaningful to unduly 
emphasize this issue. 

Indeed, a major point of departure between the 
two-mass model and the continuum study concerns the 
relative spacing of the eigenfrequencies of the two dominant 
eigenmodes. For typical Ishizaka and Flanagan (1972) 
parameters, the eigenfrequencies of the x-1 0 and x-11 modes 
are approximately 120Hz and 201Hz, respectively. How
ever, for the parameters used in this study, the corresponding 
eigenfrequencies are 153 Hz and 151 Hz for the case of near 
incompressibility. 

Because of the relative uncertainty concerning the 
parameter values used forE and J.1' in the continuum model, 
the eigenfrequencies for the 3 lowest-order eigenmodes 
were computed across the entire E-J.I.' plane for the case of 
near incompressibility, as shown in Fig. 6. Across the entire 
plane, the x-11 mode always had a lower eigenfrequency 
than the x-10 mode. However, the spacing of these two 
eigenfrequencies (Figs. 6b and 6c) never differed by more 
than several Hz. If the close spacing ofthese two dominant 
eigenfrequencies is truly indicative of mechanisms govern
ing vocal fold dynamics, it may explain why these modes 
entrain so easily for conditions of self-oscillation. 

In regards to Fig. 6, the influence of the parameters 
E and J.L' on theeigenfrequenciesalsomeritsdiscussion. For 
low values ofE, the eigenfrequencies for all three eigenmodes 
are nearly identical. Increasing the value of J.L' boosts the 
eigenfrequencies of all the modes. Increasing of the value of 
E also boosts the eigenfrequencies of eigenmodes 2 and 3, 
however, it has little influence on eigenmode 1. Thus, the 
eigenfrequencies of the lowest-order eigenmode are mostly 
a function of J.1', while the two higher-order modes have a 
strong dependence on both E andJ.I.'. One implication of this 
observation is that for large values of E, a greater spacing 
exists between the lowest eigenfrequency and those of the 
two higher-order modes. As already mentioned, the two 
higher eigenfrequencies retain their close spacing through
out the entire E-J.L' plane. 

Summary and Directions for Future Research 
The solution of eigenmodes and eigenfrequencies 

for a vocal fold-like continuum has been performed using 
standard analytic and numerical approximation techniques 
from elastic theory. In particular, the Ritz method has 
proven useful in calculating the eigenfunctions. 
The investigation was both a rectification and extension of 
previous treatments. One novel outcome of this study was 
that the eigenfrequencies ofthe x-1 0 andx-11like eigenmodes 
of nearly incompressible tissues were nearly equal (i.e., 
never differed by more than a few Hz) throughout the entire 
parameter space considered in the study. This result merits 
further investigation. If truly indicative of mechanisms of 
vocal fold dynamics, it help may explain why these modes 
entrain so easily for conditions of self-oscillation. 

·Although analytic treatments are generally only 
appropriate in modeling certain idealized physical systems, 
they provide a solid foundation from which more realistic 
physical models may be developed. In particular, the finite 
element method might be used to model many complexities 
ofthe vocal fold structure, including the complex geometry 
of the folds, the layered tissue structure, the nonlinear elastic 
properties ofthe tissues, aerodynamic forces, collision forces, 
and viscous losses. However, in the ·development of such 
complex models, it is helpful if simpler analytic models also 
exist, to which its solutions should converge in certain 
limiting cases. In the case of the vocal fold dynamics, even 
low-order models have benefitted from the application of 

· eigentheory. It is hoped that this study will be just as useful 
in furthering the development of higher-order models of 
vocal fold oscillation. 
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Abstract 
Pressure-flow relationships were obtained for five 

excised canine larynges. Simultaneous recordings were 
made of average subglottal pressure, average· air flow, and 
the electroglottograph at various levels of adduction and 
vocal fold lengths. The level of adduction was controlled by 
positioning the arytenoid cartilages via laterally imbedded 
three-prong attachments and by the use of intra-arytenoid 
shims. Adduction was quantified by measuring the vocal 
process gap. Results indicated a linear pressure-flow rela
tionship within the experimental range of phonation for each 
level of adduction. Differential glottal resistance increased 
as the vocal process gap was reduced. A model is presented 
for the differential resistance as a hyperbolic function of 
vocal process gap. The pressure-flow relationship and the 
model can be used in computer simulations of speech 
production and for clinical insight into the aerodynamic 
function of the human larynx. 

Introduction 
Glottal flow resistance, an aerodynamic aspect of 

phonation, is the ratio of the time-averaged transglottal 
pressure and glottal flow, and is dependent upon the glottal 
adductory mechanism and vocal fold tension (1,2). It is 
considered an important aerodynamic parameter in describ
ing voice disorders. Glottal flow in human subjects can be 
obtained from pneumotachograph methods of transducing 
the oral plus nasal flow. Although direct measurement of 
subglottal pressure can be made invasively, oral pressure 
techniques to estimate subglottal pressure are often used 
(e.g. ref. 2-5). 

Glottal flow resistance has been found to vary with 
gender ( 6-9), age and development ( 6,9-11 }, and intensity of 

voice production (7,8,12). Glottal flow resistance has also 
been a measure in the evaluation oflaryngeal hyperfunction 
( 13}, spasmodic dysphonia ( 14, 15), Parkinson disease ( 16), 
surgical procedures for arytenoid adduction ( 17}, thyroid 
cartilage fractures ( 18}, rheumatoid arthritis ( 19}, mucosal 
stiffening (20}, velopharyngeal incompetence (21 ,22), can
cer (23}, cochlear implants (24}, and closed head injury (25). 

The issue addressed in the research of this report is 
the relation between the transglottal pressure and the glottal 
flow for specific levels of glottal adduction. Does the flow 
increase significantly as pressure increases? Is the relation
ship between pressure and flow linear or nonlinear? Iflinear, 
is the slope steep or shallow? The answers determine the 
theoretical approach used in thinking about flow resistance. 
The answers also depend on what kind oflaryngeal model is 
used, whether there is vocal fold vibration, and what range 
of flows and pressures are used. Static physical models (e.g., 
26) and human glottal configurations with non-vibrating 
vocal folds (27) yield nonlinear pressure-flow relationships 
with significant changes in both flow and pressure. If 
phonation is induced using excised canine larynges, both the 
pressures and flows fora relatively constant level of arytenoid 
cartilage adduction increase significantly and can operate in 
a similar pressure-flow range as the human (20). Thein vivo 
canine studies of Tanaka and Tanabe (28), which involved 
stimulation of the thyroarytenoid muscles, also showed 
pressures and flows that varied significantly together for 
approximately constant levels of adduction. These results 
were contradicted by a study by Berke et al. (29) in which 
their in vivo procedure with laryngeal nerve stimulation 
produced constant subglottal pressure as glottal flow in
creased at constant levels of adduction. Their methodology 
was used in other canine studies (30-32) in which the 
relation between flow and pressure varied, some cases 
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showing mutual increases, some with constant pressure with 
increasing flow. These latter studies differ from the research 
reported here in that they used relatively large values of 
subglottal pressure, typically out of the range of normal 
human phonation, and used relatively tight adductions of the 
arytenoid cartilages. 

The complete aerodynamic evaluation of a larynx 
depends upon the interdependence of subglottal pressure, 
airflow, arytenoid adduction, and vocal fold length and 
tension, and can be described by subglottal pressure as a 
function of airflow and the control variables. It is the 
pwpose of this study to investigate the pressure-flow rela
tionships of excised canine larynges as a function of adduc
tion, the results of which may lend. insight into the role of 
glottal flow resistance in the assessment of human phona
tion. 

Methodology 
Excised canine larynges were used in accordance 

with the procedures described by Alipour and Scherer (33). 
Air was humidified to approximately 100% humidity and 
heated to 3 7°C using a Concha Therm III Servo Control 
Heater unit (RCI Laboratories) (air came from the building's 
compressed and filtered air supply). The larynx (with 
tracheal tissue) was mounted on a pseudo-tracheal rigid tube 
so that the glottis was easily viewed by a camera and 
accessible by the equipment (Fig. 1). Control of adduction 
was established by two methods. In one method, three
pronged needles pressed against the arytenoid cartilages. 
The position of the needles was adjusted via a micrometer 
traverse (Fig. 2). In the second method, metal shims of 
various thickness (0.1 - 1.0 mm) were inserted between the 
arytenoid cartilages posterior to the vocal processes, and the 
three-pronged needle system was used to keep the shims in 
place. To control length changes, another micrometer 
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Figure 1. Schematic of the excised larynx setup. 

NCVS Status and Progress Report • 42 

traverse was attached directly to the thyroid prominence 
above the anterior commissure. 

Although the shims and micrometer traverse were 
used to adjust the adduction, the shim size itself was not used 
as the adduction level because tightness of fit altered the 
actual position of the vocal processes. In this paper the level 
of adduction was taken as the actual distance between the 
vocal processes (the vocal process gap, VPG). 

The mean pressure 7 em below the glottis was 
monitored with a wall mounted water manometer (Dwyer 
No. 1230-8). The mean flow rate-was monitored with an in
line flowmeter (Oilmont rotameter model JI97). The time
varying subglottal pressure was transduced by a piezoresistive 
pressure sensor (Microswitch 136PCOIG1) at the same 
location as the manometer tap. The bandwidth for the 
pressure transducer was approximately 0-800 Hz. 

Two electrodes from an electroglottograph (EGG) 
made by Synchrovoice Inc. were attached to the exterior of 
the thyroid cartilage with push pins. The third (reference) 
electrode was placed on the posterior surface of the larynx. 
The EGG and subglottal pressure signals were monitored on 
a digital oscilloscope (DATA 6000, Data Precision of 
Analogic Corp.). These si~als and the sound of the vibrat
ing larynx were used to judge the perceptual stability of the 
phonation. · 

During the experiment, analog signals from the 
EGG and the pressure transducer were recorded on DC 
channels of a Sony model PC-108M Digital Audio Tape 
(DAn recorder. These data were digitized later with an 
analog/digital converter and analyzed on V AX-station com
puters. The multiple channels of data were digitized at 10 
kHz per channel. Mean airflow measures were recorded 
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Figure 2. Schematic of the controls for glottal configuration. 



during the experiment by announcing and recording the 
rotameter ball positions. During the experiment, the top 
view of the larynx and vocal folds was recorded on video 
tape for later analysis of the images .. For stroboscopic 
images, a Pioneer DS-303STstroboscope was used to manu
ally control fundamental frequ~ncy. 

Experiments were conducted for five canine laryn
ges. For each larynx, pressure-flow experiments were 
carried out at various levels of adduction. In these experi
ments, flow rate was varied within a range of stable phona
tion. The frequency of oscillation was extracted from the 
EGG signal. The vocal process gap was measured from the 
image of the glottis on the monitor of the VCR in freeze 
mode. Prior to data collection, a piece of ruler placed on the 
vocal folds was video recorded to provide a means for 
calibrating distance measures. The resolution of distance 
measures was approximately ± 0.03 nun based on a 15 to 1 
enlargement on the video recordings. 

Figure 3. EGG and pressure waveform pairs for three levels of adduction, 
increasingfrom top to bonom. Excised larynx 6. As adduction increases, 
the EGG pulse width increases and a harmonic ripple seen in the pressure 
signal becomes more prominent. 

Results and Discussion 
Figure 3 shows typical subglottal pressure wave

forms for three levels of adduction with the same mean 
subglottal pressure of 18 cm-}\0. The accompanying EGG 
tracings provide an orientation to the timing of these pres
sure changes relative to vocal fold oscillation. These data 
were obtained from an excised larynx of a 27 kg male dog. 
The vocal process gap (VPG) was 2.00, l. 73, and 1.53 nun 
for the three waveform pairs from top to bottom. Decreased 
VPG indicates increased adduction. As adduction increased 
and mean subglottal pressure was held constant, the mean 
flow rate decreased (737, 619, 529 ml/s for the three levels 
of adduction, respectively), giving rise to increasing flow 
resistance. This is consistent with prior literature (e.g., 
28,31 ). The widened pulse shape of the EGG signal reflects 
a decrease in the open quotient as adduction increased (34). 
The peak-to-peak height of the EGG signal also increased 
with adduction (with constant sub glottal pressure), suggest
ing an increased amount of medial tissue contact. The 
fundamental frequency of phonation increased only slightly 
(214, 219, 223 Hz for the three levels of adduction, respec
tively). 

Figure 4 shows typical pressure-flow findings for 
excised larynx phonations for two larynges. A linear rela
tion was observed between mean subglottal pressure and 
mean flow rate at the various levels of adduction and for the 
pressure ranges used in this study. As the adduction in
creased (i.e., as VPG decreased), the regression lines through 
the data rotated counterclockwise, indicating an increased 
slope of the pressure-flow relation. Each slope is defined 
here as the differential flow resistance, Rd, for each level of 
adduction. This is in contrast to the simple flow resistance, 
R

5
, the ratio of any specific pressure .value and flow value. 
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Figure 4. Typical pressure-flow as a function of level of adduction for two 
excised larynges. (The filled symbol data co"espond to one larynx, the 
open symbol data to the other). 
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The differential flow resistance is theoretically approxi
mately twice as much as simple flow resistance (35), a 
suggestion supported by these data sets for a given adduc
tion. It is noted that the R. values do vary for a given 
adduction, whereas the corresponding Rd remains constant 
(due to the apparent linearity). Rs values for data of a 
particular adduction level increase as flow increases, indi
cating subglottic pressure increases at a proportionately 
greater rate than flow. This is in contrast to the in vivo data 
of the UCLA lab (30,31 ). Their data show a decreasing 
value of R, with flow increase. This finding may be due to 
the use of relatively high adduction and subglottal pressures, 
a region of phonation where flow may increase relatively 
more for less pressure rise. The pressure-flow relationship 
in the study by Muta and Fukuda (20) was slightly non-linear 
for normal cases. Since they adducted the vocal folds by 
suturing the vocal processes with silk thread, the level of 
their adduction ~ght have decreased as subglottal pressure 
increased, which would create a slight non-linearity of the 
pressure-flow data. 

The differential glottal flow resistance (R) was 
calculated using linear regressions for the data for the 5 
canine excised larynges for each level of adduction. Figure 
5 shows the differential glottal flow resistance in cm-~0/ 
LPS as a function of VPG. The dynamic flow resistance 
increased as VPG decreased. The differential glottal flow 
resistance ranged between 27 to I 09 em-~ 0/LPS, with an 
average of62 and standard deviation of 19.2. The range of 
simple flow resistance for these larynges was approximately 
three times that for Rd, between II to 270 cm-H20/LPS, with 
an average of 58 and standard deviation of 43.9. The 
differential flow resistance data points were fitted to a 
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Figure 5. Differential glottal flow resistance as a function of vocal 
process gap for 5 excised larynges. 
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hyperb~lic function using a parameter optimization method. 
The following expression was obtained: 

107.7 
Rcrl7.26+ VPG+0.9075 (1) 

where Rd is in cm-~0/LPS. The model predicts the resis
tance with a correlation coefficient of 0.875. Figure 5 
indicates that the pressure-flow ratio for smaller vocal 
process gaps should increase, making. the larynx aerody
namically highly sensitive to small gap changes. Equation 
( 1) can be used in computer simulations of speech, where 
one needs to estimate mean pressure-flow behavior for a 
particular adduction configuration. For example, an initial 
estimate of the flow rate from knowing the initial vocal 
process gap and subglottal pressure could be a good start in 
the calculation of laryngeal flow. In addition, equation (1) 
expresses a relationship between flow resistance and laryn
geal adduction that may lend itself to quantitative clinical 
assessment potential determined in future studies. 

Although the mean subglottal pressure was ad
justed to remain the same in Figure 2, there was an increase 
in the peak-to-peak pressure (from 13 to 15.4 to 16.2 cm
~0) with the increase in adduction. The increased sub glottal 
AC pressure values and more prominent harmonic structure 
(the second peak in the pressure cycle) suggest less damping 
and greater subglottal acoustic excitation with greater ad
duction. 

Figure 6 displays typical AC pressure as a function 
of flow rate at various levels of adduction in two excised 
larynges (ref. Fig. 4). The AC pressures were obtained from 
the time-varying pressure waveforms by dividing their 
peak-to-peak values by two. Again a linear relation appears 
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Figure 6. Sub glottal AC pressure variations with mean flow rate and 
adduction for the two larynges of Figure 4. 



VPG,mm 
• 2.77 
A 2.00 

• 1.113 • • 1.53 
0 1.03 .. ~ 1:. 0.70 ~t:ttt ...... <> 0.54 

• 

•I I • • 

<> 

100 u.......a.-200J......I ......... __._...a.-4J..oo .......... ........_'--'_a..~..oo__.__.L..-I_a..~..oo__._......_..&-...l~-..~1 ooo 

Flow rate, mils 

Figure 7. Effect of flow rate and adduction on fundamental frequency for 
the two larynges of Figure 4. 

appropriate for these data. As adduction increases, higher 
AC pressures for the same mean flow rate can be observed. 
The two larynges were operated in two separate ranges of 
pressure and flow and are distinguished with solid and 
hollow symbols. The extent of the AC pressure changes may 
be different from those that would be obtained in the human 
subglottal system because of the lack of match to the human 
subglottal impedance in the present experiment. The data 
here, and the linear relation with flow at given adduction 
levels, can serve as hypotheses for human studies. 

Figure 7 represents the variation of fundamental 
frequency with the flow rate at various levels of adduction 
for two larynges (the same as the Fig. 6). It appears that the 
fundamental frequency has an increasing trend with the flow 
rate. This may be due to the increased subglottal pressure as 
flow increases (36,3 7), and is stronger at greater values of 
adduction. If flow rate is held constant, increasing adduc
tion corresponds to increased fundamental frequency. The 
frequency and flow rate also appear to relate in a linear 
fashion. This is expected from the finding that frequency of 
oscillation has a linear relationship with pressure (38), and 
pressure and flow are also linearly related. 

Summary and Conclusions 
Pressure-flow relationships were obtained for ex

cised canine larynges during phonation. Adduction was 
used as a primary control parameter. The results of the study 
lead to the following conclusions: 
l. For specific (non-zero) values of glottal adduction, the 

mean subglottal pressure and mean flow are linearly related 
during phonation of excised canine larynges for the subglottal 
pressure ranges studied (11-24 em ~0). 

2. The slope of the pressure-flow lines (the differential 
flow resistance) tends to increase with level of adduction. 
3. The subglottal AC pressure also is linearly related to the 

flow rate for given values of adduction, and increases with 
increased adduction. 

Results of this study may provide insight into the 
aerodynamics of phonation related to the configurational 
competency of the human larynx. The empirical model 
relating differential flow resistance to vocal process gap 
may be used in computer simulations of speech where the 
production of aerodynamics is dependent upon the relation
ship among mean subglottal pressure, mean glottal airflow, 
and glottal adduction. 
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Abstract 
Pulsatiie ·flow in an excised canine larynx was 

investigated with simultaneous recordings of air velocity, 
subglottal pressure, volume flow rate, and the signal from an 
electro-glottograph (EGG) for various conditions of phona
tion. Canine larynges were mounted on a pseudotrachea and 
sustained oscillations were established and maintained with 
sutures attached to cartilages to mimic the function of 
laryngeal muscles. The pitch and amplitude of the oscilla
tions were controlled by varying the airflow, and by adjust
ing glottal adduction and vocal-fold elongation. Measure
ments with hot-wire probes suggest that subglottal inlet flow 
to the larynx is pulsatile but mostly laminar, while the 
exiting jet is non-uniform and turbulent. In the typical 
ranges of flow rate, subglottal pressure, and oscillation 
frequencies, the Reynolds number based on the mean glottal 
velocity and glottal hydraulic diameter varied between 1600 
to 7000, the Strouhal number based on the same parameters 
varied between 0.002 and 0.032, and the Womersley num
ber ranged from 2.6 to 15.9. These results help define the 
conditions required for computational models of laryngeal 
flow. 

Introduction 
Human speech sounds are created as a result of the 

conversion of aerodynamic power to acoustic power through 
oscillatory tissue dynamics. The mechanism of this conver
sion process to air flow through the glottis is poorly under
stood. The glottis is a three dimensional space between the 
vocal folds that changes dynamically during phonation. As 
a dynamic valve, it creates pulsatile flow which becomes the 
source of sound in phonation. In addition, from a biome-

chanical point of view, the calculation of the driving forces 
on the vocal folds requires the knowledge of both the 
pressure distribution and the velocity pattern within the 
glottis (Alipour and Titze, 1988). . 

The pulsatile flow within the glottis has not been 
studied in detail except with simple one-dimensional, ex
perimental and computational models such as collapsible
tube model vocal folds (Conrad, 1980), which was based on 
the theory developed by Shapiro ( 1977). However, un
steady flows in constricted channels are studied in other 
applications. For example, Thornburg et al. ( 1992) studied 
steady and unsteady laminar flows through an axisymmetric 
rigid cosine-shaped constriction. They found that the flow 
became unsteady at a Reynolds number of 2000 and a 
constriction area ratio of0.75. Rosenfeld (1993) simulated 
pulsatile laminar flow in a two-dimensional constricted 
channel and validated his model with the flow-visualization 
results ofPark ( 1989). The constriction ratio in Rosenfeld's 
simulation was no more than 0. 75 and the Reynolds number 
was less than 140. In contrast, laryngeal flow, for which the 
constriction ratios exceed 0.9 and the Reynolds numbers 
frequently exceed 1500, is both unsteady and turbulent. 
Einav and Sokolov ( 1993) discuss pulsatile pipe flow with 
ranges of transitional Reynolds number and Stokes param
eter similar to those of the present study (also see Nakamura, 
Sugiyama and Haruna, 1993; Ahmed and Giddens, 1984), 
although their application is more appropriate to stenoses 
rather than flow-induced dynamic valving as in the larynx. 

There has been much experimental work on laryn
geal fluid mechanics, but few studies have measured air 
velocities. The first attempt to quantify the glottal velocity 
profile appears to have been made by Berke et al. (1989). 
Using constant-temperature hot-wire anemometry, they 
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measured the velocity waveform in an in-vivo canine larynx 
at five locations along the midline of the glottis. Although 
the data were limited in scope, they demonstrated that the 
canine larynx is a feasible model for the ~tudy of pulsatile 
flow during phonation. The results can be reasonably 
extrapolated to human phonation due to the close similarity 
between the canine and human glottographic waveforms 
(Slavit et al., 1990). 

Experimental and computational techniques for 
diagnostics of pulsatile flow in the larynx complement each 
other. Experimental investigations with excised larynx 
models provide realistic laryngeal flow information that is 
useful for validation of computational models. In particular, 
experiments guide establishment of the inlet and outlet flow 
conditions, and the range ofReynolds and Strouhal numbers 
that occur in typical operating conditions. The present study 
was undertaken to quantify the laryngeal flow below and 
above the vocal folds, to establish the procedures for making 
measurements in such a pulsatile flow, and to obtain the 
range ofWomersley number, and the Reynolds and Strouhal 
numbers under typical osciiiation conditions. The results 
provide an understanding of the flow in the glottis, and could 
be used to define the conditions required in computational 
models of laryngeal flow. 

Experimental Arrangement 
Fresh excised canine larynges were acquired from 

other laboratories at the University of Iowa Hospitals and 
Clinics. The larynges were kept in saline solution prior to 
their use in the experiments. Figure 1 shows the overaii 
experimental arrangement. After establishing an air supply 
with 100% relative humidity and a temperature of about 
37°C using a Concha-therm heater unit (RCI Laboratories), 
the larynx was mounted on the rigid vertical tube of a 
pseudo-lung mechanism. The glottis was easily viewed by 

...... ~·~ 

Figure 1. Experimental a"angement (not to scale). 
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a camera and was accessible to other equipment. Adduction 
(the mechanism of bringing the vocal folds together) and 
tension controls were established by connecting the cartilages 
to micrometers-with sutures (see Figure 2). Vocal fold 
length was controlled by sutures attached to the thyroid 
cartilage anteriorly and the cricoid cartilages posteriorly 
(the latter are not shown in Figure 2). A suture was sewn to 
each arytenoid cartilage and passed laterally through the 
other to control adduction. 

Electrodes from an electroglottograph (EGG) made 
by Synchrovoice Inc. were attached to the laminae of the 
thyroid cartilage with push pins to pick up the EGG signal 
during osciiiations. The EGG signal represents the change 
in impedance through the neck via a 5 MHz electric field, 
and has been related to vocal fold contact area (Childers, 
1985; Scherer et al., 1988). It can be used to identify the 
approximate opening and closing phases of the glottis (ex
emplified below). The EGG signal was also used in the data 
analysis as a trigger signal to process the phase-averaged 
waveform from the instantaneous air velocity signal. 

The mean pressure in the subglottal region (mea
sured about 10 em below the vocal folds) was monitored 
with a wail mounted well-type water manometer with an 
accuracy of± 10 Pa (Dwyer No. 1230-8). The mean flow 
rate was monitored with an in-line flowmeter (Gilmont 
rotameter model J197; accuracy:± 3%) as shown in Figure 
1. The time varying subglottal pressure was measured with 
a piezoresistive pressure sensor(Microswitch 136PCO 1 G I). 
This pressure (accuracy:± 2.3%) was measured at the same 
location as the manometer tap (Figure 1) for ease of calibra
tion. 

The velocity was measured with a constant-tem
perature hot-wire anemometer system (Dantec 56C01). A 
straight miniature probe (Dantec 55P11) was positioned in 
the subglottal tube about 12 em below the vocal folds 

t.reohea ...... .- .-

Figure 2. Schematic of the superior (top). view and coronal (vertical 
sectional) cut of the excised larynx. The top view shows the glottal slit 
frozen at maximum excursion. 



(Figure I) to measure velocity upstream of the glottis. The 
velocity in the jet above the glottis was measured at various 
locations with a miniature probe (with right-angled prongs, 
Dan tee P 14) with the sensor's direction perpendicular to the 
flow axis. The probe was mounted on a three-dimensional 
micropositioner (Deadal model 393M) access any location 
in the glottal jet (Figure 2). Experiments were conducted 
with several frequencies and mean subglottal pressures. 

The subglottal pressure signal was amplified with 
a bridge amplifier (Bioamp model 205) and calibrated 
against the manometer at regular intervals. The hot-wire 
signal was calibrated against a pitot tube placed over the 
center of an air jet exiting a 0.6 em diameter uniform tube. 
Humidified air at 35-37°C was used during both the hot-wire 
calibration and the larynx experiments. A best fit to the 
calibration was obtained wi th a least-square polynomial and 
used in subsequent data reduction. The velocity measure
ment accuracy was estimated to be no worse than ±4% in the 
experimental range. 

During the experiment, analog data from the hot
wire probes, EGG, and pressure transducer were monitored 
on a digital oscilloscope (Data 6000 Universal Waveform 
Analyzer, Data Precision) and simultaneously recorded on 
a Sony model PC-I 08M Digital Audio Tape (DA T) re
corder. Portions of these recordings were digitized later 
with a 16-bit analog/digital convertor and analyzed on 
V AX-station computers. The multiple channels of signals 
were DC-coupled and digitized at the rate of 20 kHz (to 
ensure full waveform specification) for at least one second 
per channel (between 1.1 to 1.5 seconds) . During the 
experiment, the top view of the larynx and vocal folds was 
recorded onto video tape for later analysis of the glottal 
images during oscillations. 

To separate the turbulence from the periodic com
ponent of the velocity signal, the technique of phase shi ft 
averaging was employed. In this method, the EGG signal 
was used as the trigger signal to obtain cycle information. 
Every instantaneous velocity measurement on consecutive 
cycles corresponding to a phase point on the EGG trigger 
cycle was averaged over I 00 to 300 cycles for the range of 
frequencies encountered in the experiments. This averaging 
process provided the so-called deterministic component of 
the oscillatory flow (the ensemble average) . This average 
was then cross correlated to a shifted raw cycle to obtain the 
maximum correlation coefficient (see Kitney and Giddens, 
1984, for details). This process was iterated until a reason
able convergence was achieved. This phase-averaged ve
locity shows the deterministic or pulsatile nature of the flow. 
When this signal is subtracted from the instantaneous veloc
ity, the turbulent component is obtained. However, as noted 
by Walburn et al. (1983), when there is a cycle-to-cycle 
variation of oscillation period, using the phase averaged 
velocity will over predict the turbulent component. Thus, a 

nonrecursive digital low-pass filter (Hamming, 1973) was 
first used to smooth the velocity, so that the turbulent 
velocity fluctuations could be obtained independently of the 
phase shift averaged velocity. The turbulence intensity was 
calculated by taking the root mean square of the turbulent 
velocity fluctuation signal. 

The recorded stroboscopic superior view of the 
larynx showed an essentially elliptical glottal opening that 
changed from a minimum to a maximum during 'each cycle. 
To obtain estimates of the oscillation amplitude, the strobe 
light was externally triggered with the EGG signal to freeze 
the image. By controlling the delay between the EGG and 
the trigger signal, the glottal view was set to its maximum 
area. The selected frame of glottal area was captured by a 
frame grabber and saved for digital image analysis. This 
image (Figure 3) was analyzed by the WinTrace software 
(developed at the Image Analysis Facilities of the University 
oflowa). The calibration procedure for length and area was 
performed using a known distance on the image (a digitized 
millimeter grid) within the software itself. The maximum 
glottal area value (A g) and glottal perimeter were measure by 
tracing the glottis contour with accuracy of± 2% for area and 
± 5% for perimeter. The mean glottal velocity (Um; accu
racy: ± 5%) was calculated by dividing the mean volume 
flow rate obtained from the rotameter by this maximum 
glottal area. The maximum glottal area, together with the 
corresponding measured glottal perimeter (G ; accuracy: ± 

p 

5%), was used to obtain the hydraulic diameter(Dh=4A/ GP; 
accuracy:± 7%) oft he g lottis during oscillations. The mean 
Reynolds number was calculated based on this length scale 
and mean glottal velocity (Re=UmD/ v ; accuracy:± 12%). 
The Strouhal number was also calculated based on these 
parameters and the frequency of oscillation (St=fD/Um; 
accuracy: ± 8%). The Womersley number, defined on the 
basis of hydraulic diameter, frequency and viscosity 
(a=0.5Dh(27tflv)0.s; accuracy:± 8%), was also calculated. 

Figure 3. A digitized image of the glouis. 
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Results and Discussion 
The experiments performed with four excised la

rynges: (I) male, weight of 22 kg, in situ vocal fold length 
ofl4.0mm;(2)male,27kg, 18.0mm;(3)male,25kg, 17.5 
mm; ( 4) female, 27 kg, 18.4 mm. For each larynx there was 
a range of pressure and flow rate for which the oscillation 
was audibly stable. For each larynx, one to three cases of 
oscillation with different adductory configurations were 
considered. The pressure and flow rate were varied within 
the stable range for each larynx and signals were recorded 
while the phonation was stable. Figure 4 shows the opera
tion of the four larynges with twelve cases of pressure and 
flow variations. Every point on the figure represents a stable 
working condition of a larynx, and each symbol corresponds 
to one particular larynx. The overall data indicate that flow 
at the exit was mostly turbulent with a Reynolds number 
ranging between I 600 to 7000. The Strouhal number ranged 
between 0.002 and 0.03 with an average of 0.016. The 
corresponding range of the unsteadiness parameter was 2.6 
to 15.9 with an average of9 .I. The data ofFigure 4, obtained 
for realistic ranges of glottal pressure and flow, give values 
ofRe and St which may be used in numerical simulations of 
pulsatile flow i.n the larynx. 

Figure 3 shows a sample of the data from one 
particular larynx indicating, from the bottom, the EGG 
signal, the subglottal pressure (Ps ), the subglottal velocity 
measured in the trachea (Vs), the supraglottal jet velocity 
(Vj), the phase-averaged jet velocity (<V>), and the turbu
lent component of the jet velocity (V'), respectively. There 
are four points indicated on the EGG waveform. Points 1 
and 4 correspond to the approximate start of. the glottal 
opening (Anastaplo and Kamell, 1988), point 2 is the 
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Figure 4. Strouhal and Reynolds numbers in tests with four excised 
larynges. Each larynx represented by different symbol. For these cases, the 
mean subglonal pressure ranged between 0. 7 and 3.0 /cPa, and mean 
flowrate ranged between 92 and 970 mVs. (Experimental uncertainty in 
Reynolds number = ± 12% and in Strouhal number = ± 8%). 
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approximate location of the beginning of glottal closing, and 
point 3 is where glottal closing is completed. In this 
example, the glottis was open longer than it was closed. This 
finding can be seen also from the velocity signals. 

The subglottal pressure increased during the glottal 
closing portion of the cycle (interpreted from the EGG 
signal), continued to build up until the vocal folds began to 
open, and then decreased to a minimum. At lower frequen
cies, resonance in the subglottal system causes the subglottal 
pressure to contain more than one spectral component. 

The subglottal velocity was pulsatile and appeared 
to be laminar (that is, had no apparent turbulence compo
nent). The pulsatile flow fell to a non-negligible minimum, 
indicating that the vocal folds did not close completely, or 
there was subglottal tracheal expansion near the time of 
glottal closure and maximum subglottal pressure. The peak 
of this signal fell in the region of the fully-open glottis 
(between points 1 and 2). This velocity may also have been 
affected by the resonance in the subglottal system. 

Figure 5. Waveforms of flow in typical larynx. The signals are, from the 
bonom, electroglonograph (EGG), subglonal pressure (Ps). subglonal 
velocity (Vs), jet velocity 10 mm above the vocal folt4 {Yj), phase
averaged velodty (<V>). and the turbulent velocity fluctuation (V). 
{Experimental uncertainty in pressure = ± 2% and in velocity = ± 4%). 
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Figure 6. Velocity profiles upstream of the g lottis (in the subglorral 
section). Profiles are selected at differ em phase p ositions in the oscillation 
cycle. {Experimental uncertainty in distance ~ ± 0. 1% and in velocity ~ 
± 4%). 

In Figure 5, the hot-wire probe (P l4) was posi
tioned over the midline of the glottis and 10 mrn above the 
vocal folds. At the instants of glottal opening and closing, 
the instantaneous velocity signal, as well as the phase
averaged velocity signal, show very large gradients, and 
these large gradients appear to be responsible for the spikes 
in the turbulent velocity fluctuations. 

Figure 6 shows six velocity profiles in the subglottal 
section of the larynx. The probe was traversed in a direction 
parallel to the glottal edge (anterior-posterior). The profiles 
are foreshortened on the right of the figure because the hot
wire probe was kept away from the wall on that side to 
protect it from damage. These velocity profiles were se
lected at different phase positions of the oscillation cycle as 
indicated by the numbers on the single cycle ofthe subglottal 
velocity (insert). The same larynx was used for all 6 profiles. 
Ten cycles of each subglottal velocity waveform were 
averaged at 18 transverse locations and at 6 phases of the 
cycles. The resulting instantaneous velocity profiles are 
plotted in Figure 6. The first marker was selected at the peak 
of the EGG signal which, from Figure 5, is seen to be near 
maximum glottal closure. These subglottal velocity profiles 
changed in shape with time and were nearly parabolic in 
shape. The overall averaged subglottal velocity waveform 
(Figure 6 insert) was skewed to the right (asymmetric). 

To quantify the shape of the jet exiting the glottis at 
various phases of the oscillation cycle, the following experi
ment was conducted. First a stable phonation was obtained. 
Then, by locking the strobe light with the EGG signal and 
adjusting the delay, the maximum opening was observed on 
the video in a stationary (freeze) mode. The area of the 
opening was divided into a 9x 13 point grid with 0.25 mrn 

V, m/ s 

Figure 7. Time-averaged (mean) velocity /0 mm above the glottal cross
section. 

spacing laterally (in the X direction, across the glottis) and 
I mrn spacing longitudinally (in theY direction, parallel to 
the glottis). The hot-wire probe (P 14) was located at every 
grid point for about 5 seconds and moved to the next position 
using the X-Y micropositioner. The data were digitized later 
and processed on a V AX-station computer. 

Figure 7 shows a velocity surface in the cross 
section ofthe glottal jet time-averaged over a duration of one 
second. For this case, the mean flow rate was approximately 
230 mils and the subglottal pressure was approximately 1.4 
kPa. The maximum glottal opening was about 1.25 mrn. 
The measurement grid included a 0.25 mrn extension on 
each side. Figure 7 clearly shows a highly nonuniform 
average velocity distribution in the glottal jet. There are 
large variations in velocity especially in theY direction. The 
maximum velocity of approximately 25 m/s occurred at a 
location of about 3 mrn from the anterior glottal commis
sure, whereas maximum glottal opening (as measured from 
the video tape recording) was approximately 5 mrn from the 
anterior commissure. The location ofthe point of maximum 
velocity in the anterior glottis, anterior to the maximum 
vocal fold displacement, is similar to that reported by Berke 
et al. ( 1989) who measured a mean velocity as large as 40 
m/s. The dynamic g lottal configuration and flow impedance 
need further study to explain these data. 

Conclusions 
This study was concerned with the pulsatile flow 

from the glottis during phonation. Air velocities in excised 
canine larynges were measured using hot-wire anemometry, 
and were accompanied by simultaneous measurement of 
subglottal pressure, subglottal air velocity, and the 
electroglottographic signal. Phase-averaging of the velocity 
signals was performed to obtain the deterministic velocity. 
Subtracting the digital low-pass filtered velocity from the 
instantaneous velocity gave the turbulent velocity fluctua
tions. Recordings of velocity were made over the glottal 
midline as well as over a measurement grid above the glotti s 
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to map the velocity field in the three-dimensional jet exiting 
the vocal folds. 

Results of this study suggest the following: 
1. The flow regime above the glottis in the excised canine 

larynx is turbulent over most of the open glottis portion of 
the vibratory cycle. The subglottal velocity did not show 
turbulence. 

2. The Reynolds number ranged from 1600 to 7000; the 
corresponding Strouhal number range was 0.002 to 0.03, the 
Womersley number range was 2.6 to 15.9. The turbulence 
intensity ranged between 1.1 to 5.7 mls. 

3. The largest velocity values occurred through the 
anterior glottal region, anterior to the location of the cyclic 
maximum glottal excursion, in the example given. 

These results together provide guidance to devel
opment of a theory or model of phonatory aeroacoustics. 
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Abstract 
The purpose of this study was to document changes 

in aerodynamic and glottographic aspects of vocal function 
in patients with Parkinson disease who received two forms of 
high effort treatment. Previous reports (Ramig, Country
man, Thompson, & Horii, 1995) have documented increased 
sound pressure level (SPL) following treatment which trained 
phonation and respiration (Lee Silverman Voice Treatment: 
LSVT), but not for treatment which trained respiration only 
(R). In order to examine the mechanisms underlying these 
differences, measures of maximum flow declination rate 
(MFDR) and estimated subglottal pressure (Psub) were 
made before and after treatment. A measure of relative vocal 
fold adduction (EGGW) was made from the 
electroglottographic signal during sustained vowel phona
tion. Sound pressure level data from syllable repetition, 
sustained vowel phonation, reading and monologue tasks 
were also analyzed to allow a more detailed understanding of 
treatment-related change in several contexts. Consistent 
with increases in SPL, significant increases in MFDR, esti
mated. Psub and EGGW were measured post-treatment in 
patients who received the LSVT. Similar changes were not 
observed following R treatment. These findings suggest that 
the combination of increased vocal fold adduction and 
subglottal pressure is a key in generating post-treatment 
increases in vocal intensity in idiopathic Parkinson disease 
(IPD). 

Introduction 
The voices of patients with Parkinson disease are 

characterized by low vocal intensity, monotonicity, and 
hoarseness (Aronson, 1990; Logemann, Fisher, Boshes & 
Blonsky, 1978), which may contribute to a reduction in 

speech intelligibility (Ramig, 1992, Maclay, 1992). These 
characteristics have been associated with reduced vocal fold 
adduction (Hanson, Gerratt, & Ward, 1984; Perez, Ramig, 
Smith, &Dromey, in press; Smith, Ramig, Dromey, Perez, & 
Samandari, 1995) and impaired respiratory function 
(Critchley, 1981; Murdoch, Chenery & Bowler, 1989; 
Solomon & Hixon, 1993). Recently, post-treatment in
creases in vocal intensity (measured as the sound pressure 
level of a subject's speech) and fundamental frequency 
variability have been reported in patients with Parkinson 
disease following one of two forms of intensive speech 
treatment (Ramig, Countryman, Thompson, & Horii, 1995). 
One type of treatment focused on increasing inspiratory and 
expiratory respiratory volumes for speech in order to in
crease subglottal air pressure, since greater passive recoil 
forces at high lung volumes can contribute to pressure 
increases (Hixon, 1973). This approach was termed the 
respiratory effort treatment (R). The other treatment focused 
on increasing both respiratory effort and vocal fold adduc
tion, and is known as the Lee Silverman Voice Treatment 
(LSVT). Post-treatment findings documented clinically and 
statistically significant increases in sound pressure level 
primarily for the subjects who received treatment designed 
to increase vocal fold adduction as well as respiratory 
volumes (Ramig et al., 1995). For example, the LSVT 
subjects increased on average 12 dB for sustained vowels, 6 
dB for a reading passage, and 4 dB for a monologue task. On 
the other hand, subjects who received the respiratory treat
ment alone decreased on average 2 dB for sustained vowel 
phonation, and increased 2 dB for reading and 1 dB for the 
monologue task (Ramig et al., 1995). 
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It was speculated that the combination of increased 
subglottal air pressure and vocal fold adduction were neces
sary to optimize the aerodynamic mechanism of intensity 
control in patients with Parkinson disease. This speculation 
was based upon reports of vocal intensity control described 
in healthy subjects (Gauffin & Sundberg, 1989; Titze & 
Sundberg, 1992). For healthy speakers, increases in vocal 
intensity have been associated with increases in respiratory 
volumes (Hixon, 1973; Russell & Stathopoulos, 1988), 
subglottal air pressure (Isshiki, 1964) and vocal fold adduc
tion (Scherer, 1991; Sundberg, Titze & Scherer, 1993). 

The purpose of this study was to evaluate the 
aerodynamic and adductory changes associated with inten
sity control in patients with Parkinson disease following one 
of two forms of intensive speech treabnent It was hypoth
esize? that subjects whose treatment focused on increased 
vocal fold adduction and respiratory volumes would show 
changes in aerodynamic measures which would correspond 
to mechanisms of intensity change in healthy speakers 

(Dromey, Ra!Jllg & Johnson, 1995). It was hypothesized that 
those subjects whose treatment emphasized increased respi
ratory volumes would have limited changes in aerodynamic 
and glottographic measures accompanying any SPL changes. 

Method 
Subjects 

Aerodynamic data were collected from a group of 
45 patients with idiopathic Parkinson disease (IPD) in an 
investigation comparing two forms of high effort speech 
treatment (Ramig et al., 1995). Because of extraneous 
movements (tremor, dyskinesia) and/or inability to perform 
the necessary syllable repetition task, data from 28 of these 
subjects were eliminated. In a number of cases, poor lip 
closure resulted in a visibly aberrant pressure waveform and 
thus an invalid estimate of subglottal pressure during /p/ 
closure. While care was taken to optimize the seal between 
the mask and the subject's face, subsequent analysis of the 
data suggested that leaks might have occurred in some 

Table 1. 
Selected mean (standard deviation in parentheses), minimum and maximum measures on demographic and speech variables, and treatment

related changes in SPL, for the subjects in the present study and for the larger group (Ramig et al .• 1995) of which they were a subset. 

Variable LSVT Range LSVT Range Respiration Range Respimtion Range 
Subset MainGroup7 Subset MainGroup7 

mean(sd) minimax minimax minimax minimax 

Groupn 10 26 7 19 

Age 62.7 (10.5) 49n9 63.5 (11.5) 32179 63.7 (7.7) 52171 65.6 (8.9) 51183 

PDStagcl 2.4 (.52) 213 2.7 (.68) 1.5/4 2.4(.85) J/3.5 2.3 (.80) 1/3.5 

Years since Ox 5.3 (5.5) 0/18 7.0 (5.9) 0120 6.6(6.2) 1118 5.6 (4.6) 0/18 

UPDRS2 22.9(1 1.1) 4/40.5 26.4 (13.4) I.S/48 28.2(13.6) 3/43 25.6(14.4) 1143 

Depression3 6.9 (5.9) 1120 9.0 (5.6) 0120 10.6 (6.1) 1122 9.9 (63) 0125 

Speech severity4 2.3 (.82) 1/3 2.8 (1.0) tiS 2.7 (1.3) 114 2.7 (1.1) 114 

/aJ SPLS 67.7 (4.2) 61.1n6.o 68.0(4.7) 6J.tn6.1 67.6(4.0) 62.1n2.1 693 (5.1) 61.6175.9 

Reading SPL6 67.5 (3.4) 60.Sn2.4 66.3 (4.0) S9.4n6.o 65.0 (1.9) 62.8/67.6 65.1 (2.7) 61.1no.o 

Pre/post /aJ SPL 14.1 (43) 7.1121.7 13.2 (5.3) 4.6122.1 -2.3 (3.6) -7.612.1 -1.3 (5.3) -11.7/10.3 

difference 

Pre/post reading SPL 6.7 (4.0) 1.37/12.6 8.0(5.9) 0.4122.5 1.9 (2.3) -1.414.5 2.5 (3.4) -1.4/12.5 

difference 

1 HoehnandYahr(1967) 
2 Motor exan scom 
3 Beck Depression lnv8ntoly (Beck. Wrud. Mendelson, MccX & Eltlau;l. 1961) 
4 Pen:eptual ratng of~ 1 II mild. 5 .. S8VIM8 
5 dB SPLat 50 an; mean of 6 VDW8Is 
6 dB SPLat 50 an; mem over the entlre Rai1bow Passage 
7 Ramlg, CountJyman. Thompson md Horll (1995) 
Subjedsintheprasentstudyweranuntenld3,6, 7, 9,12.15, 17, 18,20, 22.27.35.36,38,39,43,45intheRamgelal. (1995)sluctf. 
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subjects, which resulted in their exclusion from the present 
study. In some instances, these mask leaks led to distortion 
of the flow signal, rendering it unusable for inverse filtering. 
A criterion for the inclusion or exclusion of a subject's data 
was selected based on the method described by Higgins and 
Saxman (1991). In their study, subjects whose minimum 
flow offset went below -.05 Us were considered to have had 
mask leaks serious enough to jeopardize the validity of their 
aerodynamic data. Since the present investigation dealt with 
subjects who were both elderly and dysarthric, a slightly less 
strict level of -.075 Us was chosen. Subjects whose data 
were poor for either flow or pressure were excluded from 
consideration in the present study. As shown in Table I, the 
subgroup of 17 subjects who remained after the application 
of these criteria is comparable in terms of Parkinson disease 
characteristics and the severity of speech disorder to the 
group of 45 subjects presented previously (Ramig et al., 
1995). The treatment-related changes in SPL were also 
comparable (see Table 1). 

Statistical testing was undertaken to compare the 
pre-treatment characteristics of the two groups reported in 
the present study, who were a subset of the randomly as
signed participants in the larger study of 45 subjects. Of 
those who remained after the removal of subjects with 
unusable aerodynamic data, 10 were from the LSVT group 
and 7 from the R group. There was one female in each 
treatment group. A one-way analysis of variance revealed no 
pre-treatment differences between these two treatment groups 
prior to the study on the variables of age (F [1,15] = .0476, 
p= .830}, disease stage (F [1,15] = .0168, p= .899), score on 
the motor section of the UPDRS (F [ 1, 14] = . 7282, p = .408), 
time since diagnosis (F [ 1, 15] = .1982, p = .663), depression 
(F [1,15] = 1.7787, p = .202), or severity of speech disorder 
(F[ 1,15]=.6827 p=.422). Additionally,therewerenopre
treatment differences between these groups in vocal intensity 
for sustained vowel phonation (F [ 1, 15] = .0078, p = .931 ), 
reading (F [1, 15] = 2.882, p = .110) or monologue (F [1, 11] 
= .3701, p = .555). 

Instrumentation 
A sound level meter (Bruel and Kjaer Type 2230) 

was positioned at 50 em and a head-mounted microphone 
(AKG C41 0) at 8 em from the subject's lips. A Synchrovoice 
Research Electroglottograph (EGG) was used to obtain the 
electroglottographic signal. A Rothenberg circumferentially 
vented pneumotachograph mask (Glottal Enterprises MS 
100-A2 with transducer PTL-1) was held on the subject's 
face to collect the oral air flow signal. An intraoral pressure 
tube leading to a pressure transducer (Glottal Enterprises 
P1W -1) mounted on the pneumotachograph mask rested in 
the center of the oral cavity to allow the estimation of 
subglottal air pressure during /p/ closure (Smitheran & 
Hixon, 1981). The orientation of the tube was perpendicular 
to the flow of air. The output of the pressure transducer was 

monitored on an oscilloscope to ensure proper task perfor
mance through monitoring of the shape of the pressure peak. 

The pneumotachograph transducer was calibrated 
against a flow meter across a range of values which exceeded 
the range of flows produced by subjects in the study. The 
pressure transducer was similarly calibrated across a range. 
of pressures using a U-tube water manometer and syringe 
system. Vital capacity was measured using a Collins wet 
spirometer (Model2785). 

The analog sound pressure level, acoustic, EGG, 
air flow and oral pressure signals were stored on a Sony PC
I 08M 8 channel digital audio tape (DA T) recorder, which 
allowed signals up to 5 kHz bandwidth to be reproduced. In 
addition, speech acoustic and EGG signals were recorded on 
a Panasonic SV 3700 2 channel OAT recorder, which 
allowed higher bandwidth storage because of its 44 kHz 
sampling rate. Signals played back from the recorders were 
re-digitized into computer files using a 16 bit Digital Sound 
Corporation AID converter to a VAX 4000/200 computer. 

Procedure 
Experimental data were collected during the week 

preceding treatment and during the week following treat
ment. The following proced~re was carried out for each data 
collection session. The subject was seated in a medical 
examining chair in an lAC sound-treated booth. To limit 
extraneous movement, the subject's arms and legs were 
secured to arm and foot rests using three inch wide Velcro 
bands. After two minutes of tidal breathing, forced vital 
capacity (PVC) was measured. The subject was asked to take 
his or her deepest breath and blow out the air into a Collins 
wet spirometer "as hard and fast and long as you can". This 
task was repeated three times at the beginning of the session 
and twice at the end. The best performance was taken as the 
FVC. Care was taken to ensure that the subject's lips were 
tightly sealed on the mouthpiece; to prevent any nasal air 
flow, nose clips were used for this procedure. 

For the collection of air flow and intraoral air 
pressure data, the subject repeated a series of seven /pae/ 
syllables with the Rothenberg mask held firmly in place by 
the experimenter, and the air pressure tube in the middle of 
the oral cavity. Syllables were produced at normal pitch and 
loudness and flat intonation at a rate of 1.5 syllables per 
second, as modeled by the experimenter (LR). The /pae/ 
syllable was selected because the distance between the 
fundamental frequency and first formant of the vowel facili
tates the inverse filtering procedure (Rothenberg, 1973). 
When FO and Fl are closely spaced, it can be difficult to 
adequately filter out the effects of vocal tract resonances in 
order to obtain a glottal flow waveform (Rothenberg, 1977). 

During the data collection session, subjects also 
read the Rainbow Passage and produced a 20-30 second 
monologue, from which SPL and fundamental frequency 
data were extracted (Ramig et al., 1995). 
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Treatment 
The subjects participated in one of two types of 

treatment Both forms of treatment were designed to be 
intensive ( 16 1-hour sessions within 4 weeks) and high effort. 
Subjects were strongly encouraged to employ maximum 
effort in all therapy tasks. The ftrSt half of each session 
consisted of high effort drills, while the second half was used 
to carry over the increased effort to speech tasks. The 
implementation of high effort, intensive treatment is based 
on neurology and physical therapy practices (England & 
Schwab, 1959; Hallet & Khosbin, 1980; McDowell, Lee & 
Sweet, 1986) that suggest when pushed to higher effort 
levels, patients with Parkinson disease can compensate for 
bradykinesia and improve task performance. The daily 
training of high effort to increase magnitude of speech motor 
output is based upon the potentially similar problems in 
scaling the magnitude of output (e.g., stride length in walk
ing, letter stroke in writing) observed in patients with 
Parkinson disease (Brooks, 1986; Muller & Stelmach, 1991; 
Stelmach, 1991). We speculate that intensive high effort 
speech treatment teaches patients to rescale the magnitude of 
speech motor output (Ramig, 1995; Ramig, Bonitati, Lemke 
& Horii, 1994), and that daily treatment with intensive 
practice (Schmidt, 1975; 1982) and feedback (knowledge of 
results) (Adams, 1971; 1986) facilitates this training. 

The respiratory (R) treatment was designed to in
crease the activity of the respiratory musculature in order to 
generate increased volumes and subglottal air pressure for 
speech (Netsell & Daniel, 1979; Yorkston, Beukelman & 
Bell, 1988). Treatment tasks included those designed to 
increase ventilation as well as train expiratory muscles (Leith 
&Bradley, 1976;McKenzie&Gandevia, 1986) :maximum 
inhalation and exhalation (Hardy, 1983; Netsell & Rosenbe~ 
1986), maximum duration of voiceless fricatives (/s/ and If! 
), maximum duration of counting on one breath and sustain
ing oral air pressure for as long as possible using the IOPI 
(Iowa Oral Performance Instrument; Robin, Goel, Somodi & 
Luschei, 1992) both with and without the leak tube. This 
device, which was originally designed to measure tongue 
strength, had been modified to allow subjects to view the 
level of air pressure they were producing during therapy 
tasks. Subjects were encouraged to take frequent, deep 
breaths during speech, (e.g., think "breathe") and they were 
given visual feedback (NIMS Respigraph PN SY03) con
cerning chest wall movements during the maximum sus
tained fricative productions, reading and speaking tasks. 
Th~ visual feedback allowed the subjects to view the relative 
magnitude of their respiratory maneuvers as they imple
mented the therapy techniques. The impact of the respiratory 
effort treatment on maximum duration vowel phonation and 
utterance and pause duration have been reported in a study by 
Ramig, Countryman, Thompson and Horii (1995). 

The Lee Silverman Voice Treatment (LSVT) tar
geted increased vocal intensity through improved vocal fold 
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adduction and increased respiratory effort (Ramig, Pawl as & 
Countryman, 1995). Therapy drills included tasks to in
crease respiratory/phonatory effort and coordination: maxi
mum duration sustained vowel phonation and maximum 
fundamental frequency range. The tasks which were used to 
increase vocal fold adduction included stimulation to gener
ate "loud" phonation or pushing the hands together, pulling 
or pushing on the arms of a chair while phonating a sustained 
vowel (Aronson, 1990; Froeschels, Kastein & Weiss, 1955). 
Feedback regarding intensity was provided with a voice light 
(a device which illuminates more LEOs as intensity in
creases) and a tape recorder. Subjects were encouraged to 
"think loud" and to use increased vocal intensity in speech 
tasks during the second half of each treatment session. The 
impact of the LSVT on vocal intensity and fundamental 
frequency, as well as several neuropsychological variables 
has been reported in a study by Ramig etal. ( 1995). Changes 
in pre- to post-treatment videolaryngostroboscopic ratings 
have been reported previously by Smith et al. ( 1995). 
It is important to point out that the treatment goal of increas
ing vocal fold adduction in Parkinson disease is designed to 
maximize the efficiency of the phonatory source. It is never 
the goal of treatment to increase vocal fold adduction so that 
the voice becomes pressed or hyperadducted. The goal is a 
voice with sufficient loudness, generated ·with maximum 
phonatory efficiency (Ramig, 1995). 

The treatment intensiveness, daily homework, daily 
quantification of treatment variables and carryover were all 
stimulated equally in both treatment groups. No direct 
attention was given to improving intonation, articulation or 
rate in either treatment group. Details of the daily treatment 
sessions, patient progress and clinician training have been 
summarized in Ramig et al. ( 1995), and Ramig, Paw las & 
Countryman (1995). 

Data analysis 
From the /pae/ syllable train task, simultaneous 

recordings of air flow, intraoral air pressure and SPL were 
low-pass filtered at 10kHz and digitized at a sampling rate of 
20 kHz to allow detailed waveform preservation for the 
analysis of maximum flow declination rate. The signals were 
subsequently analyzed with custom software which interpo
lated between the pressure peaks during /p/ closure to allow 
the estimation of mid-vowel subg1ottal pressure (Smitheran 
& Hixon, 1981 ). Flow and SPL values for their respective 
time-aligned channels were also obtained in this way, so that 
values for these measures represented the temporal midpoint 
of the vowel in each syllable. These analyses were performed 
on a VAX 4000/200 computer, using the middle three syl
lables from each of three syllable trains from each recording 
session. Thus, nine tokens contributed to the mean for each 
subject on each occasion. 

Maximum flow declination rate (MFDR), which 
reflects the interaction of subglottal air pressure and vocal 



fold adduction, and is an index of the speed of glottal flow 
"shut-off," correlates highly with vocal intensity (Holmberg, 
Hillman, & Perkell, 1988; Titze & Sundberg, 1992). To 
measure maximum flow declination rate, the air flow signal 
was transferred to a 486 PC and was inverse filtered with 
CSpeech 4.0. The maximum flow declination rate was 
measured as the magnitude of the downgoing peak from the 
deriva~ve of the glottal flow signal (see Figure 1a) for 10 
successive cycles at the vowel midpoint. Again, nine tokens 
were examined to derive a mean value for each subject on 
each recording date. 

Open quotient (OQ), defined as the time during 
which the vocal folds are open, divided by the period of the 
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Figure 1. a) Measurement of maximum flow declination rate (MFDR) 
from the derivative of the glottal flow signaL MFDR represents the 
mosJ rapid decrease inflow during vocal fold closure. b) Measure· 
ment of open quotient (OQJ at 20% of the height of the glottal flow 
pulse. OQ = open duration I open + closed durations. c) Measure· 
ment of EGGW-25 - the relative width of the electroglottographic 
waveform at 25% of its height. EGGW-25 = a I a + b. 

vibratory cycle, decreases as intensity increases (Dromey, 
Stathopoulos & Sapienza, 1992; Timcke, von Leden and 
Moore, 1958) in healthy speakers. Open quotient was 
measured using a custom software program (Stathopoulos & 
Sapienza, 1993a, 1993b) at a 20% AC flow criterion level. 
Thus, the time of glottal opening was operationally defined 
as the point at which the inverse-filtered flow reached 20% 
of the height of the waveform between the minimum flow 
offset (DC offset) and the peak flow. The beginning of the 
closed period was defined as the time at which the flow again 
decreased to the 20% level (see Figure 1 b). Between 30 and 
50 consecutive cycles were measured from the glottal flow 
waveform at the vowel midpoint during the /pae/ task. The 
mean values from three vowels from each of three trials for 
each subject for each session were calculated. 

EGGW -25, which is calculated as the relative width 
of the electroglottographic (EGG) waveform at 25% of its 
height (Scherer & Vail, 1988; Scherer, Vail & Rockwell, in 
press) has been found to increase with vocal fold adduction 
(Brosovic, 1994 ). Ten consecutive cycles of the 
electroglottographic (EGG) signal from the temporal mid
point from each of six maximum sustained vowel produc
tions for each subject on each date were analyzed. This 
analysis was performed with an in-house software program 
on a VAX 4000/200 computer following digitization of the 
2 channel OAT recording at 20 kHz. Figure lc shows how 
this measure was derived. 

SPL analysis was performed for six vowels and one 
reading passage for each subject on each recording date. The 
analog output of the sound level meter, which had been 
stored in digital format on the 8 channel OAT recorder, was 
re-digitized at 1 kHz into computer files. The mean SPL was 
calculated using a custom software program which allowed 
a SPL baseline to be set by the operator. By setting the 
baseline at an intensity corresponding to the lowest level 
during a phrase, intensity points falling below this level 
during inhalation were excluded from analysis, in order to 
measure the mean SPL during speech, rather than during 
speech and pauses combined. 

Measurement Reliability 
Twenty percent of the data on each measure were 

reanalyzed after several months by the same investigator to 
assess measurement reliability. A paired t-test revealed no 
significant differences between original and repeated analy
ses. Pearson correlation coefficients ranged from .995 to 1.0 
between the original and the reanalyzed data. On the 
measures of estimated subglottal pressure and mid-vowel 
SPL, there was no measurement error, since these variables 
were automatically extracted from the waveforms. Mean 
measurement errors on the other variables were in the order 
of0.5%. 

To assess test-retestintrasubject reliability, 9 (53%) 
of the subjects had a second pre-treatment recording session, 
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and 5 (29%) of the subjects had a second post-treabnent 
recording. Paired t-tests revealed that there were no signifi
cant differences between pre-treatment recording sessions 
for any variables except the measure of forced vital capacity, 
which was smaller (0.12 L) for the second pre-treatment 
recording (t [9] = 2.45, p = .037) than for the first. There were 
no differences on any measures between the frrst and second 
post-treatment recordings. 

Results 
Means and standard deviations for each measure 

are presented in Table 2. A two factor time (pre-to-post) by 
treatment group (LSVT vs. R) repeated·measures analysis of 
variance(ANOV A) was performed on each of the dependent 
measures to examine changes which occurred following 
treatment, as well as differences in these pre/post changes 
according to the type of treatment that was given. The F
ratiosandp-valuesfortheseANOVAsarereportedinTable3. 

SPL 
For sustained vowel phonation, there was a signifi

cant pre/post by treatment group interaction (p < .001). The 
LSVT subjects increased on average by 14 dB (sd 4.3). The 
R group subjects decreased 2.3 dB (sd 3.5). For the mid
vowel intensity in the syllable repetition task there was a 
significant pre/post by treatment group interaction of (p = 
. 042). The LSVT subjects increased on average 6.5 dB (sd 
7.4) and the R subjects decreased 0.1 dB (sd 2.8) during the 
syllable repetition task (s~e Figure 2a) from pre- to post-

Table 2. 
Means (and standard deviations) for each measure before and after 

treatment as a function of treatment type. 

LSVT Rcspilltlca 

Variable ~Tx sd Poa.Tx· sd PrD-Tlt sd Post·Tx sd 

SPLfct/11 67.7 (4.2) 11.7 (3.1) 67.5 (4.0) 65.2 (4.2) 

SPLfor/pad 68.5 (4.2) 75.0 (5.1) 66.7' (1.9) 66.6 (1.7} 

SPL for readblg 61.5 (3.4) 74.2 (3.5) 65.0 (1.9) 66.9 (3.9) 

SPL formoaoloAuc 64.5 (2.9) 70.0 (3.5} 64.9 ('2.4) 67.1 (1.9) 

Psub 6.6 (2.5) 8.6 (2.9) 6.6 ('2.3) 6.3 (1.9) 

MPDR 411 (243) 703 .(275) 350 (65) 341 (88) 

OQ .427 (.082) .385 (.090) .443 (.160) .449 (.192) 

EOGW·2S S45 (.051) .619 (.051) .575 (.OSI) .550 (.073) 

FVC 3.57 (.760) 3.53 (.124) 3.29 (1.09) 3.21 (l.04) 

SPL maasuras are dB SPI. at 50 em; mean for 6 wwe!s. 9 /f1ae/ syta~e 01 enlira passage or rnanomgue 
PSib • eslimated SI.Ciglolt3l pressure (c:mtl20~ mean lor 9 /pae/ sy!l2bles 
MFDR .. maximum Bow dec&lation rata (llslst. mean for 9 /paW sylables 
OQ • open quotient using 20% AC l!owcrilerion; mean tot 9/pae/ ~ 
EGGW..25:: EGG pUle w!dlll addll:llon measure using 25% height critarion: mean lor 6 vowels 
FVC = fon:ed vital capaci!y (l!ers); rnaxil'lun value c:i llree a~ 
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treatment. For the reading passage, there was a significant 
pre/post by treatment group interaction (p= .013). The mean 
increase for the LSVT subjects was 6. 7 dB (sd 4.2}, and for 
R group, it was 1.9 dB (sd 2.3). In the monologue task, the 
pre/post main effect was significant (p = .005), but there was 
not a significant interaction with treatment group at the p < 
.05 level. Nevertheless, there was a tendency for the LSVT 
subjects to show larger SPL increases (5.5 dB, sd 3.1) than 
the R group subjects (2.2 dB, sd 3.8). 

The treatment-related SPL changes reported for the 
17 subjects here are similar to those for the larger group of 45 
subjects of which they were a subset (Ramig, Countryman, 
Thompson & Horii, 1995 - see Table 1 ). 

For estimated subglottal pressure, there was a sig
nificant pre/post by treatment group interaction (p = .003). 
LSVTsubjects increased onaverage2 cmH20 (sd 1.4), and 
the R group decreased 0.3 cmH20 (sd 1.3) (see Figure 2b). 

. There was a significant pre/post by treatment group interac
tion (p = .001) for maximum flow declination rate. The mean 
increase for the LSVT subjects was 215 Us/s (sd 119), and 
the mean decrease for the R group was 2 Usls (sd 103) (see 
Figure 2c). 

The changes in open quotient following treatment 
were not statistically significant for main or interaction 
effects. The LSVT group decreased by .042 (sd .056), while 
the R group increased by .014 (sd .086). A lower value on 
this measure is associated with greater vocal fold adduction . 
There was a significant pre/post by treatment group interac
tion (p = .003) for EGGW-25. The LSVT group increased 
on average by .073 (sd .050) following treatment, whereas 
the R group decreased by .035 (sd .063) (see Figure 2d). A 
higher value on this measure is associated with greater vocal 
fold adduction (Scherer et al., in press). 

Table 3. 
F-ratios and p-values for the repeated measures 

ANOV As on all variables. 

Pre/post effect Inlcracdon with treatment type 
VaNble F-rlllio p-value F-nzio p-valuc df 

SPLfoc/ol 34.68 <.001 67.62 <.001 l,IS 

SPLfor/puJ 4.71 .048 S.Ol .042 1,14 

SPL for reading 2S.91 <.001 a.os .013 1,15 

SPL for monologue 13.43 .oos 2.42 .154 1.9 

Psub 3.72 .020 12.21 .003 1.15 

MFDR 14.70 .002 IS. IS .001 I.IS 

Open quotient 1..44 .249 2.59 .128 I, IS 

EGGW-25 3.20 .095 13.40 .003 1.14 

FVC 1.67 .215 .13 .720 I,JS 



The changes following treatment were not statisti
cally significant. for main or interaction effects for forced 
vital capacity. 

a. 
85.0 

5 80.0 

~ 75.0 
ii 70.0 _, 
Cl. 
(/) 65.0 

SPL for /pae/ syllables 

LSVT Resp 

b. 
2 

Estimated subglottal pressure 
"' 12.0 
J: 

! 10.0 
.a 
~ 8.0 

Cl. 

~ 6.0 

ii 4.0 
w 

LSVT Resp 

c. Maximum flow declination rate 
1200.0 

LSVT Resp 

d. EGGW 
0.700 

~ 0.600 
g 
w 0.500 

LSVT Rasp 

Figure 2a) Mean and standard deviation sound pressure level (dB SPL 
at 50 em) for lpae/ sylloble repetition before and after speech 
treatment. b) Mean and standard tkviation estimated subglonal 
pressure (cmH20) before and after speech treatment. c) Mean and 
standard deviation maximum flow declination rate (Usls) before and 
after speech treatment. d) Mean and standard deviation EGGW (25% 
of AC waveform criterion) before and after speech treatment. 

Discussion 
The present study was undertaken to examine se

lected aerodynamic and glottographic measures of vocal 
function in patients with Parkinson disease. A primary 
objective was to document changes in these measures ac
companying two different forms of speech treatment. 

Since reduced vocal intensity is one of the primary 
speech disorders of this patient population, and contributes 
to reductions in speech intelligibility, a treatment program 
which improves vocal intensity is of prime interest. The data 
for four speech tasks- syllable repetition, sustained vowel 
phonation, reading and monologue - all show that patients 
receiving the LSVT were able to increase their SPL follow
ing treatment. The fact that patients whose treatment focused 
solely on increased respiratory volumes and subglottal air 
pressure did not make similar SPL gains suggests that it is 
necessary to compensate for the documented deficiencies in 
vocal fold adduction in this population in order to achieve the 
goal of increased SPL (Ramig, Countryman, Thompson & 
Horii, 1995). While increasing subglottal pressure through 
respiratory volume improvements leads to increased inten
sity in the healthy larynx (Stathopoulos & Sapienza, 1993a}, 
greater pulmonary effort alone did not lead to improvements 
in SPL in the glottally incompetent patients in the present 
study. The treatment tasks of the LSVT included exercises 
to increase vocal fold adduction, and as the EGGW data and 
the videostroboscopic findings (Smith et al., 1995) suggest, 
post-treatment increases in vocal fold adduction were real
ized. This adductory improvement allowed the LSVT sub
jects to increase their vocal intensity. These findings are 
consistent with data reported by Berke, Hanson, Gerratt, 
Trapp, Macagba, and Natividad (1990}, who found that 
higher SPL was achieved more efficiently by means of 
medial adductory compression than by higher airflow levels 
in an in vivo canine model. The post-treatment SPL for /pae/ 
syllables in the LSVT group is comparable to values reported 
by Stathopoulos and Sapienza (1993a) for healthy males at 
a comfortable intensity level. 

It is of particular interest that all subjects receiving 
respiratory effort treatment did not experience substantial 
improvements in estimated subglottal pressure; only three of 
the seven subjects increased subglottal air pressure pre- to 
post-treatment. Observations of statistically significant post
treatment increases in pause durations during connected 
speech ·and increases in maximum duration of sustained 
vowel phonation (Ramig et al., 1995) both suggest that the R 
group did implement the target therapy techniques to in
crease inspiratory volumes prior to speech. The lack of 
corresponding increases in estimated sub glottal pressure and 
SPL allow the speculation that for individuals with an incom
petent glottal valvingmechanism, merely increasing respira
tory force may not be sufficient to lead to improvements in 
subglottal pressure for speech. An alternative explanation is 
that the activities used in treatment to increase respiratory 
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function did not adequately train subglottal pressure or 
generalize the use of expiratory effort to the syilable repeti
tion task examined in the present study. 

I tis possible that treatment approaches which focus 
solely on respiration may even be counter-productive in this 
population. The decreases in vocal fold adduction reflected · 
in EGGW -25 data, together with previous findings by Smith 
et al. ( 1995) suggest that glottal incompetence actually 
became greater in certain subjects who increased respiratory 
effort without simultaneously improving vocal fold adduc
tion. While not demonstrating such a clear trend, the open 
quotient data also suggest a slight increase in glottal incom
petence for the R group, while the LSVT group appeared to 
increase adduction based upon this measure. Berke at al. 
( 1990) found that higher flows in the absence of adductory 
changes led to increased open quotient in their canine prepa
ration - a similar pattern to that seen in the R treatment 
group in the present study. 

Glottal incompetence may not preclude generation 
of subglottal air pressure in individuals with a non-neuro
logically disordered respiratory system. However, for indi
viduals with Parkinson disease, it may be necessary to 
stimulate respiration and phonation simultaneously in order 
to maximize treatment eff~ctiveness to generate SPL in-
creases. 

It might be speculated that even though patients 
with Parkinson disease in the R group were trained to inhale 
to higher lung volumes before speaking, they counteracted 
the unusually high respiratory recoil forces by using inspira
tory muscular effort (Hixon, 1973). It is conceivable that the 
R group subjects might have checked the increases in 
subglottal pressure to allow speech production to continue in 
an intensity range to which they were accustomed. This may 
be similar to the technique employed by singers, who have 
been reported to inhale to high lung volume levels and then 
use inspiratory muscles to counteract excess pulmonary 
recoil forces when singing softer passages (Watson & Hixon, 
1985). 

The pre-treatment values for estimated subglottal 
pressure (Psub) fell within the range reported by Gracco, 
Gracco, Lofqvist and Marek (1994) for untreated patients 
with Parkinson disease. Prior to treatment, Psub values were 
lower than those reported by Higgins and Saxman ( 1991) for 
healthy elderly males. For the LSVT group only, post
treatment estimated Psub values were closer to the normative 
data. This suggests that the treatment might have brought the 
subglottal pressure of these subjects into a more normal 
range for their age, whereas the R treatment did not have this 
effect However, the lack of SPL data in the reports of these 
previous authors precludes a more detailed comparison of 
the healthy and pathological subject groups. 

The increase in SPL for the LSVT group was 
accompanied by a similar increase in MFDR. This can be 
taken as evidence that the subjects in this group increased 
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their sound pressure level by the same means documented in 
the healthy larynx (Dromey et al., 1995), in that glottal flow 
shut-offoccurredmorerapidly,allowingagreaterexcitation 
of the vocal tract (Gauffin & Sundberg, 1989). These 
changes could be interpreted as an indication that the LSVT 
therapy was successful in helping subjects achieve a more 
normal mode of phonation. The R group, on the other hand, 
did not increase in SPL, and therefore continued with the 
weak phonation which is characteristic of patients with 
Parkinson disease. 

The open quotient (OQ) data from the inverse 
filtered airflow signal, which reflect changes in vocal fold 
adduction, did not reach statistical significance in any pre/ 
post treatment analysis. However, EGGW-25 values, which 
also change with vocal fold adduction, showed a significant 
time by treatment group interaction. A recent study of 
patients with Parkinson disease which compared EGGW 
measures with stroboscopic examination reported that the 
two measures correlated (Brosovic, 1994), in that visible 
improvements in vocal fold closure coincided with higher 
EGGW values. The differences in the strength of the trends 
for the two types of measure reported here could be due to the 
nature of the respective speech tasks. The EGGW measure 
was derived from the midpoint of a sustained vowel, whereas 
the open quotient measure was obtained from a syllable 
repetition task. It is possible that the rapid changes in 
laryngeal configuration in the dynamic speech task contrib
uted to greater variability in the aerodynamic measure, thus 
precluding statistically significant results. It is also possible 
that the EGGW measure offers greater validity than airflow 
open quotient as a measure of laryngeal adduction. 

The fact that over 60% of the aerodynamic data 
collected were eliminated from further analysis in this study 
has important implications for researchers investigating dis
ordered speech production. Many of the subjects were 
unable to perform the /pae/ syllable repetition task in a way 
that allowed valid data to be obtained (Hertegard, Gauftin, & 
Lindestad, 1995). Some were unable to produce syllables 
with constant effort in a single breath group, or even rela
tively stable intensity within a single syllable. Others did not 
achieve a sufficient lip seal around the oral pressure tube, 
which precluded valid pressure estimates. These difficulties 
limit the applicability to disordered speakers of protocols or 
techniques which have been developed using healthy indi
viduals as subjects (Finnegan, Luschei, Barkmeier & 
Hoffman, 1996). This is unfortunate, given the value of 
physiologic data in assessing disordered speech production 
in order to plan treatment or monitor progress. 

In summary, this study was undertaken to document 
the aerodynamic mechanisms of change in two groups of 
patients with Parkinson disease, one of which was successful 
in increasing vocal intensity. Subjects who received the 
LSVT were able to achieve increases in SPL through im
proved vocal fold adduction and increases in subglottal 



pressure. Sound pressure level did not consistently increase 
pre to post-treattnent for subjects who received only respira
tory training. 
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Abstract 
The Membranous Contact Quotient, MCQ, is in

troduced as a measure of anterior-posterior (A-P} glottal 
contact and glottal competence. It is defined as the ratio of 
the membranous contact glottis (the A-P length of the 
contact between the two membranous vocal folds) and the 
membranous vocal fold length. An elliptical approximation 
to the vocal fold contour during phonation was used to 
predict MCQ values as a function of vocal process gap 
(adduction), maximum glottal width, and membranous glot
tal length. MCQ is highly dependent on vocal process gap 
and maximum glottal width, but not on vocal fold length. 
Excised larynges were used to obtain MCQ data for a wide 
range of vocal process gap and maximum glottal width. 
Predicted and measured MCQ values had a correlation of 
0.93. The model is better at higher values of MCQ. The 
model of MCQ is also expressed as a function of vocal 
process gap and subglottal pressure to suggest production 
control potential. The MCQ parameter is obtainable with the 
use of stroboscopy and appears to be a potentially useful 
clinical measure, especially for cases requiring a measure of 
glottal incompetence. 

There are a number of vocal fold motion param
eters that are nondimensional and have kinematic, acoustic, 
and aerodynamic importance in phonatory description and 
diagnostics. For example, the open quotient corresponds to 
how long the glottis is open divided by the length of the 

glottal period. The speed quotient for glottal motion is the 
time it takes the vocal folds to travel from glottal midline to 
the maximum excursion divided by the time from maximum 
excursion back to the midline. These two quotients can be 
obtained using stroboscopy and frame counting of the slow 
motion glottal movement ( 1 ). In this paper we introduce 
another nondimensional quotient which can be obtained 
using stroboscopy. It partially fills the need to describe 
glottal competency, and is especially applicable to breathy 
voice and cases of glottal obstruction and bowing. 

The new phonatory parameter is a measure of the 
degree of glottal contact and is called the Membranous 
Contact Quotient, MCQ. During phonation, the membra
nous vocal folds may not come into complete anterior
posterior (A-P) contact. The MCQ parameter quantifies the 
portion of the membranous vocal fold length in contact 
during maximum closure within a cycle of phonation. 

The definition ofMCQ is the length of the maxi
mum A-P contact of the vocal folds (the membranous 
contact glottis, MCG, see Figure 1) during a cycle of 
vibration, divided by the linear distance between the anterior 
commissure and the vocal processes (the membranous glot
tal length, L). Typically the MCQ parameter would be 
obtained by viewing stroboscopic slow motion imaging of 
vocal fold vibration, and measuring the relative lengths of 
the longest membranous contact glottis and the membra
nous glottal length. 

MCQ allows a more complete description of the 
dynamic aspects of glottal motion during phonation. It c~n 
be included with other characteristics of glottal vibration 
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Figure 1. Superior view of the glottal configuration for purposes of 
obtaining MCQ. V refers to the vocal process gap. L refers to the 
membranous glottal length. MCG is the length of the membranous contact 
glo~ obtained at the maximum glottal closure during a phonatory cycle. 
W/2 rs half of the amplitude of vibration of the vocal folds. MCQ is the 
Membranous Contact Quotient, defined by the ratio of MCG and L. 

obtained with stroboscopy, such as symmetry of motion of 
the two vocal folds, shape of the glottis during maximum 
closure, and the open quotient mentioned above. 

MCQ will be shown to be related to the distance 
between the vocal processes (that is, the level of adduction). 
If adduction is greater, that is, if the vocal process gap is 
smaller, the vocal fold tissues will come together more 
completely in the A-P direction, and MCQ will be larger. 
Also, MCQ will be shown to be related to the maximum 
lateral vocal fold excursion during a vibratory period Larger 
excursions may result in greater medial compression and an 
increase in the relative A-P contact. 

A similar measure of the A-Pportion of glottal 
closure was presented by Sodersten, Hertegard and 
Hammarberg (2), but in their study, subjects viewed record
ings and psychophysically estimated the degree of A-P 
closure on a vertical line. Their "percentage glottal closure" 
(GLC) significantly increased with loudness for their female 
subjects (male subjects were not studied). Their range of 
GLC was 43.5% to I 00%. Soft utterances averaged 71.4%, 
Normal87.2%, and Loud 94.0%. ~s suggests that a wide 
range ofMCQ values is expected for healthy subjects. 

Methods 
Five excised canine larynxes were used in this 

study. Excised larynxes were chosen in order to control the 
level of adduction and measure dynamic aspects of glottal 
configuration. Three dogs were female and two were male, 
ranging in weight from 25 to 27 kg. They all had normal
appearing laryngeal tissue. The larynxes were acquired 
from the University of Iowa Hospitals and Clinics and were 
kept in saline solution prior to the experiments. The larynxes 
were trimmed of nonessential tissue and the false vocal folds 
were removed to completely expose the true vocal folds. Air 
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was supplied to the vocal folds by means of a Concha-Therm 
III Servo Control Heater unit (RCI Laboratories). The air 
had approximately 1 00% humidity and a temperature of3 7° 
C. The tracheal portion of the tissue was mounted on a 
pseudo-tracheal rigid tube (i.d of 17.5 mm, o.d. of 20.0 
mm). A camera was situated above the larynx for video 
recording. Adduction controls were created by connecting 
three-pronged holders to the lateral portions of the arytenoid 
cartilages and adjusting their position with a micrometer 
travers. When this was not used, shims were placed between 
thC: ~enoid c~ages. Glottal length was changed by 
adjusting a suture hne attached to the thyroid notch and tied 
to a metal baranteriortothe thryoidcartilage. Mean subglottal 
pressure via a subglottal pressure tap was obtained by 
viewing a wall mounted u-tube manometer(Dwyer 1230-8). 
Mean flow was measured via an in-line flowmeter (Oilmont 
Rotometer Model J 197) upstream of the Concha-Therm 
unit. For a more complete description of the experimental 
set up, refer to Alipour, Scherer and Knowles (3). 

. Figure 1 illustrates the vocal process gap, V, the 
dtstance between the anterior portion of the two vocal 
processes; half of the maximum glottal width, W, the maxi
mum distance between the two vocal folds at the time of 

· maximum vibratory amplitude as seen using stroboscopy; 
and the membranous glottal length, L. 

There were three to six different cases of preset 
adduction for each larynx. For each case, subglottal pressure 
was raised and then lowered in six to nine steps. The distance 
measures L, V, and W were obtained by pausing the video 
tape and taking measures on the monitor for each sub glottal 
pressure condition. A ruler segment was placed on the tissue 
and video-recorded prior to phonation to allow conversion 
of measurements to absolute distance. Measurement resolu
tion on the monitor screen was 0.1 em, and the screen 
magnification was 15 to 1. The estimated accuracy in real 
measurement was therefore approximately +/- 0.006 em. 

A model of the relationship among MCQ and the 
vocal process gap, glottal width, and glottal length would 
help to consider how MCQ may be affected by changes in 
these production characteristics of a patient or subject. A 
rather simple model can be used, and is discussed next. 

Model 
MCQ can be modeled with a relatively straight

forward geometric rendering of vocal fold contact. It is first 
noted that when the two vocal folds come into contact, the 
contact is normally along the midline of the glottis. For 
modeling p~oses, let the vocal fold contour take the shape 
of an ellipse for both outward and inward motion. Figure 2 
shows an elliptical shape of the vocal fold contour intersect
ing a line. The intersection point is essentially where the two 
vocal folds would meet given the conditions of amplitude 
and vocal process gap as shown. It is assumed in this model 
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Figure 2. Geometric mode/for predicting MCQ. The vocal fold contour 
is modeled elliptically. Contact between the two vocal folds in the A-P 
direction is modeled linearly along the glottal midline. A is the amplitude 
of the vocal fold motion, V/2 is half of the vocal process gap, and L is the 
membranous glottal length. 

that an approximation of the degree of A-P contact between 
the two vocal folds can be modeled by an "overlapping" of 
the two vocal folds, rather than the more realistic A-P 
deformation at contact due to tissue incompressablility. The 
object of the model is to solve the intersection of the 
elliptical and linear equations as a function of amplitude A, 
membranous glottal length L, and vocal process gap V. The 
solution leads to Eqn. 1 which shows MCQ as a function of 
the three variables just mentioned. 

MCQa &t2L(4L2-J.4)G.5 
JIZ L 2 + 4d 2(4L 2- YZ) 

(1) 

where A is the amplitude of motion of the glottis, L is the 
membranous glottal length, and V is the vocal process gap. 
For simplicity and practicality, the amplitude of motion in 
Eqn. 1 can be replaced by one-half of the maximum glottal 
width (as shown in Figure 1 ), which leads to Eqn 2, viz., 

MCQ 2WZL(4LZ-Jil)CU 
JIZL2+K4(4£2-Jil) 

(2) 

The sensitivity of the theoretical MCQ to changes 
in maximum glottal width, glottal length, and vocal process 
gap will now be explored. Figure 3 shows the sensitivity of 
MCQ to changes in the vocal process gap for three values of 
the maximum glottal width. The vocal process gap ranges 
between 0 and 0.7 em (which encompasses the realistic 
range), and the parametric vibratory widths are .1, .2, and .3 
em (values that are not atypical). MCQ is shown to be highly 
sensitive t~ the value of the vocal process gap, especially for 
smaller amplitudes of motion. For example, for W = 0.1 em, 
as the vocal process gap becomes larger than 0, MCQ 
quickly drops. This would be explained by the reasoning 
that for small amplitudes, as the vocal processes separate, 
the vocal folds will not be able to come into contact, leading 
to smaller values ofMCQ. 

L = 1.3 em 

0.5 

0 0.2 

Vocal Process Gap (V,cm) 

Figure 3. Sensitivity ofMCQ to changes in vocal process gap. Eqn. 2 was 
used. The membranous glottal length was held constant at I. 3 em. Three 
values of the maximum glottal width were used parametrically. The small 
arrows on the abscissa indicate the range of the vocal process gap used 
in the excised canine larynx studies of this report. 

L = 1.3 em 

CY 
(.) 0.5 
~ 

0 

0 0.1 0.2 0.3 0.4 

Maximum Glottal Width {W,cm) 

Figure 4. Sensitivity of MCQ to changes in the maximum glottal width. 
Eqn. 2 was used. The membranous glottal length was held constant at 1.3 
em. Three values of the vocal process gap were used parametrically. The 
a"ows on the abscissa indicate the range of the maximum glottal width 
used in the excised canine larynx studies of this report. 

Figure 4 shows the sensitivity of MCQ to the 
maximum glottal width for three values of the vocal process 
gap. MCQ is theoretically highly sensitive to changes in the 
maximum excursion of the vocal folds, especially when the 
vocal process gap is narrow. That is, ifthe gap were narrow, 
then relatively small increments of the maximum excursion 
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Figure 5. Sensitivity ofMCQ to c~anges in the membranous glottal length, 
L. Eqn. 2 was used. The figure indicates that MCQ is insensitive to 
changes in Lfor essentially any value of vocal proc~s gap and maximum 
glottal width. 

of the vocal folds will result in significant increases in MCQ 
b~cause the folds come together more completely in the A
p direction. 

MCQ is, however, theoretically not sensitive to the 
length of the membranous glottis (or equivalently, the length 
of the vocal folds}, as shown in Figure 5. For a variety of 
values for Wand V, MCQ is nearly constant as Lis changed 
(changing L effectively changes both the numerator and 
denominator of Eqn. 2 by the same amount). This finding 
allows the replacement ofL in Eqn. 2 with a value of 1 em 
in order to simplify the equation, giving Eqn. 3. 

Results 

MCQ= 2~(4-YJ-)O~ 
Jl2 + W'2(4- v:z) 

(3) 

Figure 6 shows how well the predicted MCQ val
ues (using Eqn. 3) compare with the actual measurements of 
MCQ for the canine data. The prediction ofMCQ is best for 
values above 0.8. Most of the data for the MCQ values are 
predicted to be lower than the measured values for values 
less than approximately 0. 7. Figure 6 shows that the mea
sured MCQ values are well predicted best for 3 of the 5 
larynxes (larynx 28, 30 and 32). For larynx 27, some data 
fall above and some fall below the 1: 1 line. For larynx 31, 
almost all the data are below the 1: 1line, indicating that the 
prediction values were too small. The overall correlation 
between the measured and predicted MCQ values was 
0.931. 

Figure 7 shows how well the excised canine data 
match the predictions from Eqn. 3 by displaying MCQ as a 
function of maximum width Wand the vocal process gap V 
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Figure 6. Predicted vs. measured values ofMCQ. Each symbol refers to 
the data for a different canine larynx. The predicted MCQ values are 
based on Eqn. 3. 

(as was shown in Figure 4). The parameter V has six values 
<?·OS, 0.075, 0.10, 0.15, 0.20, and 0.25 em}, and the data 
dis~layed were t~ken from the data corpus such that they 
vaned from the SIX nominal values by no more than+/- 0.01 
em. The data indicate the same general trend as the theory of 
Eqn. 3. The overall absolute difference between the theoreti
cal and measured MCQ values ofFigure 7 was 7.4% (sd = 
8.9%). 

Discussion 
For this study using normal canine larynges, glottal 

clo~ure too~ place without open gaps along the closed glottis 
dunng maxunum glottal closure. For abnormal cases, as in 
pathological conditions oflocal vocal fold swelling or vocal 
fold bowing, the effective membranous contact glottis can 
also be obtained. The maximum length of contact between 
the vocal folds would be measured by adding the separate 
contact lengths of the membranous glottis. Dividing this 
number by the membranous glottal length would constitute 
a practical measure of MCQ, which would presumably 
change with intervention procedures. The object of many 
intervention procedures would be to create MCQ values 
closer to one. For example, medialization procedures for 
vocal fold paralysis should result in closer vocal folds and 
larger, more normal, values ofMCQ. These procedures and 
the resultant increase in MCQ may correspond to decreased 
levels of DC flows and decreased levels of breathiness. 

It is lmown that the maximum amplitude of glottal 
vibration is dependent upon the value of sub glottal pressure 
or glottal flow used ( 4,5). Titze and Durham ( 6) quantified 
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Figure 7. MCQ values from the excised data corpus compared to the MCQ predictions. Each figure shows the predicted MCQ curve over a range of 
maximum glottal widthfrom zero to 0.4 em. The figures differ by the indicated vocal process gap value (0.05, 0.075, 0.1, 0.15. 0.2. and 0.25 em). The 
excised larynx data were matched to each vocal process gap value within the range of+/- 0.01 em. 

the relationship between maximum glottal width and 
subglottal pressure as a function of vocal fold strain for a 
number of excised canine larynxes. Their findings indicated 
that the maximum width was related to the square root of 
subglottal pressure. We examined the data of the present 
experiment for the relationship between maximum glottal 
width, subglottal pressure, and length of the vocal folds. We 
found a significant relationship between subglottal pressure 
and maximum glottal width, but the relationship did not 
differentiate across the values of glottal length. We therefore 
obtained the relationship between the maximum glottal 
width and the square root of the subglottal pressure, 

(4) 

using individual ~ coefficients for each of the five larynxes. 
Figure 8 shows the fit between the expression and data for 
one of the larynxes. 

With the replacement of the subglottal pressure 
expression for the maximum glottal width, Eqn. 3 becomes 
Eqn. 5, where MCQ is shown as a function of subglottal 
pressure and the vocal process gap, 

2J.f p (4- Jll)O.S 
MCQflll • (S) 

Y:+lc,zP.(4-Jil) 

and each ki value corresponds to the data for each experi
mental larynx. Comparing the predictions of Eqn. 5 to the 
measured MCQ data results in a figure similar to Figure 6. 
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Figure 8. Relation between ·maximum glottal width and subglottal 
pressure. The data shown are for excised larynx 30forwhich k. = 0.03223 
in Eqn. 4. ' 

The model of Eqn. 5, MCQ as a function of 
subglottal pressure and vocal process gap, is helpful in 
showing how MCQ might be held constant for a variety of 
values of pressure and adduction. Figure 9 shows this 
relation. Essentially, in order to keep MCQ constant, if 
adduction decreases (larger vocal process gap), which would 
lower MCQ, subglottal pressure would have to increase to 
raise MCQ. For adequate voicing behavior, MCQ should 
not be too low (certainly not beyond the configuration 
corresponding to the phonatory adductory threshold, see 
Scherer (7)). Figure 9 can be used to suggest the adductory 
and subglottal pressure demands for the maintenance of 
specific levels ofMCQ, or the control of changes in MCQ. 

As Figures 6 and 7 showed, the prediction ofMCQ 
did not give perfect matches to the measured MCQ values. 
Tissue incompressibility, rather than the tissue overlap pro
vided by the model, should give larger values of measured 
MCQ than predicted, as was the case for lower values of 
MCQ. The elliptical model may correspond best to the 
dynamics of the upper edge of th~ vocal fold, whereas in 
reality the vocal folds come together first at a position 
inferior to the upper edge, thus leading to larger MCQ values 
than predicted. The model would be improved by incorpo
rating a three-dimensional closure. Despite some limitations 
with the model, the essentials of the model appear to be 
helpful in conceptualizing the dependence that MCQ has on 
adduction, pressure, and maximum glottal width. 

A practical limitation of this new parameter is that 
scoping procedures do not always allow the visualization of 
the necessary laryngeal tissue. The anterior commissure 
may not be viewable, and the location of the vocal processes 
may be obscured by the corniculate cartilages. The MCQ 
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Figure 9. Tradeoff of adduction and subglottal pressure for maintaining 
MCQ values. Each curve represents a particular value ofMCQ, as derived 
from Eqn. 5. Each line indicates that maintaining MCQ values for an 
increase of abduction requires a nonlinear increase in sub glottal pressure. 

parameter requires an adequate procedure to obtain both the 
membranous contact glottis and the membranous glottal 
length. 

MCQ can be thought of as a measure of glottal 
incompetence because the measure is related to the vocal 
process gap. As such, it supplements visual ratings of 
adduction (e.g., ref. 1, 8), glottal configuration designations 
(e.g., 9, 10, 11, 12, 13), and electroglottographic measures 
of adduction and closed quotient (e.g., 1, 8, 14, 15). In 
addition, it is dynamic in that it is obtained using the 
maximum A-P contact length during a cycle, and thus 
should be related to the glottal volume velocity waveform 
and the corresponding acoustics - topic areas for further 
research. 

Conclusions 
This study introdu~es a new parameter of phona

tion called the Membranous Contact Quotient, MCQ, de
fined as the ratio of the membranous contact glottis at 
maximum closure during a phonatory cycle divided by the 
membranous glottal length between the anterior commis
sure and the vocal processes. MCQ should be a useful 
diagnostic parameter as one indication of the degree of 
dynamic glottal competency. It is a fairly easy parameter to 
obtain when the stroboscopic view of the larynx shows the 
entire length of the membranous glottis. 

An elliptical model of the glottal contour during 
vocal fold motion was used to create a theoretical relation 
between MCQ and the vocal process gap, maximum glottal 
width, and the membranous glottal length. MCQ was theo
retically highly sensitive to both adduction and maximum 
glottal width, especially at low values for each, but not 



sensitive to changes in the membranous glottal length. Also 
it was theoretically shown that the maintenance of a particu
lar level ofMCQ was possible through coordinated control 
of subglottal pressure and adduction. The model predicted 
MCQ values well for three of the five canine excised 
larynxes and for higher MCQ values. The model would be 
improved, but more complicated, by taking tissue incom
pressibility and the three-dimensional glottis into account. 

Describing MCQ empirically and theoretically for 
human subjects and patients should help to further explore 
the importance of MCQ as a dynamic glottal competency 
parameter related to adduction, maximum glottal excursion, 
subglottal pressure, and abnormal vocal fold tissue condi
tions, as well as to other important signals such as the glottal 
volume velocity and the electroglottograph waveform. 

The relation between M CQ and vocal process gap, 
maximum cyclic glottal width, subglottal pressure, and 
levels ofbreathiness should be explored for humans. Also, 
knowing the values ofMCQ for speakers judged to use near 
optimal phonation may provide important clinical targets 
for the biomechanical behavior of the larynx. 
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Abstract 
The purpose of this study was to determine if 

stability of airflow, as well as mean airflow, increased 
following botulinum toxin injection to laryngeal muscles 
in persons with spasmodic dysphonia &/or vocal tremor 
(SONT). Aerodynamic data were collected from 5 sub
jects before, and at 2 weeks, 4 weeks, and 8 weeks after 
treatment via each of two injection protocols, one involv
ing injection of intrinsic laryngeal muscles only, the other 
involving injection of extrinsic and intrinsic laryngeal 
muscles. Measures of mean airflow and coefficient of 
variation (COV) of airflow during phonation were ob
tained. A decrease in the COV of airflow would indicate 
inc~ased ~bility of phonatory airflow. Prior to injection, 
subjects wtth SONT exhibited mean airflows that were 
s~lar to controls, and COV of airflow that ranged from 
stmd~ to ~~ntr~ls to substantially elevated Following 
botulinum IDJection, mean airflow was typically increased 
?Dd COV o~ airflow decreased. This finding suggests there 
ts a change m the type, as well as the level, of activity in the 
muscles of speech production following botulinum toxin 
injection. Increase in stability could be due to increased 
stability of the laryngeal system and possibly of the respi
ratory system as well. 

Researchers have used aerodynamic measures as a 
means of studying persons with spasmodic dysphonia (SO) 
to better understand the pathophysiology of the disorder and 
the effects of treatment. Zwimer, Murry, Swenson, and 
Woodson (1992) suggest "in SO, a condition associated 
with excessive vocal fold closure, a low airflow suggesting 
high glottal resistance is expected" (p. 404). However, 
investigations of mean airflow in persons with SO have 
provided somewhat conflicting results (see Table 1 ). Some 
researchers found mean airflow was reduced in subjects 
with SO in comparison to controls (Briant, Blair, Cole, and 
Singer, 1983; Zwimer et al., 1992; Woo, Colton, Casper, & 
Brewer, 1992). Others report mean airflow within normal 
~g~ (Hirano,. K?ike, ~ von Leden, 1968), or generally 
~thin no~al hmtts, astde from a small number of subjects 
wtth low atrflow (Davis, Boone, Carroll, Oarveniza, & 
Harrison, 1988). Elevated mean airflow at one week follow
ing injection of botulinum toxin has been reported, with 
near-normal values one month after the injection (Zwimer et 
al., ~ 992; Woo et al., 1992). Zwimer et al. (1992) attributed. 
the mcreased airflow "to the paralytic state of one vocal 
~o~d". (p. 401). ~oo e~ al. (1992) state "[botulinum toxin] 
IDJectton results m partial chemodenervation of the injected 
muscle [theTA]", so ''the vocal folds continue to abduct and 
~~duc.t" ~· 345), and that as a result, at 4 weeks post
IDJectton nearly normal phonatory airflow values were 
achieved" (p. 349). 
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Table 1. 
Summary of Fmdings of Previous Studies of Mean Airflow in Persons with SD 

Mean Airflow (LPS) 

Task Study 
Spasmodic Dysphonia Controls Conclusion 

Briant et al., 1983 mean of sustained /a/ .029 .116 to .160 SD mean flow lower than 

controis 

Hirano et al., 1968 mean of maximum phonation .063 to .186 .043 to .222 SD mean flow within same 

range as controls 

Davis et al., 1988 sustained /a/ females: .091 +/- .015 • Most SD subjects with in 

analyzed 2 second segment, 
males: .077 +/- .023 same range as controls, some· 

2 seconds into phonation had low flows 

Woo et al., 1992 
sustained '" 

pre-inj: .072 low flows pre-tx 

4 week post: .138 
normal flows post-tx 

Zwimer et al, 1992 sustained /a/ pre inj: .1 07 +/- .046 .180 +/- .060 SD subjects had low flows 

first 1 second and 
1 week post unilat inj ofT A 
(5-30 units): .358 +/- .169 

1 second from midpoint 1 month post: .231 +/- .082 

• compared to Hirano et al 1968 control subjects 

Y ariable airflow, as indicated by a high coefficient 
of variation of airflow, was observed by Davis et al. ( 1988) 
in 15 of their 20 subjects with SD. Other investigators have 
also reported elevated COY of airflow in some subjects with 
SD (Finnegan, Luschei, Barkmeier, & Hoffman, 1996). 
Davis et al. also noted that one subject exhibited decreased 
COY of airflow with improvement in voicing, and another 
subject showed increased COV of airflow with worsening of 
voice symptoms. These were anecdotal observations, be
cause change in airflow following treatment was not the 
focus of the Davis et al. study. An increase in stability of 
airflow, as well as mean airflow, following botulinum toxin 
injection is of interest because it suggests that there is a 
change in the type, as well as the ·level, of activity in the 
injected muscle. As noted above, change in mean airflow 
has been attributed to chemical denervation at the neuro
muscular junction. Increased stability of airflow could 
reflect an alteration in the neural input to the laryngeal 
muscle (i.e., an increase in stability of the neural signal from 
the laryngeal motor neuron pool). 

The purpose of our study was to· systematically 
investigate change in stability of airflow in persons with 
spasmodic dysphonia &/or vocal tremor(SDNT) following 
treatment with two separate approaches to injection of 
botulinum toxin. We measured changes in airflow following 
injection t~ both intrinsic and extrinsic laryngeal muscles, as 
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well as changes in airflow following injection of intrinsic 
muscles only.1 We hypothesized that stability of airflow 
would be·increased based on previous reports of reduction 
in hyperfunction of intrinsic laryngeal muscles, and to a 
lesser extent, tremor and extrinsic laryngeal muscle hyper
function following botulinum toxin injection (Woodson, 
Zwimer, Murry, & Swenson, 1991; Zwimer et al., 1992). 
The coefficient of variation (COV) of airflow was used to 
provide a means of quantifying stability of airflow and 
tracking change over time. 

Method 
Subjects 

Five subjects ( 1 male, 4 female, mean age: 64.6 yr.) 
were included in the study, one subject diagnosed with 
adductor spasmodic dysphonia (S 1 ), and four with adductor 
spasmodic dysphonia and vocal tremor (S2-SS). The diag
nosis was based on a consensus between two speech pa
thologists (E.F. and J.B.) and an otolaryngologist (H.H.) 
subsequent to review of videoendoscopic, laryngeal elec
tromyography, and medical and social history information. 
In addition, all subjects were assessed by a neurologist to 

1 Comparison of the treatment protocols was not the focus of this study and will be 
reproted separately at another time. 



rule out other neurologic diseases. The subjects participated 
in 8 one-hour sessions of speech therapy to identify and 
reduce any compensatory patterns and to allow opportunity 
for further diagnostic therapy prior to a final decision 
regarding inclusion in the study. Previously reported aero
dynamic data (Finnegan et al., 1996) from ten control 
subjects with no history of voice disorders ( 1 male, 9 
females, mean age 45.7 years) were included to provide 
comparison data. The signals collected from the control 
subjects were reprocessed so they would be comparable to 
the subject data in this study. 

Treatment was provided following a double
blinded, randomized, crossover design. Subjects and speech 
pathologists were blinded to treatment. Subjects were 
randomly assigned to an initial treatment protocol. Protocol 
A required injection of 2.5 units of botulinum toxin in the 
thyroarytenoid muscles (TAs) with injection of saline to the 
sternothyroid muscles (STs) and thyrohyoid muscles (THs) 
bilaterally for a total of5.0 units ofbotulinum toxin. Proto
col B consisted of injection of 2.5 units of botulinum toxin 
in the T As, and 7.5 units to the STs and THs bilaterally for 
a total of 35 units of botulinum toxin. Injections were 
accomplished percutaneously using electromyographic 
(EMG) needle guidance. Needle placement was verified by 
the presence of increased EMG activity during phonatory 
and positional maneuvers (Hirano & Ohala, 1969). Follow
ing a return of dysphonia the subject received the second 
injection protocol. 

Procedure 
Simultaneous recordings of intraoral pressure and 

airflow were obtained using the procedures delineated by 
Smitheran and Hixon ( 1981 ). Airflow measurements were 
made by placing an anesthesia mask over the subject's 
mouth and nose to direct airflow through a pneumotachometer 
(Hans Rudolph model 4719) connected to a differential 
pressure transducer (Honeywell Microswitch 162PC01D). 
The airflow signal was amplified and recorded on a digital 
instrumentation tape recorder (Sony PC 108-M). Oral pres
sure was transduced by a 7-inch polyethylene tube with a 
1.67 mm inner diameter (Intra-medic PE #240) that was 
inserted through a small tight-fitting hole in the front wall of 
the anesthesia mask. The tube was positioned in the subject's 
oral cavity to sample intraoral pressure without interfering 
with lip and/or tongue movement. The oral pressure signal 
was recorded on another channel on the digital recorder. 
The sampling rate on the tape recorder was 10 kHz per 
channel. Aerodynamic data were collected prior to botuli
num toxin injection and at 2 weeks, 4 weeks, and 8 weeks 
post-injection for each treatment protocol. 

Calibration of the airflow and pressure instrumen
tation was perfonned on each day of data collection. Two 
flow levels were generated and monitored (0 and 1000 eels) 

using an airtank and a rotameter. Air pressure was calibrated 
·at two levels (0 and 10 em H

2
0} using a water-filled U-tube 

manometer. Signals from the pneumotachometer and dif
ferential pressure transducer were adjusted so that 1000 cc/ 
s of airflow equaled l Volt. These signals were recorded 
onto the digital recorder and used to calibrate experimental 
signal measures. 

Subjects were instructed to repeat the syllable /pi/ 
in a continuous manner, at comfortable pitch and loudness, 
as modeled by the investigator at 1.5 syllables/second using 
a metronome. Subjects were directed to place the mask 
firmly against their face at the start of each trial and to 
maintain that placement during production of all tokens in 
that trial. Subjects were provided with practice and record
ings were repeated until they produced three series of 
repetitions at an appropriate rate, maintaining adequate 
face-mask seal. The data were low-pass filtered at 300 Hz, 
then digitized at 3 kHz per channel onto the software system 
used for data analysis (CODAS, Dataq Inc., Akron, Oif). A 
moving average with a 33 msec. window was applied twice 
consecutively, first to the original airflow signal and then to 
the smoothed signal. 

Measures 
Measures of mean airflow and COV of airflow 

were obtained from data collected during the syllable repeti
tion task. Figure I illustrates the method for detennining 
these measures: (a) onset and offset of the vowel were 
manually selected by marking the period from 40 msec 
following the sharp drop in oral pressure to 40 msec prior to 
the sharp increase in oral pressure (i.e., from release of the 
plosive to lip closure for the /pi}, (b) mean and standard 
deviation of airflow during the vowel were calculated by 
CODAS, and (c) the coefficient of variation ( COV) for each 
token was calculated by dividing standard deviation by 
mean flow. 

Figure 1. Example of measures of mean and COV of airflow (see text for 
details). Time is displayed on the horizontal axis (200 msec per mark). 
On the vertical axis, amplitude of oral pressure (5. 0 em H 0 per mark) is 
indicated by the top trace and amplitude of airflow (.25 Lfis per mark) by 
the bottom trace. 
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Results 
Samples of airflow data from two subjects are 

presented in Figure 2. The data samples are organized in 
chronological order from top to bottom. The results of 
injection ofbotulinum toxin to theTAs only of subject 4 are 
on the left. The results of injection ofbotulinum toxin to the 
T As, STs, and THs of subject I are on the right. The bars 
beneath each token indicate approximately the portion of 
data over which each measure of mean airflow and COV of 
airflow was calculated The mean COY of airflow, listed to 
the left side of each data sample, is an average of the COV s 
calculated for each of five central tokens from the second set 
of repetitions of /pi/. The airflow tracings displayed are from 
tokens 3-5 of the second trial of repetition of /pi/. 

Mean Airflow 

Figure 2. Examples of increased mean airflow and stability of airflow 
following botulinum toxin injection in subject S4 (injection to the TAs 
only) and for subject Sl (injection to the TAs, STs. and THs). Time is 
displayed on the horizontal axis (1 sec per mark); amplitude of airflow is 
on the vertical axis (.500 LPS per mark). 

Prior to treatment, mean airflows for subjects with 
SDIVT were similar to the range of airflow values exhibited 
by the control subjects (Figure 3). The mean airflows for the 
5 subjects with SDIVT and the 10 control subjects are 
presented in Tables 3 and 4. Following both injection 
protocols, the group mean airflow (Table 2) wa5 increased 
at 2 weeks post-injection, with gradual decrease at 4 and 8 
weeks post-treatment. This pattern of change in mean airflow 
is seen in the sample data presented in Figure 2. As seen in 
Figure 4, the individual mean airflows followed this pattern 
of an initial increase at 2 weeks in 8 of I 0 cases and a 
subsequent decrease at 8 weeks in 7 of those 8 cases. In one 

Table 2. 
Summary of Mean Airflow Measures for Each Subject Before and After Each Botulinum Toxin Injection. 

Means are Based on Measures from S Central Tokens of the Second Trial of /pi/. 

Mean Airflow (LPS) 

Treatment A:. Botox to T As only Treatment B: Botox to TAs, STs, &THs 

PreB/S 2wk 4wk Swk Pre BIB 2y.'k 4wk Bwk 

s .104 (.010) .481 (.026) .175 (.024) .121 (.021) .551 (.033) .326(.027) .248 (.020) 

S2 .029 (.020) .354(.040) .471 (.157) .290(.075) .161 (.053) .616(.048) .293.(.072) .100(.020) 

S3 .282(.064) .477 (.041) .380(.028) .209(.040) .245 (.039) .391(.047) .276(.053) .340(.083) 

S4 .076(.023) .396(.147) .306 (.077) .045 (.037) .087(.032) .025 (.011) .044(.006) .087(.008) 

ss .052 (.016) .054 (.024) .046.(.011) *.201 (.030) .067(.023) .139"(.059) .014 (.008) .128(.033) 

Mean .109 (.101) .352 (.175) .301 (.183) .180(.089) .136(.070) .346(.257) .191 (.149) .181(.109) 

• Following booster injec_tion of2.5 units bilaterally to theTAs (5.0 units total). 14 days prior to this measurement. This measure is not included in the 

group mean. 
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Figure 3. Mean COV of airflow for subjects with SDIVT prior to each 
treatment (5 subjects x 2 treatments = 10 data points) in comparison to 
10 control subjects. 
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Figure 4. Change in COV of airflow following botulinum toxin injection. 
Note: S5 receieved a booster injection of 2.5 units bilaterally to the TAs 
(5.0 units total), 14 days prior to the 8 week post (TA only) measurement. 

Table 3. 
Summary of Airflow Measures for I 0 Control Subjects. 

Means and Standard Deviation are Based on Nine Measures, 
Three Tokens from Each of Three Trials. 

Control COV of Airflow: Mean Airflow 

Subject Mean+/· SD (LPS) 

Cl 8.8% +/- 3.3% .060+1- .008 

C2 6.90A +I· 3.2% .074 +/- .006 

C3 7.3% +/- 4.71'AI .094 +/- .003 

C4 11.6% +/- 7.90/o .055 +/- .014 

C5 10.2% +/- 2.5% .077 +/- .008 

C6 22.90/o +/- 14.7% .140 +/- .035 

C7 22.2% +/- 15.3% .057 +/- .014 

C8 8.5%+/-2.2 .122 +/- .022 

C9 10.7% +/- 6.1% ·.2~+/- .007 

C10 14.0% +/- 5.4% .251 +/- .015 

Group 
Mean(SD) 15.7% (8.7%) .154 (.019) 

case, (SS), voicing was not substantially changed following 
injection to theTAs only, so a booster injection was provided. 
Injection of an additional2.5 units ofbotulinum toxin in the 
T As bilaterally resulted in an increase in mean airflow. 

COV of Airflow 
Prior to treatment the subjects with SDNT exhib

ited a wider range ofCOVs of airflow than the controls. One 
subject (S 1) produced steady airflow during the pre-treat
ment recordings and had COVs of airflow values which 
were similar to controls. The other subjects (S2-5) exhibited 
fluctuating flow pre-treatment, with flow dropping to zero 
during vowel production in some cases (S2, S4, SS). These 
subjects (S2, S4, SS) had COV s of airflow that were elevated 
in comparison to the control subjects (Figure 5; Tables 3 & 
4). Following botulinum toxin injection, mean COV of 
airflow was decreased, indicating increased stability of 
airflow during phonation, in 8 of I 0 cases (Figure 6). 
Decrease in the COV of airflow persisted for 4 weeks (in 3 of 
8 cases) to 8 weeks (in 5 of8 cases). Although COV of airflow 
was decreased following botulinum toxin injection, it was not 
always reduced to within the range exhibited by control 
subjects. In some cases, airflow became fairly steady post
injection. In others, it was improved but still varying. 
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Table 4. 
Summary of Stability of Airflow Measures for all Subjects. 

Each Mean COVof Airflow is Based on Measures from Five Central Tokens ofthe Second Trial. 

Coefficient of variation {COV) of Airilow: Mean and Standard Deviation 

·Subject Treatment A:. Botox to T As only Treatement 8: Botox to TAs, STs, &THs 

withSD Pre DIS 2wk 4wk 8wk Pre BIB 2wk 4wk 8wk 

S1 16.5% {2.00/o) 3.3% {2.6%) 8.6%{3.3%) 23.-1% {6.9%) 4.()%{0.8%) 7.3%{3.2%) 8.8%(4.1%) 

S2 111.1% (56.4%) 18.2% {9.8%) 22.3% (17.4%) 31.4% (12.00/o) 25.3% (9.00/o) 6.6% (5.2%) 22.6% (7.6%) 35.5% (16.1%: 

S3 17.3% (5.2%} 5.7%(1.9%) 9.1%(3.1%) 25.3% (5.0%) 29.~/o {16.5%) 8.5%(3.9%) 10.3% (5.5%) 14.4% (5.2%) 

S4 62.7% {14.911/o) 11.911/o (4.1%) 18.8% (13.8%) 60.1% (30.911/o) 67.8% {26.6%) 69.5% {19.8%) 55.4% {14.5%) 44.00/o {14.3%: 

S5 109.0% (39.9"/o) 114.4% (20.1%) 102.5% (16.4%) •22.9"/o (8.00/o) 146.4% (49.5%) 37.3% (24.3%) 79.8% (56.9"/o) 85.6% (20.6%: 

Mean 63.3% (46.6%) 30.7% (47.2%) 38.2% (43.:20/o) 31.3% (19.0%) 58.5% (52.4%) 25.2% (28.:20/o) 35.1% (31.4%) 37.7% (30.5%: 

• Following boOster injection of2.5 units biiaterally to theTAs (S.O units total), 14 days prior to this measurement This measure is not included in 
the group mean. 

Discussion 
The mean airflow data reported in our study sup

port previous reports of mean airflow within normal range 
prior to treatment (Davis et al., 1988; Hirano et al., 1968). 
Following botulinum toxin injection, group mean airflow 
was increased, similar to the findings of Zwimer et al. 
( 1992). Our finding that, prior to treatment, the COV of 
airflow for subjects with SDNT ranged from 16.5% to 
146.4%, was consistent with the range reported by Davis et 
al. (1988) of21.5%to 141%. The main findingofourstudy 
was that there was an increase in stability of airflow, in 
addition to the increase in mean airflow, following botuli
num toxin injection to the laryngeal muscles. These results 
support the hypothesis that the type, as well as the level, ?f 
muscle activity is effected by injection of botulinum toxm 
into the laryngeal muscles. One explanation for the change 
in type of muscle activity is that injection ofbotulinum toxin 
to laryngeal muscles effects the neural signal from the 
motomeurons to the muscles of speech production. 

The mechanism of action ofbotulinum injection is· 
not entirely understood. Investigators have studied the ac
tivity ofbotulinum toxin at the neuromuscular jun~tion (s~e 
review by Simpson, 1981 & 1992). Using autoradiographic 
techniques, Black and Dolly (1986) identified the pro~ess 
by which botulinum toxin enters the motor axon termmal. 
The botulinum toxin, which is injected into the muscle, 
binds with mobile acceptors (Dolly, Black, Williams, & 
Melling, 1984). These acceptors tend to ~e localized to 
unmyelinated areas of the motor nerve temunal membrane 

NCVS Status and Progress Report • 76 

atthe neuromuscular junction (Black & Dolly, 1986a). The 
toxin enters the cell through a process of endocytosis, in 
which the mobile acceptors in the membrane, called coated 
pits, invaginate to form vesicles that surround the botulinum 
toxin and move into the cytoplasm, then fuse with one 
another to form endosomes (Black & Dolly 1986b ). After 
the initial binding of the toxin, the next step is internalization 
of the toxin. Simpson, 1992 suggests that it is probable that 
"a proton pump in the endosome membrane causes pH of the 
endosome to become acidic. The toxin molecule has a "pH 
sensor" that detects this fall in pH, and it induces the toxin 
to undergo a conformational change. This allows the toxin 
to penetrate the endosome membrane and reach the cyto
sol". This suggestion is supported 'by findings that (a) 
botulinum toxin is capable of forming the ion-conducting 
channels needed to pass through the endosome membrane, 
and(b )this ability is pH dependent (Donovan & Middlebrook, 
1986). The final step is intercellular poisoning and this is the 
aspect that is least understood. It is "a prev~iling beli~f that 
[once the toxin is released into the cytosol, tt] catallytically 
modifies a substrate essential for exocytosis", the process by 
which the transmitter acytelcholine is released (Simpson, 
1992 p. 360). Although the intricacies of mechanis~ ~f 
action for botulinum toxin is not entirely understood, tt ts 
clear that one effect of botulinum toxin is the paralysis of 
muscle fibers associated with effected neuromuscular junc
tions (Burgen, Dickens, & Zalman, 1949). 

However, there is evidence that suggests the ~ffect 
of botulinum toxin not limited to the neuromuscular Junc-
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Figure 5. Mean phonatory airflow in subjects with SDIVT prior to each 
treatment (5 subjects x 2 treatments = 10 data points) in comparison to 
control subjects. 

tion. Ludlow, Naunton, Fijita, and Sedory (1990) observed 
that the EMG activity of some non-injected muscles was 
changed following treatment with botulinum toxin. They 
assessed the response of SD subjects with symptom recur
rence following recurrent laryngeal nerve (RLN) surgery to 
injection ofbotulinum toxin. Comparison ofbilateral EMG 
recordings from T A and CT muscles, obtained prior to and 
following treatment, revealed activity was diminished in the 
noninjected T A and CT muscles, as well as the injected T A. 
Zwimer et al. rated videoendoscopic data collected pre and 
post injection of botulinum toxin. They also observed 
"intrinsic [laryngeal muscle] hyperfunction and tremor were 
reduced bilaterally with unilateral injection" (p.406). Some 
evidence exists to suggest that the effects of the chemical 
denervation caused by botulinum toxin could extend beyond 
the intrinsic laryngeal muscles to muscles of respiration. 
Shipp, lzdebski, Schutte, and Morrissey (I 988) measured 
sub glottal pressure directly in one subject with SD, following 
recurrent laryngeal nerve block, and found a reduction in low 
frequency perturbations in subglottal pressure, suggesting an 
increase in stability of sub glottal pressure. 

A number of mechanisms have been suggested to 
explain how injection of botulinum toxin into the muscle 
might effect neural signals to that muscle. Ludlow, Hallett, 
Sedory, Fujita, and Naunton ( 1990) suggested that reduced 
muscle activity following botulinum toxin injection could 
result in reduced sensory feedback to the motomeuron 
pools. A second possibility is retrograde transport of the 
botulinum toxin. Simpson ( 1992) states "small quantities of 
the toxin can undergo retrograde axonal transport to reach 
the CNS ... In healthy individuals the toxin cannot penetrate 
directly across the blood-brain barrier to affect the CNS" (p. 
359). However, according to Malmgren ( 1992) "the neuro-
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Figure 6. Change in mean phonatory airflow following botulinum toxin 
injection. Note: S5 receieved a booster injection of 2.5 units bilaterally 
to the TAs (5.0 units total), 14 days prior to the 8 weelc post (TA only) 
measurement. 

muscular junction present opportunities for the selective 
introduction of .. agents ... {that} are taken up into axon 
terminals at the neuromuscular junction and then trans
ported to the neuronal cell body in the brainstem." (p.305) . 
Malmgren, Olsson, Olsson, and Kristensson (1978) states 
"retrograde axonal transport of biologically active macro
molecules to the cell body can sometimes result in large 
alterations in the metabolism of the neuron" (p.478). A third 
possibility is an effect on other cholergenergic synapses in 
addition to the neuromuscular junction. Although botuli
num toxin has the highest affinity to nerve endings of motor 
fibers, it binds to post ganglionic parasympathetic cells and 
ganglionic cells as well (Simpson, 1981; Simpson, 1992). 

An alternative explanation for the change in type as 
well as level of activity could be that, due to paralysis, the 
muscles ability to respond to the "spasmodic" neural signal 
is reduced, thus stability of airflow is minimized due to 
failure of muscle fibers to contract (or to contract as strongly). 
Our data show the changes in COV and mean airflow were 
closely related. In most cases, an decrease in COV of airflow 
was associated with an increase in mean flow. Our results 
would be consistent with either hypothesis (i.e. increase in 
stability is due to paresis alone or to paresis in combination 
with a change in the neural signal from the motomeurons in 
the brainstem) because the effect of the botulinum toxin on 
the laryngeal motor neuron pool could decrease at the same 
time as the effect at the neuromuscular junction .. 
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A recently published article by Adams, Durkin, 
Irish, Wong, and Hunt (1996) measured the mean and COV 
of airflow in 30 patients with adductor SD following botu
linum toxin injection and reported results similar to ours. 
Although they used the same task for data collection, they 
reported mean airflow values which tended to higher than 
ours and COV of airflow which were lower. This may have 
been due to differences in the method used for making these 
measures, since their measures were based on a 400 msec 
segment during vowel production. However, despite some 
differences in measurement technique, Adams et al. ( 1996) 
reported the same pattern found in our study of increased 
mean airflow and decreased COV of airflow at 2 weeks with 
subsequent decrease in mean airflow and increase in COV of 
airflow at 10 weeks post-injection. The agreement between 
the studies indicates that this pattern of change in airflow 
following botulinum injection is a robust finding. 

Conclusion 
Examination of changes in airflow following botu

linum toxin injection may provide clues as to the nature of 
SD and the physiologic effect of laryngeal injection of 
botulinum toxin. Coefficient of variation (COV) of airflow, 
a measure of instability of flow, typically decreased follow
ing botulinum toxin injection. One can speculate whether 
decreased COV of airflow reflects the effect of botulinum 
toxin on the neuromuscular junction or on the laryngeal 
motomeuron pool as well, and if the laryngeal motomeuron 
pool is effected whether the effect is exerted on the respira
tory as well as the laryngeal muscles, however further 
studies are needed. Direct measurement of subglottal pres
sure would be useful in accessing change in respiratory drive 
during phonation. 
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Abstract 
This study examined temporal parameters of speech 

in subjects with apraxia of speech, conduction aphasia and 
individuals with normal speech. Participants were asked to 
repeat target words in a carrier phrase 10 times. Acoustic 
analyses involved measurement of stop gap duration, voice 
onset time, vowel nucleus duration, and consonant-vowel 
(CV) duration. Speakers with apraxia of speech had longer 
and more variable stop gap, vowel, and CV durations than 
did subjects with aphasia or normal speech. Speakers with 
conduction aphasia had longer vowel durations and CV 
durations than subjects with normal speech. Also, subjects 
with apraxia of speech showed greater token-to-token vari
ability than the other subject groups. The variability shown 
by subjects with apraxia of speech was significantly corre
lated with perceptual judgments of their speech. The signifi
cance of these results is discussed in the context ofmotoric 
and phonological explanations for apraxia of speech and 
conduction aphasia. 

The past two decades have witnessed an intensive 
debate on the nature of the mechanism underlying apraxia of 
speech (AOS). Whereas one school of thought contended 
that the disorder is primarily motoric, that is, without the 
involvement of the linguistic system (e.g., Wertz, LaPointe 
& Rosenbek, 1984 ), other researchers argued for an under
lying linguistic disturbance (e.g., Martin, 1974). Recent 
investigations supporting the motoric interpretation have 

shown that speakers with apraxia exhibit impairment not only 
during speech movements, but also during nonspeech move
ments ofthe articulators (Hageman, Robin, Moon, & Folkins, 
1994, 1996; ltoh, Sasanuma, & Ushijima, I 979; McNeil & 
Kent, 1990; McNeil, Weismer, Adams, & Mulligan, I 990). 

One characteristic of AOS that also gives credence 
to the motoric view is temporal discoordination (Kelso & 
Tuller, 1981; Kent & Rosenbek, 1983). Different acoustic 
(Collins, Rosenbek, & Wertz, 1983; Kent & Rosenbek, 
1983;McNeil,Liss, Tseng,&Kent, 1990),kinematic(McNeil 
& Adams, 1991) and perceptual (Odell, McNeil, Rosenbek, 
& Hunter, 1990, 1991) investigations have demonstrated 
that temporal parameters of speech are abnormal in speakers 
with apraxia. Some specific temporal abnormalities re
portedinclude overlapping ranges of voice onset time (VOT) 
for voiced and voiceless stop consonants (Freeman, Sands, 
& Harris, 1978; Itoh, Sasanuma, Tatsumi, & Kobayashi, 
1979), variable ranges of VOT across subjects (Kent & 
Rosenbek, 1983; ltoh, Sasanuma, Tatsumi, & Kobayashi, 
1979), longer than normal durations for vowels (Collins et 
al.; Freeman et al.), and longer than normal durations for 
consonants (Kent & Rosenbek). Because these temporal 
parameters were believed not to subserve phonemic func
tions in the stimuli used in these studies, abnormalities in the 
speech of AOS patients associated with them have been 
assumed to have origins in the motoric domain. 

Whereas motoric impairment seems to contribute to 
the misarticulations of patients with AOS, sound errors made 
by patients with_conduction aphasia (CA) have often been 
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accounted for in terms ofbreakdoWils in phonological encod
ing (Beland, Caplan, & Nespoulous, 1990; Brown, 1975; 
Caplan, Vanier, & Baker, 1986; Friedrich, Glenn, & Marin, 
1984; Gandour, Akamanon, Dechongkit, Khunardom, & 
Boonklam, 1994a; Goodglass & Kaplan, 1983; Kohn, 1984; 
McCarthy & Warrington, 1984; Y amadori & Ikumura, 1975). 
For example, Friedrich et al. suggested that patients with CA 
are impaired in the ability to generate and maintain abstract 
phonological codes. A similar view was expressed recently 
by Gandour and colleagues (1994a) in a study of phonemic 
approximation in a Thai-speaking subject with CA. ·Gandour 
et al. (1994a) found that although the subject with CA seemed 
to know what he wanted to say, "in the process of producing 
the form of the word, he somehow mixes up the phonemes" (p. 
89). Observations such as these led Gandour et al. ( 1994a) to 
the conjecture that the locus of the underlying deficit inCA 
might be related to a process in which lexical phonological 
representation is converted into an appropriate form for 
articulatory implementation. 

Recently, however, some investigators have pre
sented data challenging linguistic only interpretations for 
the deficit inCA (Kent & McNeil, 1987; McNeil & Adams, 
1991; McNeil, Liss, et al., 1990). These researchers showed 
that their subjects with CA produced abnormal durations 
related to segmental, intersegmental and word level timing, 
relative to performances of normal speaking subjects. On 
the basis of these observations, it has been argued that 
motoric impairments contribute to CA errors. For example, 
Kent and McNeil ( 1987) contended that temporal abnor
malities such as those associated with segment duration and 
VOT "are best interpreted as meaning that motoricplanning, 
or execution, or both, are disrupted" (p. 213) in CA. 

One factor that might support the view that the 
deficit underlying sound errors in CA has motoric compo
nents has to do with performance variability. Although 
abnonnal variability is thought to be characteristic of AOS 
(e.g., Kent & Rosenbek, 1983; McNeil, Caligiuri, & Rosenbek, 
1989; Seddoh et al., in press; Odell et al., 1990), a nwnber of 
investigators have shown that speech perf~nnance in CA is 
also more variable than nonnal. For example, Kent and 
McNeil (1987) reported that VOT values and second fonnant 
(F2) trajectories were more variable for patients with AOS and 
CA, compared to results for subjects with nonnal speech. 

Increased variability on speech tasks might occur 
from different sources (Nolan, 1982; Sharkey & Folkins, 
1985; Smith & Kenney, 1994). However, many investiga
tors have extrapolated from acoustic and physiological data 
to suggest that greater than normal variability in speech 
production may be an indication of instability in the speech 
motor control system (DiSimoni, 1974a, 1974b; Janssen & 
Wieneke, 1987; Kent & Forner, 1980; Tingley & Allen, 
1975; Smith, 1992, 1994; Smith & Kenney, 1994; Wieneke 
& Janssen, 1987). 

Performance of speakers with CA on nonspeech 
motor control tasks also lends support to the view that some 
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of their speech errors may be motoric in nature. McNeil, 
W eismer, et al. ( 1990) reported that the instability of isomet
ric force control of subjects with CA was not different from 
the performance of subjects with apraxic or normal speech. 
As in the Kent and McNeil ( 1987) study, the variability was 
more pronounced for the subjects with AOS than the sub
jects with CA. By contrast, Hageman et al., (1996) found 
that subjects with CA had normal motor control as assessed 
by a visuomotor tracking task. Thus, it is not known if 
speakers with CA have normal or abnormal motor systems 
and if motor control problems might explain some of their 
sound production errors. 

CA, however, is known as a linguistic disorder, and 
phonology in particular is believed to be disturbed in these 
patients (e.g., Beland et al., 1990; Brown, 1975; Caplan et 
al., 1986; Gandour et al, 1994a). The phonologic level of 
language often contains time-based information (e.g., 
Abramson, 1974; Bolinger, 1976; Chomsky & Halle, 1968; 
Clements & Keyser, 1985; Cooper, Lapointe, & Paccia, 
1977;Klatt, 1973, 1976;Lehiste, 1972;Lisker&Abramson, 
1964; Nolan, 1982; Peterson & Lehiste, 1960). For ex
ample, some languages make phonemic distinctions be
tween vowel length (e.g., Abramson, 1974), and there are 
also languages that have syllable timing rules that shorten or 
lengthen the durations of syllables occurring in different 
environments (e.g., Bolinger; Cooper et al.; Klatt, 1976). In 
English, the duration of an unstressed syllable is lengthened 
when the syllable is immediately followed by a stressed 
syllable (Bolinger, but see also Cooper et al.; Klatt, 1976; 
Lehiste, 1972)1• Also, the duration of an English stem vowel 
decreases (Lehiste, 1970) with increase in the length of an 
utterance (House, 1961). 

Several phonologic theories, such as cyclic pho
nology (Rubach, 1984), lexical phonology (e.g., Luelsdorff, 
1975) and nonlinear phonology (Bernhardt & Stoel
Gammon, 1994; Schwartz, 1992) have been developed that 
contain explicit time-based rules that are believed to drive 
the speech production system. For example, autosegmental 
theory (Goldsmith, I 990) and other nonlinear phonologies 
(Bernhardt, 1992) posit a skeletal tier that contains represen
tations that include a formal mechanism for timing as well as 
the ordering of speech segments. Moreover, Browman and 
Goldstein ( 1989) have posited that phonologic systems may 
be organized around articulatory gestures. Furthermore, 
they suggest that problems in speech production may be 
reflective of misordering of phonologic rules. Because 

• Cooper, Lapointe, and Paccia (1977), however, posited the same rule in the 
reverse direction as foUows: '1'he duration of a stressed syllable that Is immediately 
followed by an unstressed syllable (thereby fonning a blsyllablc trochee) is nonnally 
shortened relative to its duration as a monosyllable" (p. 1314). 

For the purposes of the present discussion it is the existence rather than the 
direction of the rule that is the relevant factor. 



speech production is linked to the linguistic syste~ tempo
ral abnormalities in speech might originate either from 
disturbance in the linguistic system or from motoric factors 
or both. Given that patients with CA have an impaired 
phonological syste~ it is possible that the timing errors of 
these patients might arise from defective phonological pro
cessing, and not defective motor control processes. 

Although temporal control has been extensively stud
ied in subjects with normal speech (e.g., Lehiste, 1972; Lofqvist 
& Yoshioka, 1984) and communicatively-impaired subjects 
such as people who stutter (e.g., Jancke, 1994; Wieneke & 
Janssen, 1991 ), relatively few data exist on subjects with AOS 
orCA (e.g., Gandour, Dechonkit, Ponglori>isit, & Khunadom, 
1994b; Kent & McNeil, 1987; McNeil, Liss, et al., 1990). 
Consequently, the nature of temporal control in the speech of 
these populations is poorly understood. 

The purpose of the present investigation was to 
explore the nature of temporal control during speech in 
subjects with AOS or CA. Specifically, we compared the 
temporal patterns exhibited by these two patient groups to 
determine whetherthere were similarities or differences in the 
patterns. Similar patterns of temporal errors for subjects with 
AOS and subjects with CA and might indicate that the deficit 
contributing to the timing disturbance in the two populations 
is the same. On the other hand, significant differences in the 
patterns of temporal dissolutions for the two patient groups 
might suggest that the underlying deficits are different: mo
toric mechanisms responsible for the speech problems of 
individuals with AOS and linguistic mechanisms responsible 
for the speech problems of individuals with CA. 

Method 
Participants 

Two experimental groups participated in the study 
(Table 1 ). They were comprised of five subjects with 
apraxia (AOS) and four subjects with conduction aphasia 
(CA). Three of the subjects with AOS were males and two 
were females. All of the four subjects with CA were males. 
The ages ofthe subjects with AOS and the subjects with CA 
ranged from 35 to 72 (mean= 59.2) years, and 21 to 66 
(mean= 41.3) years, respectively. Because there were wide 
margins of age differences between the participants of the 
two groups (n <.05), a separate group of subjects with 
normal speech was recruited for comparison with each 
experimental group. The participants with normal speech 
were age and gender matched with the subjects in the 
experimental groups (AOS-C group and CA-C group). All 
participants including the experimental ones were in good 
physical health at the time of testing, by self report. For the 
experimental subjects, review of the chart reports of medical 
examinations were also used to confirm health status. 

Each participant was right handed and had at least 
12 years of education. Each participant in the two patient 
groups had unilateral left hemisphere lesions. The diagnos-

Table 1. 
Brain-Damaged Patients' Demographic Information 

Partic:ip. Age Gender Handedness• Education 
Job Risto~ 

AOS1 35 Female +100 
Homemaker 

AOS2 55 Male +100 
Farmer 

AOSJ 66 Male +100 
Electrical 
Engineer 

AOS4 72 Female +100 
Homemaker 

AOSS 68 Male +100 
Retired Teacher 

CAl 49 Male +100 
Manufacturing 
Supervisor 

CA2 29 Male +100 
College Student 

CA3 21 Male +100 
CUstodian 

CA4 66 Male +100 
Retired Postal 
Worker 

• Based on mccliUed Oldtield QuestioDDaire (Tranel, 1992) 
+100 • full right handedness, -100 • full left handedness 

12 

12 

16 

12 

16 

12 

13 

12 

12 

tic characteristics of the subjects with AOS were consistent 
with the selection criteria outlined by Kent and Rosenbek 
( 1983). In addition to these criteria, language tests were also 
administered and the results revealed no evidence of aphasia 
for the subjects with AOS. 

Inclusion criteria for both AOS and CA are identi
cal to those used by McNeil and colleagues (Kent & McNeil, 
1987; McNeil, Liss et al., 1990; McNeil, Weismer et al., 
1990). These criteria included perceptual judgment by an 
ASHA-certified speech-language pathologist and the ad
ministration of a battery of standardized speech, language, 
and cognitive tests. Tests conducted included the Wechsler 
Adult Intelligence Scale, Revised (W eschler, 1981) for the 
evaluation of verbal ability and Intelligent Quotient (IQ); the 
Weschler Memory Scale (Russel, 1975) for the assessment 
of memory function in verbal and nonverbal domains; the 
Rey Auditory-Verbal Learning Test (Rey, 1941) for verbal 
memory; and the Complex Figure Delayed Recall Test 
(Osterrieth, 1944) forvisuospatial memory. Visual percep
tion was tested using the Revised Visual Retention Test 
(Benton, 1974), the Facial Recognition Test (Benton, 
Hamsher, & Varney, 1983) and the Judgment of Line 
Orientation Test (Benton & Hamsher, 1989;1xenton et al., 
1983). Constructional abilities were tested with the Com
plex Figure Test-Copy (Osterrieth, 1944). All 
neuropsychological tests were obtained from, and inter
preted by, a neuropsychologist. Language was assessed 
using the Multilingual Aphasia Examination (Benton & 
Hamsher, 1989), the Boston Diagnostic Aphasia Examina
tion (Goodglass & Kaplan, 1983), and the Token Test (De 
Renzi & Vignola, 1962). 
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Table 2. 
Language Infonnation For Individuals with 

Apraxia (AOS) and Conduction Aphasia (CA) 

Cl • Normal, 2 • Mild Impairment, l • Moderate Impairment: 
4 • Severe Impai%111eftt I . • 

spontaneous Xiiditory ftePOtition NIIIII1J19 Liadiili Panicip. 
~ecb C2!!Erehenoion £!:!S!reheftsion 

AOS1 Nonfluent 

AOS2 Nonfluent 

AOS3 Nonfluent 1 

AOS4 Nonfluent 

AOSS Nonfluent NA 

CA1 Fluent 

~ Fluent 

CAl Fluent 

CA4 Fluent 

NA • Not teo ted. 

The subjects with AOS exhibited nonnal perfor
mance on the various tests related to verbal performance, 
memory and vision. The diagnosis of CA was based on 
results of the Multilingual Aphasia Examination (Benton & 
Hamsher, 1989) and by the criteria described by Goodglass 
and Kaplan ( 1983). The hallmark of conduction aphasia is 
the inordinate impairment of repetition and the prevalence 
of phonemic paraphasias. Results of all nonverbal tests were 
within normal limits for all experimental subjects. Lan
guage data are shown in Table 2. 

Neuroimaging data for lesion localization were 
obtained from rvtR.I examinations using a standard lesion 
plotting method (Damasio & Damasio, 1991 ). Brain images 
were taken at least three months poststroke and analyzed by 
a standard plotting method. Lesion information is provided 
in Table 3. All subjects with brain damage suffered a single, 
left cerebral vascular accident. 

Speech Materials . 
A set of four target words ("pop", "pea", "Bob", 

and "bee"), embedded in the carrier phrase, "That's a 
_____ a day," were used as the stimuli. One consid-
eration that influenced the choice of these words was the 
presence of an initial voiced or voiceless stop consonant 
This characteristic of the stimulus was deemed important in 
order to be able to assess participants' perfonnances on 
temporal variables such as VOT and stop gap duration (i.e., 
the period of silence preceding the release for a stop conso
nant). The interest in these temporal parameters arose partly 
from the fact that voicing errors have been demonstrated to 
be a common problem for patients with apraxia or aphasia 
(Blumstein, Cooper, Goodglass, Statlender, & Gottlieb, 
1980; Freeman et al., 1978; Gandour & Dardarananda, 
1984; Itoh, Sasanuma, Tatsumi, Murakami, Fukusako, & 
Suzuki, 1982; Kent & Rosenbek, 1983). Moreover, voice 
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Table 3. 
Lesion lnfonnation 

(All Brain-Damaged Patients Had a Single Left Hemispheric Stroke). 

Pa~:ticip. 

AOSl 

AOS2 

AOS3 

AOS4 

AOSS 

CAl 

CA4 

Time Post Onset lYra .1 

7 

7 

13 

Left inferior oector of precentral 
gyruo a.nd poaterior aectors of 
inferior parietal gyrus, superior 
temponl gyrus and inferior 
parietal labule. 

Left inferior oector of precentral 
gyrua, posterior sect= of inferior 
frontal gyrus and insula. 

Left inferior oector of precentral 
gyrus and posterior sector of 
inferior frontal gyrus. 

Left sensory motor cortex, 
posterior eector of inferior 
frontal gyrus, insul.a and basal 
gaz2glia. 

Left baaal ganglia and insula. 

Left inferior segment of inferior 
padetal lobule end insula. 

Left inferior oegment of inferior 
parietal lobule and posterior 
segment of superior tCil!!poral gyrus. 

Left baaal ganglia and imlul.a. 

Left inferior half of precentnl 
gyrus~ and superior half of inferior 
frontal mua. 

• Leaion data reponed by Dr. Hanna Damuio, using a standard plotting 
analysis eystem (Damaaio • Damasio, 19911 • 

onset time (VOT) has been shown to be a good index of the 
assessment of the temporal coordination of the larynx and 
the oral articulators (Blumstein et al., 1980; Blumstein, 
Cooper, Zurif, & Caramazza, 1977; Gandour & Dardarananda, 
1984; Itoh et al., 1982; Lisker & Abramson, 1964). 

Procedure 
Participants were given an auditory model of the 

test phrases and were than asked to repeat each phrase 10 
times at a comfortable rate. This yielded 10 tokens of each 
target word for each participant The number of repetitions 
were limited to ten due to constraints of the time participants 
were available as well as possible fatigue. Participants 
spoke into a high quality microphone (with a flat frequency 
response of 10 Hz- 18 kHz) attached to a headset at a fixed 
distance of 15 em. The utterances were recorded on a Sony 
8-Channel Digital Instrumental Cassette Recorder (PC-
108M) and were later low-pass filtered at 11 kHz and 
digitized at 22 kHz sampling rate using an mM compatible 
486-computerwith an ffiM M-Audio Capture and Playback 
Adapter (International Business Machines Corporation, 
1989). Only perceptually accurate tokens, as judged by 
broad transcription, were included in the study (less than 1% 
of the tokens were omitted). The perceptual judgment was 
undertaken by two ASHA-certified speech-language pa
thologists who were asked to transcribe all sounds in the 
target word. Judgments were made inaependently and then 
the transcriptions were compared. There was 100% agree
ment between the two judges. 



Temporal measures were made from the digitized 
speech samples using the CSpeech program (Milenkovic, 
1990). Wide band spectrograms (bandwidth=300 Hz, fre
quency range 0-8000 Hz) were used to measure stop-gap 
duration (SGD), VOT, second formant transition duration 
for a vowel (F2D), steady-state vowel duration (VD), and 
CV duration (CVD), that is, the duration of the initial 
consonant and the following vowel in each target word. 
These measures were made from spectrographic displays of 
each target word as produced by a normal speaker (Figure 
1), a CA speaker (Figure 2) and an AOS speaker (Figure 3). 
Note, as shown in the examples of speech tokens in the 
figures, all subjects ceased voicing before the target word. 

That 's a pop day 

1 .. 

Figure I. Spectrographic record of the phrase, 'That 's a pop a day," 
produced by a normal speaker (SGD=Stop Gap Duration, VOT= Voice 
Onset Time. VD=Vowel Nucleus Duration, and CVD=CV Duration). 

That 's a pop day 

Figure 2. Spectrographic record of the phrase. "That's a pop a day", 
produced by a speaker with conduction aphasia. 

Variability was examined using the standard de
viations from the group data and by examination of each 
individual participant' s standard deviations (see McNeil, 
Weismer, et al., 1990; Seddoh et al., in press). Analysis of 
data for individual subjects was deemed important in order 
to determine if the variability arose from the group data or 
from the individual participants' performances. 

Perceptual analyses involving judgments of sub
jects' elicited spontaneous speech and reading by six ASHA
certified speech-language pathologists were also conducted. 
The speech samples for the perceptual analyses were gath
ered from presentation of sequence picture cards (developed 
in our laboratory) for the subjects with brain damage and 
subjects with normal speech to describe. In addition, sub
jects were also presented a passage from Readers' Digest 
(May, 1991, pp. 55-56) to read(see Appendix). The passage 
was printed boldly on two 8/ 12 x I I sheets of white paper. 
The judges of this task, each of whom had at least 5 years 
experience as a full time clinician, rated the speech samples 
in three areas: overall speech defectiveness (OSD), overall 
articulatory imprecision (OAI), and intelligibility. The 
judgments were done using a I 0 point equal-appearing 
interval scale with I being normal and I 0 being severely 
defective . 

Reliability 
Acoustic Measures: The task of measuring the 

temporal variables was shared between the first and the third 
authors. Intraobserver reliability was determined by having 
each author reanalyze I 0% of his own allotted portion of the 
data. Following this procedure each author also reanalyzed 
!'0% oft he other author's data to determine the interobserver 
reliability. Intra- and inter-observer reliability procedures, 

That 's pop a day 

·, 

~i 
. 1 SGO ~ 

F20 
• t .. 

,,.P!il 
\!· .. : · 

Figure 3. Spectrographic record of the phrase. "n~at 's a pop a day, " 
produced by a speaker with apraxia of speech. Note the long durations 
in comparison to those produced by the normal speaker (Figure I) and the 
speaker with conduction aphasia (Figure 2). 
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agreements were 99% and 98%, respectively. Differences 
in judgments between the two observers of+/- 3 ms and less 
were deemed acceptable for the acoustic measures. 

Perceptual Measures: Intrajudge reliability on the 
perceptual task wasalso based on a repetition of I 0% of the 
samples from all participants. It was 99%. Interjudge 
reliability was determined by computing Pearson Product 
Moment correlations. Average correlations were 0.84 for 
OSD,. 0.88 for OAI, and 0.81 for intelligibility. 

Ex.perimental Design: Separate two way analyses 
of variance (ANOVAs), Group (4levels) x Word (4levels) 
with repeated measures on the second variable were com
puted for each temporal variable, SGD, VOT, F2D, VD, and 
CVD. Tukey Honestly Significant Difference (HSD) post
hoc tests were performed at the .OS level of significance for 
main effects or interactions. 

The token-to-token variability data did not meet 
the normal distribution assumption of parametric tests. 
Therefore, the Kruskal-Wallis test was performed on the 
token-to-token variability data. 

Results 
Mean Group Duration Results 

Stop Gap Duration: ANOV A revealed a signifi
cant Group main effect for SGD, F(3, 707) = 15.06, n = 
.000 1. The Word main effect was not significant, F(3, 707) 
= 0.73,n=.5351, nor was thetwo-wayinteraction,F(9, 707) 
= 1.63,n = .1 040. The Group main effect is plotted in Figure 
4. Posthoc Tukey HSD comparisons showed that the AOS 
group had a significantly longer mean SGD in comparison 
to the mean SGD for any of the other groups (AOS-C, CA, 
CA-C) who did not differ significantly. The AOS group 
demonstrated the largest .S.Os for SGD. 

200 
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Voice Onset Time 
For VOT, ANOVA revealed· significant main ef

fects for Group, F(3, 709) = 22.50~11 = .0001, and Word F(3, 
709) = 325.75, 12 = :0001, which were subsumed by a 
significant two-way interaction F(9, 709) = 4.92, 12 = .000 1. 
The Group x Word interaction is shown in Figure 5. Posthoc 
Tukey HSD comparisons revealed that for the word, "pop," 
the apraxic group produced the longest mean VOT (65 ms). 
They were followed by the AOS-C group, who had a 
significantly longer mean VOT (54 ms) than theCA and the 
CA-C groups, who did not differ significantly. For the word 
"pea," the CA group produced a significantly shorter mean 
VOT ( 46 ms) than all the other groups, whose performances 
did not differ significantly. For "Bob," the AOS group had 
the longest mean VOT ( 18 ms) and theCA group the shortest 
mean VOT (6 ms), although theCA group's mean VOT did 
not differ significantly from the mean VOT (8 ms) of the 
CA-C group. For the word "bee," the CA group had a 
significantly shorter mean VOT (7 ms) than all other groups 
(AOS, AOS-C, CA-C) who were comparable. The AOS 
group demonstrated the largest SDs for most words. 

Second Formant Transition Duration 
ANOV A results for F2D showed significant main 

effects for Group, F(3, 707) = 16.85, n = .0001, and Word, 
F(3,707) = 118.81, 12 = .0001, which were subsumed by a 
significant two-way interaction, F(9, 707) = 2.1 O,p = .0274. 
The Group x Word interaction is displayed in Figure 6. 
Posthoc Tukey HSD comparisons revealed that the CA -C 
group produced the shortest mean F2D for the word "pop." 
The mean F2Ds of all the other groups (AOS, AOS-C, CA) 
for "pop" were comparable. For the word "pea," theCA 
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Figure 4. Mean stop gap duration for each participating group. E"or Figure 5. Mean voice onset time for each participating group by each 
bars indicate one standard deviation. target word. 
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group had the longest mean F2D and the CA-C group the 
shortest. There were no significant differences for the word 
"pea" for the F2D for the AOS and the AOS-C groups. For 
the word "Bob", theCA group had the longest mean F2D, 
and the other groups did not differ significantly. For the 
word "bee", the mean F2D for the AOS and CA groups did 
not differ significantly. The CA group had a significantly 
longer mean F2D than the CA-C group. By contrast, the 
mean F2D of the AOS group was significantly shorter than 
that of the AOS-C group. 
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Figure 6. Mean second formant transition duration for each participating 
group by each target word. 
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Figure 7. Mean vowel nucleus duration for each participating group for 
each target word. 

The AOS and the CA groups exhibited ,S12s that 
were about twice the magnitude exhibited by the AOS-C and 
CA-C groups for the word "pop". TheSQ for the AOS group 
was largest for the word "pea" and was followed in magni
tude by the£0, for theCA group. The£D,s for all four groups 
for "Bob" were comparable. The SD for the AOS group for 
the word "bee" was greater than those exhibited by all the 
other groups (AOS-C, CA, CA-.C), which were comparable 
in magnitude. 

Vowel Steady State Duration 
For VD, significant main effects were found for 

Group, F(3, 707) = 39.13,12 = .0001, and Word, F(3, 707) = 
33.33, n = .0001, which were subsumed by a significant 
two-way interaction, F(9, 707) = 5.35,12 = .0001. Figure 7 
displays the Group x Word interaction. Follow-up Tukey 
HSD tests revealed that for the word "pop," the CA group 
had the longest mean VD and the CA-C the shortest. Unlike 
theCA and CA-C groups who differed significantly, the 
AOS group and the AOS-C group did not differ significantly 
for the mean VD for the word "pop." For the word "pea," the 
AOS group had the longest mean VD followed by the CA 
group, although these two groups did not differ signifi
cantly. The CA group had a significantly longer mean VD 
than the AOS-C and CA-C groups. For the word "Bob", the 
AOS, CA, and AOS-C groups' mean VDs did not differ 
significantly, but were significantly longer than the mean 
VD of the CA-C group. For the word "bee," the AOS group 
had a significantly longer mean VD than theCA group, who 
had a mean VD that was significantly longer than the AOS
C and CA-C groups. 

c:::J AOS 

iii' 450 ~ AOS-C 

~ -CA 
z 

~CA-C 0 
i= 400 
~ 
~ c 
~ w 350 
~ 
>. 
1-z 300 c z 
0 en z 
0 250 (J 

Figure 8. Mean CV duration for each participating group. 
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The AOS group had the largest SU for the words 
"pea", "Bob" and "bee" followed by theCA group. For the 
word "pop" the CA group had the largest SD. 

Consonant-Vowel Duration 
CVD analyses indicated a significant main effect 

forGroup(Figure8),F(3, 705)=35.84,J2<.0001 and Word, 
F(3, 705)=9.45,]2<.0001. Thetwo-wayinteractionwasnot 
significant, F(9, 705) = 1.38,]2 = .1926. Posthoc Tukey HSD 
comparisons indicated that the AOS group had the longest 
mean CVD, followed by theCA, AOS-C, and the CA-C 
groups, respectively. The AOS group had the largest SD, 
followed by the CA group. 

Summary of Group Durational Results 
In summary, the AOS group had the longest (and 

the most variable) mean durations followed by the CA 
group, particularly with respectto SOD, VD and CVD. VOT 
measures showed an inconsistent pattern of results, particu
larly for the AOS group. Although the AOS group had 
significantly longer mean VOTs for "pop" and "Bob" than 
theCA group, in general, the mean VOTs of the AOS group 
were comparable to the performance of the AOS-C group. 
TheCA group had longer mean durations for VD and CVD, 

Table 4. 
Standard Deviations of Individual Tokens for Individual 

Participants for Stop-Gap Duration (SGD), Voice Onest Time (VOT), 
Second Fonnant Transition Duration (F2D), Vowel Duration (VD), 

and CV Duration (CVD) for Apraxic (AOS), Apraxic Control 
(AOS-C), Aphasic (CA), and Aphasic Control (CA-C) Groups. 

Figures in Parenthesis are Group Standard Deviations. 

Groups 

AOS 
AOS1 

AOS2 
AOS3 
AOS4 
AOS5 
Mean 
AOS-C 

AOS-Cl 
AOS-C2 
AOS-C3 

AOS·C4 

AOS-C5 
Mepr 

CA 

CAl 

CA2 

CA3 

CA4 

Mean 
CA-C 
CA-C1 
CA-C2 
CA-C3 

CA-C4 
Mean 

SGD V01' 

51.4 13.7 

30.1 9.3 

11.6 5.5 

83.6 16.9 

7.8 7.0 

36.9(31.3) 10.5(4.7) 

10.5 7.7 

9.0 8.6 

11.2 11.4 

15.8 10.3 

14.0 10.8 

'2 , '? A' o a'' F' 

19.1 10.8 

9.6 7.0 

7.6 5.3 

17.6 8.2 

13.5(5.7) 7.8(2.3) 

14.1 15.1 

7.8 6.8 

8.3 6.2 

7.0 5.2 

9.3 (3.2) 8.3 (4.6) 

P2D 

13.0 

16.2 

7.7 

18.8 

13.3 

13.8(4.15) 

10.8 

11.5 

13.8 

13.3 

15.0 
,, 911 ,, 

23.5 

11.9 

14.4 

15.2 

16.3(5.0) 

11.2 

16.8 

13.0 

10.2 

12.8(2.9) 
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VD CVD 

16.0 60.0 

19.5 35.5 

10.0 17.1 

52.7 102.8 

38.5 35.4 

27.3 (17. 7) 50.1 (33 .1) 

17.9 24.1 

14.2 15.5 

13.9 19.5 

13.5 27.8 

11.9 19.6 
14 ?'? ,, 2' 3 14 91 

19.8 26.5 

30.3 42.4 

14.3 15.9 

12.9 22.9 

19.3(7.9) 26.9(11.2) 

9.6 '17.3 

14.6 20.7 

14.2 22.3. 

8.1 13.9 

11.6(3.3) 18.5(3.71 

in comparison to CA-C. TheCA group also had shorter 
mean VOTs than any of the other groups (AOS, AOS-C, 
CA-C). 

Token-to-Token Variability 
Generally, more speakers with· AOS exhibited 

greatertoken-to-token variability than did the speakers in all 
the other groups. S]ls based on the individual token-to
token variability measures are shown in Table 4. Unlike the 
case for the CA group whose token-to-token Slls were 
generally within the range of the subjects with normal 
speech, a number of SJls from the subjects with AOS fell 
outside the normal range for SOD, VD and CVD. 

Kruskal-Wallis Tests were performed on the mean 
token-to-tokenSQs to evaluate diff~rences in the magnitude 
of variability for different groups. The tests revealed signifi
cant Group main effects for SOD (J2 < .0040), VD (J2 < .0241) 
and CVD (J2 < .0101). No other significant main effects or 
interactions were revealed. Posthoc comparisons indicated 
that for SOD the subjects with AOS had greater token-to
tokenS]ls than any of the other groups {AOS-C, CA, CA-C), 
who did not differ significantly from one another. For VD, 
the subjects with AOS had significantly greater token-to
tokenms than the subjects in the AOS-C and CA-C groups. 
The subjects with CA had token-to-token ,SUs that were not 
significantly different from those for the subjects in the AOS 
group or the subjects in the AOS-C and CA-C groups. For 
CVD, the AOS group exhibited significantly greatertoken
to-token,SQs than subjects in theCA and the AOS-C group, 
but they did not differ significantly from CA-C groups. The 
subjects in the CA group had greater token-to-token SQs 
than the subjects in the CA-C group. 

Perceptual analysis 
Table 5 shows the means and standard deviations 

from the results of the perceptual judgments of speech for all 
groups. The AOS group was significantly different (J2 < .05) 
from the other groups in all three perceptual variables, 
namely OAI, OSD, and intelligibility. Thus, the speech 

Table 5. 
Mean Perceptual Judgments of Speech (and Standard Deviations) 
for Individuals With Apraxia (AOS), Apraxic Control Participants 

(AOS-C), Individuals with Aphasia (CA), and Aphasic Control 
(CA-C) Participants for Overall Articulatory Imprecision (OAO, . 

Overall Speech Defectiveness (OSD), and Intelligibility. 

OAI OSD Iaa:e111i[ibilitl:: 

ADS 7.33 (2.13)• 7.17 (2.52)• 7.!112 (2.071• 

AOS-C !il.l1 (0.53) !11.47 (0.38) !il.!il2 (0.121 

CA 8.63 (0.46) 9.06 (0.23) !il.50 (0.181 

CA-C 8.!116 (0.461 e.!ils co.121 9.50 (0.41) 

(• • R c.OS) 



Table 6. 
Correlation of Individual Variability With Perceptual 

Judgment of Speech for Individuals With Apraxia 

OAl OSD Intelli51:ibilit}:: 

SGD -0.14 -0.72• -o.8o• 

VOT -0.01 -0.61 -0.68* 

VD -0.14 -0.84• -0.64* 

CVD -o.:z8 -o. 79• -o. 78* 

(* • Q < .OS) 

from the individuals with apraxia was considered less pre
cise, more defective, and less intelligible than the speech of 
the other individuals. 

For individual participants in the AOS group, to
ken-to-token variability was correlated with the perceptual 
judgments of their speech for OAI, OSD, and intelligibility. 
This analysis was performed on the AOS group o~ly, be
cause the CA group was not different from controls m terms 
of the perceptual judgments of their speech and the CA 
group had a fairly restricted range of variability. Correla
tions for the AOS group for each dependent variable are 
shown in Table 6. Strong negative correlations were found 
for OSD and Intelligibility, but not for OAI. These correla
tions were particularly robust for SOD, VD, and CVD. 

Discussion 
Results of the present study suggest that patients 

with AOS or CA have abnormal temporal control during 
speech. These results are consistent with those o~ previo.us 
investigations that have demonstrated that subjects wtth 
AOS orCA have a tendency to produce longer than normal 
durations (e.g., Kent & McNeil, 1987; McNeil, Liss, et al., 
1990). In addition, the findings also indicate that individuals 
with AOS exhibit greater variability in repeated productions 
of the same utterance, compared to subjects with CA or 
normal speech. 

Recent acoustic and physiological investigations 
have suggested that in communicatively impaired individu
als like those with apraxia or fluency problems, temporal 
abnormalities such as those observed in the present study, 
are reflections of a disrupted motor control system (Janssen 
& Wieneke, 1987; Kent & McNeil, 1987; Kent & Rosenbek, 
1983; McNeil & Adams, 1991; McNeil, Liss, et al., 1990; 
Wieneke & Janssen, 1987). Given these previous interpre
tations of temporal control in speech, the findings in the 
present study suggest that patients with AOS have a defec
tive speech motor control system. While the four subjects 
with CA showed abnormal durations for VD and CVD, they 
did not demonstrate abnonnal token-to-token variability. 
This suggests that any motor control problems in this group 
of speakers with CA is subtle and that a linguistic mecha
nism likely contributes in a larger way to their errors than a 

motoric one. Thus, these data stand in contrast to Kent and 
McNeil ( 1987) who explicitly stated that with respect to the 
source of temporal disturbance, "conduction aphasia is 
similar to apraxia of speech" (p. 213). 

Our results do not support the view that the primary 
underlying deficit contributing to the temporal abnormali
ties in both AOS and CA is the same. Although it is possible 
that motoric consequences on timing could have affected the 
performances of participants of either group, this conclusion 
is not particularly compelling when one takes into account 
the factthatthe patterns of temporal dissolution exhibited b~ 
the two groups of subjects take different shapes, both quali
tatively and quantitatively. Recall that, in gene~, !he 
abnormal duration and variability measures were stgmfi
cantly more pronounced for the AOS than the CA group. 
Visual inspection of Figures 4-8 also reveals patterns of 
performances for the two groups that are not similar. For 
example, whereas the CA group produced the longest mean 
VD for the word "pop" (108 ms), see Figure 7, the AOS 
group exhibited the longest mean VD for ''bee" (139 ms). 
Also, although the mean VD for the AOS group for the word 
"pea" (125 ms) did not differ significantly from that pro
duced by theCA group for the same word ( 113 ms ), the mean 
token-to-tokenSQ exhibited bytbe AOS group forthis word 
(30.8 ms) was significantly greater than that exhibited by ~e 
CA group (20 ms) who did not differ significantly from thetr 
control (CA-C) group ( 15 ms ). Furthermore, unlike the case 
for measures ofVD, the subjects with AOS exhibited signifi
cantly longer mean VOTs than subjects with CA (see Figure 
5) across all target words. If the underlying source of the 
deficit is the same for both groups, then it would be difficult 
to account for why they do not exhibit approximately similar 
patterns of output in their performances. 

As noted above, our findings on AOS appear to 
implicate motoric factors as the impainnent underlying this 
group's abnormal temporal pattern. Analyses of the SOD 
data indicated that the AOS group had a significantly longer 
mean duration than all the other groups. On the other hand, 
the CA group's performance was comparable to the mean 
durational perfonnance of the AOS-C and CA-C groups (see 
Figures 2, 3, and 4). In addition, the AOS group also 
exhibited the largest token-to-token SQ. A similar finding 
was reported by Kent and Rosenbek (1983) who noted that 
although their apraxic patients lengthened nearly all seg
ments, "two that stand out are the nasal murmur for [n] and 
the stop gap for [ d]" (p.238). On the basis of this and other 
findings, they characterized apraxic speech as slow. Thus, 
the abnormal SOD exhibited by the AOS patients in the 
present study may be indicative of the involvement of 
factors related to the motor system. By contrast, the rela
tively normal perfonnance of the subjects with CA on the 
SOD measure points to the absence or minimal involve
ment, if at all, of primarily motoric factors in the underlying 
deficit for this group. 
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The patterns of performance of the subjects with 
AOS and the subjects with CA on other measures further 
implicate motoric factors for the AOS group. On measures 
ofVD, AOS patients had comparable mean durations as the 
AOS-C group for the words "pop" and "Bob." On the other 
hand, the subjects with AOS had mean VDs that were 
abnormally long for "pea" (about two times longer than 
normal) and "bee" (about three times longer than normal). 
In addition, their SQs were also largest for these two words. 
By contrast, subjects with CA exhibited about two times the 
VD exhibited by their control counterparts, and relatively 
normal ms, for all target words. 

The finding that the subjects with AOS exhibited 
greater difficulty (especially in the form of greater SDs) for 
high front unrounded than for low back vowels is counter to 
what previous investigators have reported for this group. In 
their perceptual study of vowel and prosodic production in 
subjects with AOS, CA or dysarthria, Odell and colleagues 
( 1991) found that their subjects with AOS exhibited over 
20% more errors on back vowels than front vowels. On the 
other hand, as was also the case for the four subjects with CA 
of the present study, these phonetic characteristics were 
found to be less influential in the performances of Odell's 

. subjects with CA or dysarthria. The difference in the two 
studies with respect to the results for subjects with AOS may 
be partly due to methodological factors. Odell et al.{l991) 
used perceptual analyses, whereas the current investigation 
used an acoustic methodology, and the results might have 
been influenced by the difference in methods. Indeed, it is 
noteworthy that the acoustic abnormalities observed in the 
current study occurred despite the fact that all the tokens 
included in the study were judged to be perceptually accu
rate. Secondly, the stimuli used by Odell et al. (1991) were 
words of different lengths (mono-, di- and tri-syllabic words) 
spoken in isolation; the stimuli used in the current investi
gation were monosyllabic target words embedded in a 
carrier phrase. Because our stimuli, unlike those used by 
Odell et al. ( 1991 ), were sentences, the strategies used by the 
subjects in the current investigation during might have been 
different from those employed by the participants in the 
Odell et al. (1991) study. 

The performance of the subjects with AOS in the 
present study may also have been influenced by other factors 
such as the phonological status of the vowels in the two 
groups of words ("pop"/"Bob" vs. "pea"/"bee"). 
Phonologically the /i/ in "pea" and "bee" is [ + tense], and is 
distinguishable from the to/ (or /a/)2 in "pop" and "Bob" in 
terms of the feature, [-tense] (or lax) (Chomsky & Halle, 

2 Although most participants produced the vowel in "Bob• and W as [<], a few 
others produced it as (a]. They differ from each other phonetically, but these two 
vowels behave phonologically the same in the English language (e.g., they are 
both (-tenseD. Partly for this reason, and also for the sake of simplicity, only (<]will 
be used in the cfiSCussion. 
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1968). Tense sounds are longer in duration than their lax 
counterparts (Chomsky & Halle, 1968). The finding of 
longer than normal mean VDs for the tense vowels by the 
AOS group therefore suggests that these patients might have 
been exaggerating the tense-lax phonological distinction 
between the two vowel types. On the Other hand, the 
abnormal S]ls from the subjects with AOS point to 
articulatory constraints, presumably arising from the mo
toric demands on the articulators for the production of tense 
vowels. This motoric view implies that whereas the capacity 
for phonological processing might be preserved in AOS, 
articulation is disturbed, consistent with the characterization 
of this disorder as a motor level impairment. 

Unlike the case for AOS, the CA group findings 
indicate a predominant problem due to a phonological 
mechanism. The magnitudes of the mean VDs produced by 
the subjects with CA were approximately uniform across all 
target words except "Bob" for which a significantly higher 
VD was exhibited. The .s.Jls exhibited for all target words 
were comparable to theSI2s for the CA-C group. Generally, 
the Slls for the CA group for "pea" and "bee" (the target 
words with the tense vowel, [iD were about two times less 
than theSDs exhibited by the AOS group for these words. In 
summary, the data from the current study suggest the possi
bility that the source of the abnormal timing inCA might lie 
in the phonological system due to the low SDs exhibited by 
the CA group. 

Another factor that also seems to point at phono
logical involvement in the subjects with CA has to do with 
stress production. It is known that stressed syllables in 
English are longer relative to their durations as unstressed 
syllables (Borden & Harris, 1980; Fry, 1955). The target 
words used in the present study occurred in stressed posi
tions in the carrier phrase. This means that their appropriate 
production required the application of stress placement rule 
(Chomsky & Halle, 1968). If the subjects with CA did not 
apply this rule correctly, it is possible that the durations of 
the nuclei (vowels) of the target words (or other syllables in 
the utterance), were inappropriately produced. The consis
tently higher and approximately uniform magnitude of VD 
shown by the CA group suggests that these patients might 
have been inappropriately applying the stress placement 
rule (although it is possible that the subjects with CA did use 
other acoustic cues to mark stress). The abnormal VD in the 
CA group suggests that although the capacity for phonologi
cal processing may not be lost in this population, the pro
cessing of phonological rules might be inefficient. 

The finding that subjects with CA had longer F2D 
than their matched subjects with normal speech, but similar 
F2Ds as the AOS and the AOS-C groups warrants discus
sion. This finding suggests that the subjects with CA may 
have some difficulty controlling timing in the motoric do
main. However, their token-to-token variability for the F2D 
measure was no different from normal, making a motoric 



explanation somewhat difficult. It may be that the increased 
duration in this case is a subtle indication ofmotoric involve
ment, but data from the current study are unable to address 
this issue further. 

Similar comments apply to the token-to-to~en vari
ability data for VD for the subjects with CA. The results 
showed thatthe subjects with CA were not different from the 
subjects with AOS; but they were also not different from the 
two normal control groups. Such an ambiguous result was 
also reported for the subjects with CA studied by McNeil, 
Weismer, et al. ( 1990) for non-speech motor control tasks. 
This result might suggest a subtle motoric involvement in 
the subjects with CA in the present study. However, a 
motoric explanation as the underlying factor inCA on the 
basis ofthis result alone is inappropriate atthis time. Explo
ration of these results must await further investigation. 

Results for CVD for both subjects with AOS and 
subjects with CA may be indicative of cumulative effects of 
mistiming of different temporal components of the segment 
or the syllable. The AOS group had the longest mean CVD, 
followed by theCA group, consistent with previous findings 
(e.g., Kent & McNeil, 1987). This result is what one would 
expect given the fact that the subjects with AOS exhibited 
longer mean durations than the subjects with CA on most 
other measures (all of which are constituent components of 
CVD). 

It is not quite clear why the mean VOTs exhibited 
by the subjects with AOS were normal in the target words 
with open syllables ("pea" and "bee'') but abnormal in the 
target words with closed syllables ("pop" and "Bob"). One 
possible explanation, however, points to phonetic planning 
difficulties. Target words with the closed syllables may be 
more difficult to produce than those with open syllables. If 
this is the case, it might be expected that motor programming 
of closed syllables is more prone to errors in comparison to 
the programming for open syllables. This view, however, is 
subject to empirical verification. 

Variability 
There is a growing consensus that increased vari

ability in speech timing may point to the involvement of the 
speech motor control system (DiSimoni, 1974a, 1974b; 
Janssen & Wieneke, 1987; Smith, 1992, 1994; Smith & 
Kenney, 1994; Wieneke & Janssen, 1987). The data from 
the subjects with AOS in the present study on both the mean 
durational control measures and their associated SQs are 
consistent with the view that the underlying impairment in 
this group is primarily motoric. In support of this view, 
many of the subjects with AOS exhibited considerably 
greater group and token-to-token variability (SUs), particu
larly for SGD, VD and CVD, compared to other groups. 
Differences between the performances of AOS and the 
subjects with normal speech on measures ofVOT, however, 

were less marked, suggesting that some aspects of temporal 
control may be preserved in AOS despite the motoric im
pairment. 

In contrast to the pattern of token-to-token vari
ability exhibited by the subjects with AOS, the data from the 
subjects with CA were comparable to those of the subjects 
with normal speech. Previous studies have also reported that 
patients with CA exhibit less variability in speech compared 
to speakers with apraxia (e.g., Kent & McNeil, 1987; McNeil 
et al., 1990). It was suggested above that the data from the 
subjects with CA on the mean durational control data were 
consistent with phonological impairment. The relatively 
normal token-to-token variability exhibited by the subjects 
with CA further supports this view, or at least demonstrates 
that a motoric deficit m~y be unlikely as the only source of 
the abnormal timing in this population. 

Finally, the relation between token-to-token vari
ability and perceptual judgments of the speech of the sub
jects with AOS warrants comment. Significant correlations 
between judgments of intelligibility and overall speech 
deficit and token-to-token variability were found for the 
speakers with AOS in this study. The perceptual measures 
were obtained from a picture description and paragraph 
reading tasks and not the experimental task (because we 
included only accurate tokens from' the experimental task 
and less than 1% of the experimental tokens had to be 
removed from the analysis due to perceptual inaccuracy). 
Thus, high token-to-token variability on the production of 
target words in carrier sentences was associated with poorer 
speech in reading and elicited spontaneous speech tasks. If 
temporal variability provides information about the stability 
of the motor control system, then one can interpret these data 
to suggest that those subjects who had greater variability 
were motorically less stable, and therefore were more prone 
to speech breakdown. It is the case that only perceptually 
accurate tokens were acoustically analyzed in this study. 
One interpretation is that, although the AOS patients had 
motor impairment, they also had the flexibility to compen
sate for the variable performance on the experimental task. 
It is also possible that the production of the target words in 
a carrier phrase is an easier task than reading or elicited 
descriptions of action pictures. 

In summary, the subjects with AOS in the present 
study were impaired in terms of durational control. This 
impairment was manifest in longer than normal mean dura
tions of stop gap, vowel and consonant-vowel productions 
as well as increased token-to-token variability associated 
with these measures. These data support the view that AOS 
is a motor speech disorder. Although the subjects with CA 
had longer than normal vowel and CV durations, their 
productions were not more variable than normal. These data 
suggest that the underlying factors in timing deficits in CA 
may be phonological rather than motoric. 
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Appendix 
Perceptual Analysis: Paragraph Reading Task 

SWEPT OFF MOUNT McKINLEY 
Winds gusted to gale force, creating a near whit

eout on the .upper reaches of the highest mountain in North 
America. Guide Dave Staley, 35~ and his party of eight 
climbers camped for the night of May 25, 1989. They made 
camp at 16,400 feet on a small icy shelf. The next day they 
would press on in their attempt to reach the 20,300-foot 
summit. 

The men set their three dome-shaped nylon tents 
about a foot into the shelrs surface, then built a two-foot 
wall around each one with chunks of snow. Staley, who had 
climbed Mt. McKinley 16 times, preferred higher walls, but 
the ice was like concrete. He compensated with metal stakes 
at all guy lines and anchor flukes driven hard through the 
floor loops- 12 to a tent. We're bombproof.: he thought as 
he zipped into his sleeping bag for the night. 
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By moining, the storm had not abated. So all that 
day - and the next - the group stayed put, listening to the 
nylon snap in the wind. 

At about 9 p.m. that Saturday, John Richard, 39, a 
Kentucky lawyer and an ardent mountaineer, checked the 
anchors one last time before entering his tent. His compan
ions, experienced climbers Howard Tuthill, 31, and Jim 
Johnson, 41, were reading in the long Alaskan daylight. 

Richard suddenly raised his head. Coming through 
the whistle of the wind was a roar, louder and louder. He felt 
a blast of it againstthe tent roof, then popping sounds as wind 
thundered down the sides. "We're moving!" Tuthill shouted. 
The tent pivoted, heeled over, then began sliding. Richard 
dived for the zippered door but fell short, somersaulting as 
the tent spun over the side of the ridge. 

In the same instant, Johnson, slashing at the nylon 
wall with a knife, was slammed onto his back. 

As the tent gathered speed down the slope, men and 
equipment tumbling inside, Richard's hands touched snow 
through the gap opened by the knife. Clawing, he tried to 
drag his body clear. A sound of ripping nylon and he was 
outside, on his face, skidding downhill. 

When he came to rest, deep in snow, he was alone. 
The tent with Tuthill and Johnson inside had rocketed off 
into the milky gloom toward Peters Glacier, 1500 feet 
below. 

-(Readers' Digest, May 1991) 
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Abstract 
The use of a specific electrode type in laryngeal 

electromyography (EMG) has not been standardized. La
ryngeal EMG is usually performed with hooked wire elec
trodes or concentric needle electrodes. The hooked wire 
electrode is thought to be more stable during physiologic 
laryngeal movement. Signal consistency over time and 
induced tissue injury of the two electrode types were com
pared. Electrodes were percutaneously placed into the 
thyroarytenoid muscles of 10 adult dogs. Amplitude of 
EMG activity was measured and compared during vagal 
stimulation preceding and following large scale laryngeal 
movements. Animals were euthanized and vocal fold injury 
was graded and compared histologically. 

Waveform morphology did not consistently differ 
between electrode types. The variability ofEMG amplitude 
was greater for the hooked wire electrode {p< .05) while the 
mean amplitude measures preceding and following large 
scale laryngeal movements did not differ(p>.OS). Inflamma
tory responses and hematoma formation were also similar. 

This study demonstrates that there is no difference 
between the hooked wire electrode and the concentric needle 
electrode in terms of vocal fold injury or electrode stability 
in the T A muscle following large scale laryngeal move
ments. 

Introduction/Background Information 
Laryngeal electromyography (EM G) is a tool whose 

utility is well documented in studying laryngeal motor 
activity and facilitating treatment of voice and swallowing 
disorders. There are many types of electrodes utilized in 
performing laryngeal EMG. Surface electrodes are placed 
on the overlying skin or mucosa of the larynx and do not 
insert into muscle. These electrodes are used infrequently 
for laryngeal EMG recordings as individual muscles are 
cluttered with signals from adjacent muscles (Miller & 
Rosenfield, 1984; Kuna et al., 1990). In addition, the high 
frequency components of the EMG signal are not captured 
with surface recordings {Kimura, 1989). 

The vast majority of laryngeal EMG recording is 
conducted with intramuscular electrodes. One type of intra
muscular electrode is the needle electrode for which there 
are several varieties. The standard or concentric type of 
needle electrode utilizes a wire in the center of the needle 
shaft. Differential electrical activity is recorded between the 
exposed end of the wire at the tip of the needle and the 
uninsulated shaft of the needle. A separate electrode is used 
as a reference electrode. The bipolar concentric needle 
electrode employs two fine stainless steel or platinum wires 
in a fixed location that serve as electrodes in the core of the 
needle. The EMG signal is generated by the electrical 

NCVS Status and Progress Report • 93 



activity of the small number of muscle fibers between the 
wires, while the shaft of the needle serves as the reference 
electrode (Miller & Rosenfield, 1984; Kimura, 1989). 

The second basic type of the intramuscular elec
trode is made by a pair of very fine insulated wires with a 
bared "hook" on the end (the "hooked wire" electrode). 
Hooked wire electrodes for laryngeal EMG were first de
scribed by Hirano and Ohala in 1969. Thin metal wires are 
threaded through a hypodermic needle which is used to 
insert the wires into the muscle. The tips of the wires are 
stripped of insulation and are reflected back until almost 
parallel with the shaft of the hypodermic needle. The needle 
and wires are inserted into the muscle and the needle is 
slowly withdrawn, allowing the ends of the wire to catch 
within the tissue ( Hi~o & Ohala, 1969). The EMG activity 
of the muscle fibers between the two wires is recorded. 

Hirano and Ohala (1969) suggested that the pri
mary advantage of the hooked wire electrode over the 
concentric needle electrode is its propensity to remain in 
place, particularly during movement of the larynx. Once 
positioned, subjects experience minimal discomfort and 
relatively uninhibited speech (Hirano & Ohala, 1969). The 
advantages of the hooked wire electrodes are not accepted 
unanimously and remain to be demonstrated empirically. 
Many physicians use concentric needle electrodes in their 
clinical practices as some believe hooked wire electrodes 
lack the rigid standardization required for the quantitative 
measures of the amplitude, latency and waveform of action 
potentials (Miller & Rosenfield, 1984; Stalberg & Trontelj, 
1979). 

It is possible that large movements of laryngeal 
muscles with rigid needle electrodes in place may produce 
intramuscular damage. Similarly, it is conceivable that 
hooked wire electrodes may damage muscles by shearing 
fibers as the electrodes are removed (by pulling them out). 
Histologic examination of muscles in which the concentric 
needle and the hooked wire are utilized have yet to be 
conducted. 

The purpose of this study was to compare the 
performance of concentric needle electrodes with hooked 
wire electrodes. Every attempt was made to model the 
typical use of these electrodes in the clinical evaluation of 
the human larynx. The thyroarytenoid (T A) muscle is fre
quently studied in man, and was therefore the muscle evalu
ated. Specific objectives included: 

1) To detennine whether bipolar hooked wire electrod:s 
pennit more stable recordings than (standard) concentnc 
needle electrodes at rest and following large movements of 
the larynx and surrounding structures. 

2) To test whether bipolar hooked wire electrodes provi~e 
comparable information regarding waveform an_d amph
tude of action potential as the standard concentnc needle 
electrodes. 

NCVS Status and Progress Report • 94 

3) To compare the damage resulting from placement and 
removal of the two types of electrodes by histologic evalu
ation of the vocal folds. 

Methods 
All techniques were approved by the University of 

Iowa Animal Care Facility and were in accordance with the 
Guidelines for the Care and Use of Laboratory Animals. 

Ten adult mongrel dogs of either sex weighing 
approximately 20 kg were utilized. Each dog was initially 
sedated with intramuscular ketamine (7 .5 mllkg) with 
xylazine (2.5 mglkg). Intravenous access was established 
for hydration and anesthesia (Nembutal; 25 mglkg). 

The head was stabilized in a stereotaxic instrument 
that was ftxed to a table. The animal was placed in the supine 
position and a brace was inserted into the mouth to provide 
direct visualization of the larynx. 

With meticulous attention to preserving the skin 
and soft tissue over the larynx, two vertical incisions 3 em in 
length were created bilaterally along the lateral edges of the 
trachea at the level of the fifth tracheal ring. The vagus 
nerves were carefully dissected and cuff electrodes were 
placed around the nerve for electrical stimulation of axons 
going to the thyroarytenoid muscle. 

A bipolar hooked-wire stainless-steel electrode 
(constructed using .002 inch bifiler wire by California Fine 
Wire company, and a 25 gauge needle) was percutaneously 
placed into one thyroarytenoid muscle through the intact 
skin and soft tissue overlying the cricothyroid membrane. 
On the contralateral side, a standard disposable 26 gauge 
concentric needle electrode (Dantec) was similarly placed 
into the thyroarytenoid muscle. Confirmation oflocation of 
electrode within the TA muscle was determined by noting 
movement of the vocal fold under direct laryngoscopy 
during electrode placement and appropriate EMG activity 
upon vagal stimulation. The electrode was succes~fully 
placed within the T A muscle on the first attempt m all 
instances but one. A reference needle electrode was placed 
in the subcutaneous tissue of the axilla. Placement ofthe TA . 
electrodes was confirmed by visualizing vocal fold and 
arytenoid adduction upon vagal stimulation (0.2 ms pulses, 
2 pps, 0.3 rna nerve parameters). Once thres~old pa:cuneters 
were obtained, supra maximal levels of stimulation were 
determined (usually 0.2 ms pulses, 2 pps, and 1 rna). 

Each vagus nerve was stimulated independently 
ten times with single supramaximal 0.2 ms pulses ten times, 
evoking TA activation without appreciable movement of the 
laryngeal framework visualized by direct laryngoscopy. 
After a five minute rest period, the sequence was repeated. 
At least three sets often successive stimuli to the vagus nerve 
bilaterally were administered in each study. The EMG 
responses from each T A muscle were recorded as baseline 
measurements. 



A second set of hooked wire electrodes was placed 
through the intact skin and soft tissue into the thyrohyoid 
muscle. The thyrohyoid muscle was stimulated (2 s, 2 ms 
pulses, 0.2-0.4 rna, 50 Hz), producing a large scale move
ment of the larynx and surrounding structures, simulating 
laryngeal elevation during a swallow. In each instance, 
laryngeal elevation was noted to be at least 2 em. 

Each vagus nerve was once again independently 
supramaximally stimulated (0.2 ms pulses, 2 pps, 1 rna) ten 
times evoking T A activation. Five cycles of the following 
procedure were performed after baseline measurements 
were obtained: 

1. {ml) Stimulation of the thyrohyoid muscle resulting in 
laryngeal elevation. 

2. (a) Stimulation of each vagus nerve 10 times while 
recording EMG responses. 

3. A five minute rest interval (no stimulation). 
4. (b) Stimulation of each vagus nerve 10 times while 

recording EMG responses. 
The electrodes were removed. The animal was 

euthanized by Nembutal (80 mglkg!kg). The larynx was 
then excised and fixed in 10% formalin. The larynx was 
sectioned coronally through the TA muscles. Laryngeal 
sections were embedded in paraffin, cut on a microtome and 
stained with hematoxylin and eosin. Specimens in which the 
electrode was placed successfully into the T A upon the 
initial attempt were examined for damage to muscle fibers, 
hemorrhage and inflammation. 

Histologic analysis was conducted on 18 speci
mens ( 2 T A muscles for each of 9 dogs). One TA muscle 
was eliminated from analysis because more than one attempt 
had been required to place the electrode accurately. TheTA 
muscle from the contralateral side was eliminated to avoid 
an incomplete block design. Specimens were examined for 
damage to muscle fibers, hemorrhage and inflammation. 
Each specimen was rated by two examiners (DMJ and RAR) 
on a scale ofO (normal) to 4 (extravasation of red blood cells, 
with dissection along muscle fascicles and infiltration of the 
region with polymorphonuclear leukocytes). Percent agree
ment within one point on the scale between the two examin
ers were found to be 83%. Both investigators who per
formed the histological analysis are physicians; one (RR) is 
a board certified pathologist with more than 15 years of 
experience. 

Data Analysis 
Because of technical difficulties with the digitized 

signal, EMG data were obtained and analyzed from only 8 
of the 10 dogs. EMG signals registered by the electrodes 
were amplified and filtered (using an eight-pole elliptical 
filter with a cut off frequency of 2500 Hz). During data 
collection, the EMG signals were simultaneously transmit
ted to an audio speaker for auditory monitoring and a 
computer monitor for on-line visual monitorin~. EMG data 

were digitized into a desktop computer using data acquisi
tion and analysis software (DATAQ Instruments, Inc.; 
Akron, OH), at a sampling rate of 5000 Hz per channel. 
Three signals were digitized: the stimulus signal, EMG 
signal from the T A muscle with the hooked wire electrode, 
and EMG from theTA muscle with the needle electrode. 
Each EMG response from vagal stimulation was identified 
and marked for further analysis. The data acquisition 
software was used to calculate peak to peak amplitude and 
the sum of squares for each responses. Means and standard 
deviations of peak to peak amplitudes ofEMG waveforms 
of each set of responses (10 responses per set) were com
puted for further statistical analysis. 

Results 
Typical waveforms from each of the two types of 

electrodes for each dog are illustrated in Figures 1 and 2 
(following pages). The morphology of waveforms from 
both the hooked wire electrode and the standard concentric 
needle electrode appear to be complex multiphasic action 
potentials. Sequential single motor unit action potentials 
cannot be delineate in these waveforms because the EMG 
activity recorded is gross EMG resulting from vagal nerve 
stimulation. 

The standard deviation of peak-to-peak amplitude 
(in m V) was examined from each set of 10 vagal stimula
tions. An analysis of variance model (ANOV A) revealed a 
significant larger variability of peak to peak amplitude 
recorded from the hooked wire electrode {p< .05), whereas 
the variability of peak to peak amplitude recorded from the 
concentric needle electrode was smaller and not statistically 
significant (p>.OS). Further support of this finding is pro
vided in Table 1, which demonstrates a larger variability in 
peak to peak amplitude across all dogs and all conditions for 
the hooked-wire electrode. 

Table 1. 
Average Standard Deviation of Amplitude (mV) 

This table demonstrates the averaged standard deviation in mV of all 
vagally induced contraction of the T A muscles for each dog and each 
electrode. All of the standard deviation measures were then averaged, 
further demonstrating the larger variability of peak to peak amplitude 
of the hooked wire in comparison to the concentric needle electrode. 

Canine Hooked Wire Concentric Needle 
1 0.189440 0.141418 
2 0.304400 0.192401 
3 0.314618 0.545357 
4 0.359500 0.201956 
5 0.092517 0.201307 
6 0.702649 0.397095 
7 0.347699 0.325995 
8 0.405077 0.286285 

Average 0.339488 0.286477 
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Figures 1 and 2. These figures demonstrate typical waveform morphologies of EMG signals registered from the hooked wire electrode (Figure 1 - left) 
and the needle electrode (Figure 2 - right) from each dog in which data was collected. Each X axis represents 150 ms. Each Y axis demonstrates peak 
to peale amplitude in mY. 

Peak-to peak amplitude of the EMG waveforms 
were averaged for each set of 10 vagal stimulations. The 
three or four sets of responses obtained before electrically 
evoked laryngeal elevation were compared to the 5 sets of 
responses obtained after laryngeal elevation. The percent 
change in amplitude was calculated from the sets of re
sponses following laryngeal movement. These results are 
plotted for each T A muscle studied in Figure 3 for the 
hooked-wire electrode, and Figure 4 for the needle elec
trode. Amplitude of the EMG waveform decreased, in
creased or stayed approximately the same for several TA 
muscles for both types of electrodes. Statistical analysis 
revealed no significant tendency in amplitude to increase of 
decrease after laryngeal elevation foreithertype of electrode 
(by ANOV A p<.OS for both the hooked wire electrode and 
the concentric needle electrode). It is obvious, however, that 
large changes occurred in some studies following laryngeal 
movements. Such changes, when they occurred appeared to 
be larger with the hooked Wire electrode. 

The average peak-to-peak amplitudes measures 
from the two sets of movement (movement Ia and move-
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ment 1 b) obtained after electrically evoked laryngeal eleva
tion can be compared. A five minute interval between the 
two sets often successive vagally induced T A excitation did 
not result in statistically significant differences in amplitude 
measures of peak to peak amplitude for both the hooked wire 
electrode and the concentric needle electrode (p=.42 for the 
hooked wire electrode and p=.64 for the needle electrode by 
ANOVA). 

Histologic Results 
Ratings of histologic preparations of the T A 

muscles, averaged across the 2 judges are listed in Table 2. 
A Wilcoxon signed-ranks test revealed no statisti

cally significant difference between the ratings of the histo
logic specimens from the hooked wire electrode and the 
concentric needle electrode (v=6, p=.6858, 2-tailed). Four 
of the TA muscles which utilized the concentric needle 
electrode, but only one of the specimens from the hooked
wire electrode was rated as normal. 
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Figures 3 and 4. These figures demonstrate the change in amplitude over 
time for all eight dogs in which data were collected for the hooked wire 
electrode (Figure 3 - upper) and the concentric needle electrode (figure 
4 - lower). The average of all baseline measures was computed. The 
baseline measures were then normalized to zero. Each Y axis demonstrates 
the percentage change in amplitude. Each X axis illustrates the conditions 
for in which measures were made. See methods section for explanation of 
sequence of events represented by these figures. Note, although the 
specific averaged points are connected with a line the data obtained was 
not continuous, as there was a five minute rest interval between the two 
measures obtained after each electrically evoked laryngeal movement. 
The line is used for clarity. 

Discussion 
This study was conducted in an attempt to deter

mine whether electromyographic recordings from hooked 
wire electrodes or concentric needle electrodes are more 
stable in the T A muscle after electrically evoked laryngeal 
elevation. An in yivo canine model was used. This study 
was designed to model the clinical use of these electrodes in 
the human larynx. 

The finding that the morphology of the waveforms 
recorded from the two types of electrodes was similar (i.e. 
both appeared to be complex multiphasic action potential) 
indicates that both electrodes can represent EMG activity in 

Table l. 
Histologic Results 

This table demonsttates the ratings of histologic preparations 
of the T A muscles, averaged across the 2 judges. 

Canine Hooked Wire Concentric Needle 
1 2.5 1.5 
2 1.5 1.5 
3 1.5 2.5 
4 0 0 
5 2.0 0 
6 1.5 3.0 
7 0.5 2.5 
8 1.0 0 
9 3.0 0 

Average 1.5 1.2. 

a similar fashion despite the differences in physical charac
teristics of electrodes. The bipolar hooked wire electrode is 
composed of two small electrodes with the differential 
between the two being registered The EMG activity re
corded is a result of electrical activity occurring in a small 
region of myofibrils between the two electrodes. The wave
form recorded from the concentric needle electrode is the 
result of the EMG activity being registered from a much 
larger region. The differential between the tip of the needle 
and the shaft is measured and recorded (Kimura, 1989) . 
Both electrodes allow for a large range of recordings after 
nerve induced muscle contraction. 

The peak-to-peak amplitudes of the EMG signals 
recorded by the hooked-wire electrode were more variable 
when averaged across all dogs and all conditions. This 
finding for the data from the hooked-wire electrode may be 
attributed to differences in impedance from tissue properties 
secondary to red blood cell extravasation or tissue edema. 
However, it may also be due to the more circumscribed area 
of recording used by the bipolar hooked-wire configuration. 
That is to say, the amplitude of waveforms may have been 
just as variable in the muscle with the needle electrode, but 
the electrode may not detect such subtle differences (see 
Table 1). 

Although there were changes in amplitude mea
sures as large as 60-80% for EMG data recorded from both 
the hooked wire electrode and the concentric needle elec
trodes after laryngeal elevation, the differences were not 
statistically significant. Upon repeated testing, variable 
increases and decreases in amplitude relative to the averaged 
baseline measures were observed for recordings employing 
both types of electrodes. The amplitude of EMG activity 
appeared to stabilize after the five electrically evoked con
traction of the thyrohyoid muscle regardless of electrode 
type. We have altered our practice ofEMG recordings based 
on this fmding. Now, utilizing bipolar hooked wire elec-
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trodes, prior to obtaining final EMG recordings, patients are 
instructed to swallow five times so as to allow for the 
electrode to settle into a stable position. 

Use of either hooked wire or concentric needle 
electrodes resulted in a similar degrees of tissue injury as 
assessed through microscopic evaluation of theTA muscles. 
Concentric needle electrodes in the T A muscles resulted in 
uninjured muscle more often ( 4/9 in our study) in compari
son to hooked wire electrodes (1/9). This finding must be 
interpreted cautiously as the sample size in this study was 
small. Yet when injury to the T A muscle in which a 
concentric needle electrode was used, it tended to be more 
severe in comparison to the injury detected in T A muscles in 
which the hooked wire electrode was used. The most severe 
injury observed involved hematoma formation with a small 
amount of dissection along muscle fascicles. This degree of 
injury was noted in one specimen for each electrode type. Of 
importance, none of the injuries observed were believed to 
be unrecoverable in live tissue or result in functional impair
ment of the muscle. 

One issue t~at was not addressed in this study but 
is clinically relevant is the patient's comfort during the use 
of intramuscular laryngeal electrodes. From our clinical as 
well as ·personal experiences, the hooked wire electrode 
allows laryngeal movement with ease and comfort, as the 
wires are pliable, whereas laryngeal movement with rigid 
needles in place is significantly less comfortable. If, as this 
study suggests, differences in the objective characteristics 
and quality ofEMG recordings and damage to muscle tissue 
are not markedly different depending on electrode type, then 
the otolaryngologist may choose to select hooked-wire 
electrode& for evaluation of intrinsic laryngeal muscle func
tion to optimize patient comfort. 

Similarly, the technical aspect of placing the elec
trode accurately in muscle was not addressed in this study. 
With a hooked wire electrode the clinician has only one 
attempt in placing the electrode. If the electrode is inaccu
rately placed, it is removed and placement is attempted 
again. In contrast, a needle electrode may be advanced, 
withdrawn or redirected in an attempt to place the electrode 
appropriately. 

Conclusion 
Waveform morphology ofEMG signals registered 

from hooked wire electrodes and concentric needle elec
trodes resulted in similar complex action potentials when 
tested in canine T A muscles. No difference between the 
hooked wire electrode and the concentric needle electrode 
was detected in terms of electrode stability or vocal fold 
tissue injury following large scale laryngeal movements. 
The highly variable amplitude of gross EMG registered 
from the hooked wire electrode is likely to have resulted 
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from the smaller electrical field sampled in comparison to 
that recorded by the concentric needle electrode. Based on 
these results of this study, either hooked wire or concentric 
needle electrodes appear to proVide adequate and accurate 
indications oflaryngeal muscle activity. 
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The Voice -A Highly Nonlinear Oscillator 
The composites of speech production are respira

tion, phonation, and articulation. The respiratory airflow, 
typically from the lungs via the bronchi and trachea, serves 
as the main driving force. Articulation is controlled by the 
vocal tract which can be regarded as an approximately linear 
filter [1]. The resonance frequencies (termed formants) are 
governed by the oral and nasal cavities. 

In this paper we focus our attention on phona
tion-the generation of the primary voiced sound within the 
larynx. The vocal folds are set into vibration by the com
bined effect of sub glottal pressure, the visco-elastic proper
ties of the folds, and the Bernoulli effect [2,3]. The effective 
length, mass and tension of the vocal folds are determined by 
muscle action, and in this way the fundamental frequency 
("pitch") and the waveform of the glottal pulses can be 
controlled. 

For sustained vowels the driving lung pressure and 
the muscle tensions can be regarded as slowly varying 
parameters since they change on time scales of a few 
hundred milliseconds whereas vocal fold vibration cycles 
have periods of only a few milliseconds. More details about 
the mechanisms of phonation are provided in section 3 in 
connection with aerodynamic-biomechanical modeling. 

Limit cycle oscillations can be considered as a 
reasonable model of a normal healthy voice, although some 
small perturbations (in the order of a percent) are always 
present. However, under certain circumstances much larger 

irregularities are observed in vocalizations. These are often 
associated with the term roughness. Also a healthy vocal 
apparatus can generate a rough voice quality under extreme 
conditions. Examples are newborn cries [4,5], simulated 
creaky voice [6,7,8], or Russian lament [9]. Bifurcations to 
subharmonic regimes, toroidal oscillations, and chaos have 
been reported in these extreme vocalizations. 

Of particul.ar interest are vocal instabilities due to 
organic, neurological, and functional diseases [1 0,11, 12,13]. 
It has been shown that subharmonics, low-frequency modu
lations, and biphonation (two independent pitches) are often 
symptomatic in voice pathology [ 14,1 5, 16]. An understand
ing of the underlying physiological and physi~al mecha
nisms will certainly be helpful for diagnosis and treatment of 
voice disorders. · 

Our paper is organized as follows: In the next 
section five techniques of sliding signal analysis are intro
duced that are applied a~erwards. These methods include 
conventional tools of voice research (spectrograms, pitch 
contours) as well as novel nonlinear techniques (generalized 
mutual information, dimensions, andLyapunov exponents). 
Sections 3 and 4 are devoted to modeling: W e introduce the 
two-mass model - the most simple but physiologically 
reasonable model - and discuss the most sophisticated 
continuum models. Computer simulations of both models 
are analyzed with our sliding analysis techniques. In section 
5, bifurcations in an excised larynx experiment are dis
cussed. Finally, the methods are applied to vocalizations of 
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patients with certain voice disorders (papilloma and laryn
gitis). 

It turns out that the applied methods provide some 
insight into transition phenomena in computer-generated 
and natural voice signals. The results of the different tech
niques are consistent and complement each other. 

Sliding Analysis Techniques 
In this section we describe signal analysis tech

niques that are applied in the remainder of this paper. The 
spectrogram technique - a sliding power spectral anal
ysis- is of widespread use in speech research. It allows the 
simultaneous characterization of the local (in time) signal 
properties, e.g. the pitch and the formants, and the long-term 
changes during utterances. For slowly varying external 
parameters as subglottal pressure and muscle tension, spec
trograms can be regarded as spectral bifurcation diagrams. 
Such diagrams have been applied also to bifurcation analy
sis in acoustic cavitation [17], heterogeneous catalysis [18], 
and laser models [I 9]. 
. In order to detect bifurcations in sustained phona-

tion, narrow band spectrograms are required. Typically we 
use windows of about 200 ms giving a spectral resolution of 
5 Hz. Then the (dis )appearance of spectral peaks due to 
bifurcations of the underlying dynamical system can be 
monitored. In this way subharmonics (related to period
doubling or -tripling), side bands (a manifestation of toroi
dal modulations), and independent frequencies have been 
identified by spectrograms in voice signals [5,16,20,21]. 

Instead of using power spectra one can study also 
correlation measures. For example, short-term 
autocorrelation functions contain the same information as 
the corresponding spectra. However, correlation functions 
detect only linear statistical dependences. Therefore in non
linear systems the mutual information has been applied 
frequently [22,23 ,24]. This function vanishes, if and only if, 
signals are statistically independent [25,26]. However, the 
estimation of the mutual information from finite realizations 
is problematic [27]. Recently a generalized mutual informa
tion has been introduced [28] which is based on correlation 
integrals. Therefore, it can be estititated much more easily 
and with moderate computational effort. Consequently, also 
a sliding analysis of signals can be performed which has 
been termed "miogram" [29]. Some more details about this 
technique are given in figure captions and in another chapter 
of this volume [30]. 

It has been argued in the preceding section that 
sustained phonation of nonnal healthy voices leads to nearly 
periodic signals. Deviations from periodicity are often symp
tomatic of voice pathologies. Therefore various "perturba
~on measures" have been developed to quantify irregulari
~es. Many of these measures are based on "pitch contours", 
I.e. sequences of consecutive estimations of the local pitch 
period Since the pitch originates usually from the larynx, 
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diseases of the voice generating system are effectively 
studied by pitch contours. In a sense, these contours are 
comparable to RR-interval series in cardiology. Period
doubling is easily recognized in contours as alternating 
values, and low-frequency modulations lead to oscillating 
pitch contours [7, I 6,3 I]. 

Since many voice signals reflect low-dimensional 
attractors it is natural to estimate dimensions and Lyapunov 
exponents. This has been done in Refs. [5,14] for some 
vocalizations. However, the well-known non-stationarities 
on time-scales of a few hundred milliseconds prevent pre
cise estimations. In this paper we apply nevertheless related 
techniques to our data. In order to allow comparison to 
spectrograms and miograms we calculate local (in time) 
estimations of dimensions and Lyapunov exponents. We are 
convinced that these estimates are very crude estimators of 
the actual invariants due to the short windows and non
stationarities. However, they exploit quite different signal 
properties than spectrograms since they are based on phase 
space reconstruction and, hence, they reflect attractor prop
erties instead of temporal correlations. 

Estimates of the correlation dimension are ob
tained by averaging local densities (see [32,33,34,35] for 
details). In the resulting log-log plot (correlation integral 
versus distance) scaling regions are detected automatically 
[33]. In this way a fast sliding dimension analysis of also 
rather long voice signals are possible (a signal of200,000 
data points can be processed in a few minutes). 
. Lyapunov exponents measure the rate of separa-

tion of nearby states and are related, therefore, to the predict
ability of the system. There are several methods to estimate 
Lyapunov exponents from long stationary time-series 
[36,37 ,38,39]. 

It has been pointed out [ 40,41] that often also local 
stability measures [ 42,43] provide useful information about 
the dynamics. Deterministic mechanisms of physiological 
processes allow us to state that at least in the short term, the 
processes exhibit quasistationary character. The observa
tion of dynamical measures in short time-slices will then 
characterize their momentary state, and the observation of 
the temporal evolution of such measures provide informa
tion about the development of the physiological system. 
Combining the local divergence measure with a windowing 
technique should give us a very useful tool for measurement 
of global system dynamics. 

It will be shown that in view of the intrinsic non
~tionarity of voice signals sliding analysis techniques as 
mtroduced above are appropriate tools. We demonstrate 
below thatnon-stationarities also .have an advantage. Slowly 
varying parameters may induce several bifurcations within 
a single vocalization. It is not seldom that limit cycles, 
subharmonic regimes, tori, and chaotic episodes can be 
detected in a single newborn cry [ 4,5] orin a sustained vowel 
[16,21,31]. 



A Two-Mass Model of the Vocal Folds 
Any phonation model has to include aerodynami

cal and biomechanical components. In principle, the Navier
Stokes equations with time-varying boundaries together 
with nonlinear and inhomogeneous visco-elastic equations 
should be solved. However, much insight has been gained 
with the aid of simplified models, such as a two-mass model 
[13,44,45,46,47] or a 16-mass model [48]. Recently we 
have reduced the intensively studied Ishizaka-Flanagan 
mod~l to its very basic features [7,49]. Such drastic simpli
ficattons allow extensive bifurcation analysis. 

In the following we present first the symmetric 
model version in order to demonstrate the underlying physi
c~! mechanisms of phonation. Then a time-series from the 
asymmetric version will be analyzed. 

In two-mass models both folds are modeled by a 
lower and upper mass m1 and~, respectively. Their elon
gations xi (i= 1 ,2) are governed by the usual mechanical 
equations with spring constants ~ and ci, damping r. and 
coupling kc: ' 

The 9-function is related to an additional restoring force 
during closure of the glottis (a.=a. +2lx. < O· a ·rest area· I· 

I tO 1 ' iO' ' ' 
length of the glottis). The driving forces F. can be derived as 
follows: We assume constant pressure below the glottis 
(termed subglottal pressure P ) and above the glottis (vocal 

. s 
tract mput pressure Pi=O). Moreover we assume that at the 
point of minimum area a . a jet is formed which induces an 
• , nun 
unmediate pressure decay to zero. Consequently, the driv-
ing force of the upper mass F 

2 
is identically zero for all glottal 

configurations. F 
1 

= 1~ P 
1 

( d
1
: thickness of the lower mass) 

is the force exerted by the pressure P on the lower part of the 
glottis. The c.orresponding pressure P 1 can be obtained from 
the Bernoulh law: 

P. = e. (_!!_) 2 = Pt + e. ( U) 2 
2 tlmin 2 4t 

(2) 

Here p and U denote the air density and the glottal volume 
flow, respectively. Using 

U= 2 P. 
--2-
p 4 min 

(3) 

one obtains 

P, = P, [ 1 - 9{a,;n) ( ";;; )'] 8(11,). (4) 

It can be seen that for a convergent glottis 
(a1>amin =a2) the pressure is reduced by the Bernoulli term. 
This points to the essential mechanism of vocal fold vibra
tions: Normally the lower mass opens first and, hence, the 
full subglottal pressure pulls apart the vocal folds. After 

so?Ie delay (ab~ut 60 degrees phase shift) the upper mass 
pan: opens lea.ding to an increasing flow. Consequently, 
dunng the closmgphase the pressure P is reduced according 
to E~.(4). This pre~~ure asymmetry between opening and 
closmg phase constitutes the main driving force of vocal 
fold vibration in the chest register. The described interaction 
between flow and geometry allows the energy transfer from 
the vertical air flow to the vocal fold motion. The described 
wave-like motion of the vocal folds is found in deed in 
stroboscopic and high-speed observations. A more detailed 
justification of the various simplifying assumptions (lami
nar flow, no viscous losses, coristant sub- and supraglottal 
pressures, linear restoring force, ... ) can be found elsewhere 
[49]. A representative set of parameters is given in the 
Appendix. 

Bifurcations in the symmetric model version have 
been studied in [7,49]. As an attempt to model unilateral 
paralysis we analyzed in [20,50] an asymmetric version of 
the two-mass model. For this purpose the masses and elastic 
constants of one fold have been scaled as follows using an 
asymmetry parameter Q: 

k~iglat 
• = Q k~e/t 

c~iglal 
I = Q c~e/t (5) 

m~''"' = m~eft/Q I 

0< Q <1 

In this way the eigenfrequency of the affected fold 
is reduced by the factor Q. Instabilities have been found for 
Q<0.6 and subglottal pressure above P

5
=0.013 [50]. Typi

cally, at the borderline of normal phonation abrupt jumps to 
subharmonic regimes are observed [50]. Figs. 1 and 2 show 
a time-series and a miogram for a stepwise decrease of Q 
from 0.56 to 0.5. It can be seen thatthe pitch period increases 
with decreasing Q. 

At around 40,000 data points suddenly 
subharmonics appear at one-half of the pitch. At 46,000 
another complicated subharmonic regime is reached. In
spection of the peaks of the elongations x right andx left reveals 
h d 

. I I 
t at unng one cycle (about 5 times the original pitch 
period) five maxima ofx

1 
right and eight maxima ofx left occur 

i.e. we can interpret this regime as a 5:8 resonan~e. Fro~ 
50,000 subharmonics of one third of the original pitch 
("period-tripling") dominate corresponding to a 3:5 reso
nance in the above sense. The sequence of decreasing ratios 
from 2:3 to 5:8 to 3:5 is reminiscent of"Amold tongues" in 
bifurcation diagrams of coupled oscillators. Comprehensive 
bifurcation diagrams in the P s -Q parameter plane also reveal 
the appearance of toroidal and chaotic oscillations [50]. 

. At the beginning of the miogram in Fig. 2 a pitch 
penod T 

0 
of about 120 data points (::: 8ms) can be detected. 

Note that the dark band at about 60 points corresponds to one 
half of the period, i.e. to the minimum ofthe autocorrelation 
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Figure / . Smoothed time-series dU/dtfor the asymmetric two-mass model. 
Every 2000 data points (400 ms) the asymmetry parameter Q was 
decreased by 0.005. /n this way bifurcations to subharmonic regimes were 
induced. 
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Figure 2. Miogram of the signal in Fig. I (window length: 1000; window 
shift: 250. For each window the generalized mutual information was 
estimated with a coarse graining of 5%. The amplitudes are encoded by 
a grey scale and. hence, dark horizontal bands co" espond to peaks of the 
mutual information and indicate, therefore, periodicities. 

function. This reflects the fact that the mutual information is 
related to the squared autocorrelations [26,28] and, hence, 
also negative peaks induce peaks in the mutual information 
function. Around40,000 a jump to approximately the double 
period is visible (note the dark stripes around 130, 260, and 
390 points). Then period five and period three can be 
detected in the miogram. Similar information can be ob
tained from the corresponding spectrogram (Fig. 5 in Ref. 
[20]) and the pitch contour [31 ]). 

Despite the qualitative resemblance of our simula
tions to some observations in.unilateral paralysis [ 13, 12,20], 
we have to keep in mind that a 2-mass model is only a crude 
approximation of the real vocal folds. However, in simula
tions of a three-dimensional model based on partial differen
tial equations, similar bifurcations to subharmonic regimes 
and chaos have been found [ 15,51]. Moreover, the calcula
tion of empirical orthogonal functions from continuum 
models reveal that the dynamics is often governed by only 
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Figure 3. A view of the continuum model immediately before glottal 
closure with the posterior edges of the folds in the foreground. 

a few dominant modes. This can be regarded as a justifica
tion to study specific aspects of vocal fold vibrations such as 
left-right asymmetry with appropriate low-order models. 

A Continuum Model 
The most sophisticated models of the voice have 

been developed in the last decade at the National Center for 
Voice and Speech of the USA in Iowa-City [15 ,51,52,53]. 
These models are based on finite element simulations of 
vocal fold tissue. They incorporate detailed knowledge of 
the geometry of the vocal folds and allow the modeling of the 
layered structure (mucosa, ligament, and muscle vocalis). 
The most recent version also includes the numerical solution 
of the Navier-Stokes equations [54]. However, these simu
lations are extremely time-consuming and we discuss, there
fore, simulations based on the laminar flow hypothesis, i.e., 
the Bernoulli equation is used as above in the two-mass 
model. However, the visco-elastic equations are treated in 
much detail (414 nodal points). These finite element simu
lations.allow a rather realistic modeling of the vibrations. In 
fact, visualizations of the computer-generated pattern re
semble high-speed video observations very closely. 

Fig. 3 gives an impression of the simulated vocal 
folds. The model contains nine longitudinal layers. Each 
layer consists of 32 triangular finite elements. Altogether, 
there are 207 nodes per fold free to oscillate, the others are 
placed on fixed boundaries. Details about the simulations of 
this continuum model can be found in [51 ,55]. In these 
papers we have studied bifurcations due to varying subglottal 
pressure and muscle tension. It is shown using empirical 
orthogonal functions that only a few of the 14 potential 
modes contain most of the variance of the vibrations. More 
precisely, fornormal phonation two modes cover 98% of the 
variance, and also in the cases of subharmonic or chaotic 



vibrations the dominant four modes contain more than 90% 
of the variance. It turned out that the empirical modes were 
quite similar to the modes of the linearized model. This 
indicates that despite the highly nonlinear excitation via 
aerodynamical forces the excited modes are governed by the 
linear visco-elastic properties. The complex vibratory pat
terns due to decreasing sti ffness [51] can be considered as a 
model of vocal fry phonation [7,8]. 

In the following we study the transition to chaos for 
increasing subglottal pressure. Fig. 4 shows a spectrogram 
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Figure 4. Spectrogram f rom the output of the continuum model. The 
driving subgloua/ pressure was increased every 8,000 data points (400 
ms)from I 1.6 em H10 to 12.6 em H10. In between the regular oscillations 
and the higlzly irregular dynamics some additional spectral peaks indicate 
subharmonic or quasiperiodic components. 

Figure 5. 1st graph: Mouth sound pressure of the continuum model for 
increasing subgloual pressure (compare Fig. 4). 2nd graph: Initial 
decay of the autocorrelation function. 3rd graph: Decay rate of the 
mutual information f unction. 4th graph: Correlation dimension estimated 
for segments of 4096 data points (embedding dimension: I 0; delay-time: 
20 points; shift: 512 points). 5th graph: Estimations of the maximum 
Lyapunov exponent for segments of 1024 data points. The resulting cu~e 
has been smoothed by a running average over 512 subsequent estimates. 

of these simulations displaying a transition from regular 
behavior to irregular oscillations. 

In the upper graph ofFig. 5 the corresponding time
series shows the discussed transition to irregular vibrations. 
The second and third graph allow a comparison of 
autocorrelations and mutual information. For each window 
of 1000 points the mean initial slope (l -5 sampling points) 
was calculated. Both graphs reflect the transition around 
90,000 points, but the decay rate of the correlation function 
decreases whereas the rate for the mutual information in
creases. 

The other graphs show dimensions and Lyapunov 
exponents of the signal. The estimations of these invariants 
are consistent with the visual interpretation of the time
series and the spectrogram: There is an overall increase of 
both quantities from left to right and, moreover, there is a 
stepwise increase of the Lyapunov exponent which is con
sistent with the increasing irregularity displayed by the 
spectrogram. Since the decay of the mutual information is 
closely related to the Lyapunov exponent [22,24] the rather 
similar behavior of the decay rate (3rd graph) and the 
Lyapunov exponent is understandable. 

Of particular interest is the saturation of the dimen
sion estimate around four. This may indicate low-dimen
sional dynamics and provides, therefore, additional infor
mation which cannot deduced from the spectrogram. A low 
dimensionality is also consistent with the dominance of a 
few empirical orthogonal functions as discussed above (see 
Refs. [51 ,55] for details). 

Excised Larynx Experiments 
Experiments with human or animal larynges serve 

as a link between the human voice source in vivo and 
computer models [2,45,56]. They allow controlled and 
systematic parameter variations and easy observation of 
vibratory patterns. 

We have examined five larynges from large (about 
25 kg) mongrel dogs coming from coronary research units 
at The University of Iowa. The dissected larynges were 
mounted on an apparatus described in detail elsewhere 
[56,57]. Heated and humidified air was supplied from below 
as the driving force of the oscillations. The device was 
attached to several micrometers to control the adduction and 
the elongation of the vocal folds. To facilitate observation of 
vocal fold movement, a strobe light with adjustable fre
quency was placed above the glottis. The data were recorded 
on a color video system and afterwards digitized with 16 bit 
resolution and a sampling rate of 20 kHz. 

In our experiments instabilities have been studied 
for varying subglottal pressure and for asymmetric adduc
tion and elongation of the vocal folds. Two-parameter 
bifurcation diagrams can be found elsewhere [57]. Here we 
only summarize briefly the various dynamic regimes which 
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have been observed for overcritical asymmetry and pres
sure: 

• symmetric periodic phonation in head-like and chest-
like registers 

• whistle-like sound 
• periodic vibrations of the lax fold only 
• subharmonics, modulations, and irregular vibrations 

with both folds involved 
• aphonia, i.e. vibrations ceased for very strong asym

metric tension 
Typically, the parameter ranges of these regimes 

overlap, i.e. hysteresis is observed. Sometimes spontaneous 
transitions between different dynamical regimes appeared 
without external parameter changes. The bifurcations dis
cussed below have been induced by slowly increasing the 
driving pressure. Fig. 6 shows the resulting transition from 
nearly periodic vibrations via period-doubling to irregular 
oscillations with a strong subharmonic component. The 
smooth period-doubling and the sudden frequency jump can 
be seen very clearly in the corresponding pitch contour. A 
spectrogram of these bifurcations can be found elsewhere 
[57]. Despite the turbulent noise also the estimations of 
dimensions and Lyapunov exponents exhibit the expected 
increase in the transition region. 

~--aooo 

':t ,------__ --.---_'"~--.-------,.-------rr--1~ 

Voice Disorders 
In the last years bifurcations have been described in 

vocalizations of patients with nodules, polyps, papilloma, 
edema, hypo- and hyperfunctional dysphonia [ 16], chore a 
Huntington [58], spasmodic dysphonia [15], and unilateral 
paralysis (20]. To understand the underlying mechanisms of 
vocal instabilities is the main motivation of computer mod
eling (46,49,5 1 ], excised larynx experiments [57], and high
speed glottography [59]. 

In this section we study two examples of vocaliza
tions with a rich variety of transition phenomena. Fig. 7 
shows a miogram of a sustained "i" from a female patient 
with highly asymmetric papillomas. During most of the time 
the voice sounds breathy and has a pitch of about 300 Hz. 
However, intermittently transitions to regimes with another 
fundamental frequency (about I 80Hz) are found. Around 
9000 this frequency dominates whereas around 12,000 and 
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Figure 7. Miogram of a vowel "i " with frequency jumps and toroidal 
oscillations (see text and Fig. 8). 

- acoustic: slgrel (LU.J 

,J ~ ':b :~-~~ I 
Figure 6. Bifurcations in an excised larynx experiment for apparently 
symmetric folds at large pressure (about 19 em Hp). 1st graph: Time
series smoothed with a running average over 20 points to reduce the 
turbulent noise. 2nd graph: Pitch contour displaying period-doubling, 
f requency jump. and subhannonic components (period three). 3rd graph : 
Estimations of the correlation dimension from segments of 4096 data 
points (embedding dimension: I 0; delay: I 0; shift: 512 points). 4th graph: 
Smoothed estimates ofLyapunov exponents from segments of 1024 points. 
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Figure 8. Upper graph: Initial part of the signal analyzed in Fig. 7. Middle 
graph: Pitch contour displayingfrequencyjumps and toroidal oscillations. 
Lower graph: Correlation dimensions (window length: 4096; shift: 512; 
embedding dimension: 10; delay: 10). 



between 25,000 and 35,000 both frequencies are observed. 
Consequently, the whole signal can be characterized roughly 
by the following sequence ofattractors: limit cycle !-limit 
cycle 2-decaying toroidal oscillations - limit cycle I -
torus-limit cycle I. We note that due to turbulent noise and 
the obvious non-stationarity only traces of these attractors 
can be found. However, the analysis of the segment in Fig. 
8 is consistent with the above characterization. The time
series and the pitch contour reveal these episodes very 
clearly. Since 180Hz are 3/5 ofthe other frequency around 
12,000 a period five is indicated by the pitch contour. As one 
would expect there is an increase of the dimension during the 
irregular segment. It is very likely that the instabilities of this 
patient are due to the desynchronization of the left and right 

2 3 4 
Time in sec 

Figure 9. Narrow-band spectrogram (window size: 4096 points; Hamming 
window; shift: 512) for a rough sounding voice due to acute laryngitis. 

Figure 10. Representative segments of the signal studied in Fig. 9. Upper 
graph: 1:3 entrainment around 0.7 seconds. Middle graph: Toroidal 
oscillations around 1.3 seconds. Lower graph: 1:2 entrainment around 
3.1 seconds. 

vocal fold. However, a detailed characterization of the 
eigenfrequencies and the vibratory modes requires high
speed glottography which was not available during exami-
nation of this patient. · 

The other example is a sustained vowel "a" of a 
male person with acute laryngitis. Again the spectrogram in 
Fig. 9 displays a variety of dynamic regimes. First of all, 
there are two independent frequencies involved. This can be 
seen clearly between I s and 2 s. If we denote the basic 
frequencies by fl = 100Hz (increasing in that range) and 
f2 =300Hz (almost constant) one can detect the following 
linear combinations: fl + f2, 2f2, 2f2 + f •• 3f2- f •• 2f2 + 2f •• 3f2. 
Moreover, I :2 and I :3 frequency-locking can be observed at 
the beginning and near the end of the signal. In Fig. I 0 we 
present time-series of selected segments displaying toroidal 
oscillations and frequency-locking. 

Summary and Discussion 
As demonstrated in earlier papers [5,7, 14, 16] and 

by our examples in his paper, bifurcations and low-dimen
sional attractors are frequently observed in voice signals. 
There is no doubt that the theory of nonlinear dynamics 
provides the appropriate framework for the analysis of 
various voice instabilities. A hierarchy of aerodynamic
biomechanical computer models exist exhibiting bifurca
tions as found in voice signals. 

In this paper we have analyzed data from a rather 
simple model and a more sophisticated continuum model of 
the vocal folds. In addition we studied acoustic signals from 
an excised larynx experiment and vocalizations of voice 
patients. 

The central idea of this paper was the comparative 
application of five analysis techniques to all these data sets. 
Since natural voice data are characterized by slow variations 
o f external parameters we have varied slowly the parameters 
in our computer models as well. In view of these non
stationarities the analysis techniques have been applied using 
sliding windows of typically 200 ms. In the following we 
comment on the insight obtained by the different methods. 

Interestingly, conventional methods such as spec
trograms and pitch contours proved to be very useful in the 
detection and characterization of bifurcations. Compared 
with global linear models (as, e.g. , autoregressive pro
cesses) spectrograms allow a much more detai led analysis of 
signals. Local spectra are in a sense state-dependent quanti
ties and, hence, spectrograms can be regarded as a fi rst step 
towards intrinsically phase-space based techniques. The 
other conventional tool in voice analysis - the pitch con
tour - is also closely related to phase space analysis. The 
detection of events which define the borderlines of pitch 
periods (maxima, zero-crossing, ... ) are just special versions 
of Poincare sections. Consequently, contours are intimately 
related to Poincare maps of continuous systems. 
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The mutual information is a more powerful indica
tor of statistical dependences than correlation functions and 
spectra. In our examples, on long time scales spectrograms 
reveal essentially t~e same in formation aboutthe signals as 
miograms. However, as demonstrated in Fig. 5 linear corre
lations measures such as the autocorrelation decay may 
behave quite differently. Consequently, in our examples, on 
short time scales miograms contain more information com
parable to Lyapunov exponents or metric entropies (sum of 
all positive Lyapunov exponents) [22,23,24]. 

It is now widely realized that the estimation of 
dimensions and Lyapunov exponents from physiological 
data is quite complicated. However, these quantities provide 
infonnation aboutt he underlying attractors which cannot be 
obtained by spectral analysis. One should not expect precise 
estimations from relatively short segments of the data but a 
sliding analysis allows the comparison of the estimates for 
different dynamic regimes. For the simulations of the con
tinuum model and the excised larynx data there was indeed 
the expected increase of dimensions and Lyapunov expo
nents due to bifurcations. Although the absolute values of 
dimension estimates from only 4096 data points should be 
interpreted wit~ caution, the calculated dimensions are 
consistent with expectations: For noisy limit cycles the 
estimates are between 1 and 2 and more irregular segments 
lead to values between 2 and 4. 

In summary, the analysis of voice signals has to be 
adapted to the specific characteristics of the voice source. 
For example, pitch contours remove effects of the vocal tract 
filter and constitute, therefore, a valuablevariantofaPoincare 
section. Known parameter variations on time-scales of a few 

· hundred milliseconds require a sliding application of any 
measure based on stationarity assumptions. However, slowly 
varying parameters have the advantage that bifurcations of 
the underlying dynamical system can be detected in single 
voice signals. 

Appendix: Parameters of the Two-Mass Model 
Following mostly lshizaka and Flanagan we choose 

the following parameters to model.a normal voice. 

mt=0.125 ct=3kt 
m2=0.026 c2=3k, 

kt=0.08 
A:2=0.008 
A:c=().025 

rt=0.02 
r2=0.02 

P.=O.OOS (l:l:S 8cm H20) 
p=0.00113 
1=1.4 

Got=0.05 
Qo2=0.05 

All units are given in em, g, ms and their corre
sponding combinations. 
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Abstract 
Irregularities in voiced speech are often observed 

as a consequence of vocal fold lesions, paralyses, and other 
pa~ological conditions. Many of these instabilities are 
related to the intrinsic nonlinearities in the vibrations of the 
vocal folds. In this paper, a specific nonlinear phenomenon 
is discussed: The appearance of two independent fundamen
tal frequencies termed biphonation. Several narrow-band 
spectrograms are presented showing biphonation in signals 
from voice patients, a newborn cry, a singer, and excised 
larynx experiments. Finally, possible physiological mecha
nisms of instabilities of the voice source are discussed. 

Introduction 
The vocal folds, together with glottal airflow, con

stitute a highly nonlinear self-oscillating system. According 
to the accepted myoelastic theory of voice production, the 
vocal folds are set into vibration by the combined effect of 
sub glottal pressure, the visco-elastic properties of the folds, 
and the Bernoulli effect [ 1 ,2]. The effective length, mass 
and tension of the vocal folds are determined by muscle 
action, and in this way the fundamental frequency ("pitch") 
and the waveform of the glottal pulses can be controlled The 
vocal tract acts a s a filter transforming the primary signals 
into meaningful voiced speech. [3] 

Notmal sustained voiced sound appears to be nearly 
periodic, although small perturbations (in the order of a 
percent) are important for the naturalness of speech. Under 
certain circumstances, however, much larger irregularities 
are observed in vocalizations which are often associated 
with the term "roughness". In the phonetic literature phe
nomena such as "octave jumps", "biphonation"(two inde
pendent pitches), and "noise concentrations" have been 
reported for decades [4,5]. However, only within the past 

few years it has been pointed out that these observations 
might be interpreted as period-doubling bifurcations, tori, 
and chaos, respectively [6-10]. It has been shown using 
Poincare' sections and estimations of attractor dimensions 
and Lyapunov exponents that newborn cries [6] and vocal 
disorders [7-10] are intimately related to bifurcations and 
low-dimensional attractors. 

On the one hand, subharmonics and irregularities 
appear occasionally in normal vocalizations (newborn cries, 
[6] "vocal fry" phonation [9], and speech [11]. On the other 
hand, vocal instabilities due to bifurcations are often symp
tomatic in voice pathology.7' 10 Laryngeal stroboscopy re
veals that various voice disorders lead to irregular vibratory 
patterns of the vocal folds resulting in a rough voice quality 
[ 12]. The corresponding acoustic signals often show sudden 
jumps to subharmonic regimes (period-doubling or -tri
pling) and low-frequency modulations (tori) [7,8,10]. It is 
the aim of current research to understand the underlying 
physiological mechanisms of these bifurcations with the aid 
of high-speed films, excised larynx experiments [13,14], 
and biomechanical modeling [15,16]. 

Subharmonics and low-frequency modulations 
have been studied most extensively in previous studies. In 
this paper we focus on another phenomenon - the appear
ance of two independent audible fundamental frequencies 
termed "biphonation". Biphonation corresponds to a torus 
of the underlying dynamical system. Of course, also low
frequency modulations mentioned above represent a torus. 
However, modulations below, say, 70Hz are usually not 
perceived as independent pitch but as tremor ( 1-15 Hz) or 
roughness (20-70 Hz). Contrarily, two independent fre
quencies in the range of normal pitch are perceived as a 
highly dissonant sound and reflect, consequently, a serious 
deviation from normal phonation. · 
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A powerful tool for the analysis of independent 
pitches are narrow-band spectrograms. Spectrograms allow 
the detection ofbifurcations in systems with slowly varying 
parameters (4,5,6, 17, 18]. They are based on many subse
quent short-time power spectra of overlapping segments. 
The spectral amplitude is encoded as a grey scale and, in this 
way, the ( dis)appearance of spectral peaks owing to bifurca
tions of the underlying dynamical system can be monitored. 
For example, period-doubling is reflected in additional 
peaks in the middle of the harmonics of the original pitch. 
Low-frequency modulations lead to side-bands of the main 
spectral peaks. Biphonation is characterized by nonparallel 
dark lines which represent independently varying spectral 
peaks. 

In the following sections it will be shown that 
biphonation is a normally occurring event in a variety of 
voice signals including voice disorders, newborn cries, an 
artistic voice, and excised larynx experiments. We discuss 
possible physiological mechanisms leading to biphonation 
and review results from computer simulations. 

Biphonation in Voice Disorders 
The characteristic periods of vocal fold vibrations 

are a few milliseconds. Consequently, stationary segments 
in sustained vowels contain many cycles and the underlying 
attractor can be characterized by narrow-band spectro
grams. A Hamming window of 4096 points (about 200 ms) 
and a shift of5 12 points are used to generate the overlapping 
spectral segments. 

Normal (almost periodic) phonation leads to a 
series of parallel lines (see, e.g., the segment around 1.5 sin 
Fig. 1). Owing to slowly changing parameters such as 

N" 
6 
>-
{) 
c 
Q) 
:J 
C" e: 
u. 

0.5 1.5 2 2.5 3 
Time (sec) 

Figure I . Spectrogram showing biphonation in a sustained vowel "u" of 
a male patient with edema. Note the nonparallel lines in the final second. 
The signals in Figures 1-3 have been recorded at the University Hospital 
Charite' [7.19}. 
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subglottal pressure or muscle tension, transitions to other 
regimes can be induced. Such sudden changes reflect bifur
cations of the underlying dynamical system. Fig. I displays, 
for example, the appearance of a second series of spectral 
components around 2 s. This biphonation is audible as a 
rather dissonant sound. 

Two other examples of spectrograms with inde
pendent pitches are shown in Figs. 2 and 3. Note that the 
dominant spectral components in these graphs are not har
monically related. A part of the time-series of the vowel 
displayed in Fig. 3 has been analyzed in Ref. [8]. For a 
relatively stationary episode around 0.5 san attractor dimen
sion of 2.6 has been estimated. The examples presented in 

1.5 2 2.5 3 3.5 
Time (sec) 

Figure 2. Biphonation in a sustained vowel "u" of a male patient with 
papilloma. 

N" 
6 
>-
{) 
c 
Q) 
:J 
C" 
Q) 

u: 

Figure 3. biphonation in a sustained vowel "u" of a female patient with 
papilloma. 



2 3 4 
Time (sec) 

Figure 4. Biphonation and subharmonic regimes in a sustained vowel "a" 
due to active laryngitis. 

the Figures l-3 are chosen from a data base of2l patients 
with very hoarse voices. Obviously, biphonation seems to be 
a rather common phenomenon in vocalizations of patients 
with strongly perturbed voices. 

Fig. 4 shows a spectrogram recorded during acute 
laryngitis of one of the author s (RR). There is spectral 
energy at f

1 
= 300 Hz and at its harmonics and another 

frequency f
2 
= I 00 Hz. Up to 2.5 s several linear combina

tions are discernible (f
1 
+ f

2
, 2f

1 
+ f

2
, 3f

1 
- f

2
, ... ). An episode 

of 2: I entrainment can be seen between 3 s and 3.3 s. In 
addition, close to the end (3.5 s- 4 s) 3: I entrainment can be 
detected. This example illustrates that different dynamic 
regimes can be visualized by spectrograms even in a single 
sustained vowel. 

Biphonation in Newborn Cries 
The acoustic properties of newborn cries are in a 

sense comparable to sustained vowels of adults. Both serve 
to minimize the variation in vocal fold state and, conse
quently, one can find relatively stationary segments of a few 
hundred milliseconds. Due to the smaller size of the vocal 
apparatus the characteristic frequencies are shifted to higher 
values. The pitch is usually in the range of 400-600 Hz and 
the main resonances ofthe vocal tract are between 2kHz and 
3kHz. 

The sounds of newborn infant cries are used by 
clinicians for the evaluation of neurological and respiratory 
function. Already 30 years ago nonlinear phenomena such 
as subharmonics, two independent pitches, frequency jumps, 
and "turbulence" have been described in phonations of 30 
normal infants (4]. However, only recently these observa
tions have been related to bifurcations and chaos [6]. 

The authors of Ref. [20] claim that markedly com
plicated phonation is perhaps as common as the simple basic 
cry. They also display two spectrograms which clearly 
indicate two fundamental frequencies (biphonation). 

0.5 1 1.5 2 
Time (sec) 

Figure 5. Spectrogram of an infant (4 years old) with papilloma. 
Biphonation is indicated by a series of lines at multiples of about 400Hz 
and another spectral component with descending f requency. In this 
figure. a window of 2048 points was used. 

Robb and Saxman (21] analyzed 1200 non-cry 
vocalizations of 14 healthy infants with an age of 11-25 
months. They found subharmonics, frequency shifts, and 
biphonation to be normally occurring phonatory events. 
Subharmonics appeared much more often (54 instances in 
all14 children) than biphonation (5 instances in 4 children). 

It is worth discussing, why these nonlinear phe
nomena are more frequent in infants vocalizations than in 
the speech of adults. A possible explanation is that due to the 
relatively short vocal folds and the strong airflow the role of 
nonlinearities is more pronounced. Moreover, the instabili
ties may reflect laryngeal neuromotor immaturity. In other 
words, older speaker Jearn to control those phenomena. 

There is an intense research to exploit narrow-band 
cry spectrograms in the neonata l period for assessing the 
diagnosis and prognosis [22,23,24]. Chromosomal aberra
tions such as Down's syndrome or the cat-cry syndrome 
perturb newborn cries very markedly. Diseases affecting the 
central nervous system change cry characteristics and, there
fore, cry features can indicate disturbances ofbrain function 
due to oxygen deficiency, meningitis, or hydrocephalus 
[22]. It was found that especially biphonation is more 
common in infants with cerebral lesions [23]. 

Hirschberg and Szende compiled in a monograph 
[24] more than I 00 represent active sound signals from 
infants with various diseases. Biphonation was detected in 
cries of children with Soor laryngis and with Papilloma 
laryngis. Fig. 5 is obtained from the record which accompa
ni es the monograph (24]. 

In summary, biphonation is found occasionally in 
vocalizations of normal healthy infants. However, it is also 
symptomatic for brain damages and can be exploited, there
fore, as an early diagnostic tool. 
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0.5 1.5 2 2.5 3 3.5 4 
Time (sec) 

Figure 6. Voluntarily produced biphonation recorded by Pam Davis and 
Richard Troughear at St. Vincent's Hospital, Sydney. 

Biphonation in Normal Voices 
Sustained vowels of normal healthy adults are 

predominantly periodic. Only occasionally [ ll] or under 
extreme conditions (pressed voice, vocal fry, simulated 
creaky voice, inspiratory phonation) subharmonics and ir
regularities occur. Biphonation seems to be very rare in 
normal subjects. The impressive Mongolian overtone sing
ing cannot be regarded as biphonation, since these singers 
use only cultivated boosting of higher harmonics in order to 
mimic two independent frequencies. 

An example of reproducible sub harmonics, ampli
tude modulations, and inspiratory biphonation was reported 
by Mazo et al. [25] for Russian lament. In these emotionally 
charged expressions extreme parameter regions of the hu
man voice source are explored and, therefore, these phe
nomena are likely to occur. 

Now we present another interesting example of 
biphonation in a voice without known vocal pathology. A 
young female Australian singer was able to produce 
biphonation at high pitches and intensities. Fig. 6 shows a 
convincing example. In addition to the intended constant 
pitch f

1 
= 600 Hz and its harmonics another series of spectral 

lines is clearly visible. If we denote the frequency slightly 
below 200 Hz as f

2
, one can easily identify various linear 

combinations of the two frequencies: f
1

- f
2
, f

1 
+ f

2
, f

1 
+ 2f

2
, 

2f
1

- f
2

, 2f
1 
+ f

2
, .. .. Unfortunately, no stroboscopic or high

speed observations were possible to analyze the generation 
of this remarkable sound in detail. 

Excised Larynx Experiments 
Experiments with human or animal larynges serve 

as a link between the human voice source in vivo and 
computer models [1,14,26]. They allow cont rolled and 
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systematic parameter variations and easy observation of 
vibratory patterns. 

We have examined five larynges from large (about 
25 kg) mongrel dogs coming from coronary research units 
at The University of Iowa. The dissected larynges were 
mounted on an apparatus described in detail elsewhere [ 14]. 
Heated and humidified air was supplied from below as the 
driving force of the oscillations. The device was attached to 
several micrometers to control the adduction and the elonga
tion ofthe vocal folds. To faci litate observation of vocal fold 
movement, a strobe light with adjustable frequency was 
placed above the glottis. The data were recorded on a color 
video system and afterwards digitized with 16 bit resolution 
and a sampling rate of 20 kHz. 

. In our experiments instabilities have been studied 
for varying subglottal pressure and for asymmetric adduc
tion and elongation of the vocal folds. 2-parameter bifurca
tion diagrams can be found in Ref. [14]. Here we only 
summarize briefly the various dynamic regimes which have 
been observed for overcritical asymmetry and pressure: 

• symmetric periodic phonation in head-like and chest
like registers 

• periodic vibrations of the lax fold only 
• subharmonics, modulations, and irregular vibrations 

with both folds involved 
• whistle-like sound 
• aphonia, i.e. vibrations ceased for very strong asym

metric tension 
Typically, the parameter ranges of these regimes 

overlap, i.e. hysteresis is observed. 
In a parameter region of medium asymmetry and 

pressure we have found three different phonatory modes 
("registers"): A chest-like phonation revealed large ampli
tudes of vibration, complete closure, a pronounced phase lag 
between the lower and the upper edge ("mucosal wave"), 
and very intense harmonics. A falsetto-like phonation was 
characterized by small amplitude vibrations, incomplete 
closure, a weak mucosal wave, and less intense harmonics. 
A whistle-like phonation had a higher pitch, small vibration 
without any visible mucosal wave, and very weak harmon
ics. A preliminary explanation of the latter regime would be 
an interpretation as "vortex-induced vibrations" [ 14]. Some
times spontaneous transitions between different registers 
appeared without external parameter changes. In particular, 
Fig. 7 shows the coexistence of falsetto register (note the 
lines at multiples of about 11 5 Hz) and whistle register 
(series of nonparallel lines). 

In this case the origin ofbiphonation can be traced 
back to the coexisting registers. There are two different 
mechanisms at work to transfer energy from the vertical 
airflow to vocal fold vibrations: The phase lag between the 
lower and the upper edge (see [16,26,27] for details) and 
vortex shedding. 



soprano voice [14] . Moreover, the interaction of vortices 
with vocal resonances might induce secondary frequencies. 
Biphonation as discussed above is typically associated with 
a large airflow generating vorticity and, therefore, it seems 
likely that vortex shedding is involved. 

Coupling Between Vocal Folds and Sub-and Supraglottal 
Resonances 

This coupling might play a role in extreme situa
tions such as pressed voice where supraglottal pressure 
changes play an essential part in driving the vocal folds. 

Mucus 
It is a frequent observation in clinical practice that 

4 6 
Time (sec) 

8 1 o inappropriate management of mucus riding on vocal fold 
tissue leads to a perturbed voice. 

Figure 7. Biphonation in an excised larynx experiment. Details abolllthe 
experimental selllp and the parameter values are g iven in [14}. 

Mechanisms of Instabilities 
Biphonation is a specific kind of vocal instability. 

Other phenomena such as subharmonics and chaos are often 
found in nearby parameter regions. In the following we 
compile possible mechanisms leading to aperiodicities. 

Without making claims about their relative impor
tance, possible candidates are listed. 

Neurological Sources 
Unsteadiness of muscle contraction due to varia

tions in motor uni t firing is a possible source of physiologi
cal jitter and shimmer [28). Moreover, vibrato and vocal 
tremor in the frequency range of3-12 Hz seem to be related 
to a neural feedback loop [29) 

Modulations of higher frequencies (say, e.g., 40 
Hz) and subharmonic vocalization have predominantly bio
mechanical origin, i.e., the muscle tension can be regarded 
as approximately constant. This point of view is supported 
by computer simulations and excised larynx experiments 
which exhibit these phenomena without any variations in 
neuromuscular control. 

Aerodynamic Instabilities 
Even if the flow is not predominantly turbulent (as 

for a breathy voice) vortex shedding and instabilities of the 
jet emerging from the glottis may cause perturbations [30]. 
The interaction of vortex shedding with acoustic resonances 
may generate whistle-like sound. Moreover, by means of 
transverse "lift forces" periodically generated vortices can 
induce self-sustained oscillations of vibrating structures 
("vortex-induced vibrations"). Such a vibratory regime was 
described above for the excised larynx experiments and 
might be associated with the so-called whistle-register of the 

Asymmetry of Left and Right Fold 
For certain disorders such as unilateral vocal fold 

paralyses or highly asymmetric vocal fo ld lesions the 
desynchronization ofboth fold might be the dominant mecha
nism. Such asymmetry is explored extensively in computer 
simulations [16) and excised larynx experiments [14). 

Anterior-Posterior Modes 
Such horizontal motion can be seen frequently in 

stroboscopy and high-speed movies [31 ). However, in many 
cases these modes are entrained by the main vibratory 
modes, and hence, they do not induce much irregularity. 

Desynchronization of Horizontal Motion ("10-mode" 
related to opening and closing) and Vertical Modes ("1 I
mode" related to the well-known phase shift of upper and 
lower edge of the folds) 

These two vibratory modes are dominating for 
normal chest voice. Their desynchronization might play a 
prominent role in voice disorders. For example, vocal fry, 
which is often symptomatic in voice pathology, seems to be 
related to this mechanism. Computer simulations have shown 
[ 15] that a lax cover which slows down the 11-mode gives 
rise to vibratory pattern known from high-speed fi lms of 
vocal fry [32) . 

At the current state of the art, the presented list of 
sources of irregularities has a somewhat speculative charac
ter. It is the aim of intense research at the National Center for 
Voice and Speech and in other groups to substantiate the 
above conjectures. 

Discussion 
Computer models of speech production are valu

able to understand the basic mechanisms of normal and 
pathological phonation. There are conceptionally simple 

NCVS Status and Progress Report • 113 



two-mass models [9, 16,33,34] and sophisticated continuum 
models simulating the visco-elastic equations [2,8, 1 5,35,36]. 

Biphonation was found in the intensively studied 
Ishizaka-Flanagan model [33]. In that model the bifurca
tions to toroidal oscillations can be induced by detuning of 
the two normal modes (in-phase and out-of-phase motion of 
both masses) [37,28]. It is worth mentioning that in a 
simplified version of the two-mass without vocal tract only 
very small instability regions were found [9,39]. This result 
indicates an important role of the acoustic loading of the 
vocal tract for the generation of biphonation. 

In summary, with respect to these biomechanical 
models and for the excised larynx data we have some ideas 
about the mechanisms of biphonation. Unfortunately, the 
physiological mechanisms ofbiphonation in newborn cries 
and voice pathologies are still unclear. 

The following tools seem to be essential for further 
progress in understanding the underlying mechanisms of 
instabilities: 

Two-Parameter-Bifurcation Diagrams 
This means that the instabilities are located in 

planes of parameters of physiological interest (subglottal 
pressure, muscle tension, ... ). For example, voice range 
profiles (phonetograms) can be regarded as such diagrams 
where regions of sustained oscillations are separated from 
regions of no phonation. Bifurcation diagrams have been 
calculated for the asymmetric 2-mass model [16] and mea
sured in excised larynx studies [14]. 

Mode Concept 
The characterization of instabilities as 

desynchronization of vibratory modes provides a frame
work for the classification of biomechanically induced ir
regularities in models and observations. 

Excised Larynx Studies 
Experiments with human or animal larynges serve 

as a link between the human voice source in vivo and 
computer models (26]. They allow controlled and system
atic parameter variations and easy observation of vibratory 
patterns. 

High Speed Digital Imaging 
A visualization of irregular patterns is of central 

importance for detecting the physiological mechanisms of 
instabilities. 

These techniques and broad interdisciplinary co
operation will hopefully lead to a better understanding and 
treatment of voice disorders in the future. 
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Introduction 
It is generally understood that the fundamental 

frequency of oscillation (F,) of the vocal folds is controlled 
primarily by the cricothyroid muscles, secondarily by the 
thyroarytenoid muscles, and tertiarily by subglottal pres
sure. Increased activity in the cricothyroid (CT) muscles and 
increased subglottal pressure (P) raise F

0
, whereas in

creased activity in the thyroarytenoid (T A) muscles may 
either raise or lower Fo (Larson-Kempster 1983; Titze
Luschei-Hirano 1989). The lack ofunidirectionality ofF 
with TA activity is a result of the complex way in which th~ 
effective length, tension, and mass change when the 
thyroarytenoid muscles contract. Whereas the effective ten
sion always increases when the CT muscles elongate the 
folds, or when Ps increases the amplitude of vibration, the 
effective tension may decrease when theTA muscles shorten 
the folds. This is because the increased slackness of the vocal 
fold cover may dominate over the increased stiffness of the 
body. 

This leads us to the body-cover hypothesis for F 
control first proposed by Hirano ( 1976) and Fujimura ( 1981 ): 
Simply stated, it suggests that the morphology of the vocal 
fold lends itself to a mechanical division between two 
groups of tissue layers that are set into vibration by the 
glottal airstream. The tissue groups are coupled in the lateral 
direction, but have rather different mechanical properties. 
The outer group, or cover, is heavily irrigated with liquid 
(proteoglycans). The cover can therefore propagate a sur
face wave that facilitates energy transfer from the glottal 
airstream to the vocal fold tissues (Baer 1975; Stevens 1977; 
Titze 1988b ). Its tension is controlled by vocal fold length. 
The inner group, or body, is composed of the deep layer of 
the lamina propria (strands ofligament) and theTA muscle. 
It is less deformable and has active contractile properties. Its 
tension is therefore not only determined by length, but also 
by active stiffening of the muscle internally. The combined 

tension of the portions of the body and cover in vibration 
regulate the fundamental frequency F

0
• 

A first attempt to quantify the body-cover hypoth
esis was offered by Fujimura (1981), who related the elon
gation of the vocal folds to CT and T A contractile forces. No 
data on effective stiffnesses were available at the time , 
however, and the model was in fact more conceptual than 
quantitative. Since then, a number of studies have emerged 
on active length-tension characteristics of isolated laryngeal 
muscles (Aiipour-Haghighi-Titze-Durham 1987; 
Perlman-Alipour-Haghighi 1988; Alipour-Haghighi
Titze-Perlman 1989) to justify a more quantitative look at 
the mechanics of Fo control. Major questions of research 
interest are: 1) Can a simple body-cover model predict both 
Fo rises and falls when the T A is activated? 2) Under what 
conditions does Fo rise, fall, or stay constant with T A 
activity? 3) What is the mechanism by which F changes 
with subglottal pressure? o 

ThispapersUDnDUUizessomerecentfindingsbythe 
author and his colleagues in the area ofF control (Titze
Jiang-Druker 1988; Titze-Luschei-Hirano 1989; Titze 
1989a; Titze 1991 ). The mechanics of cricothyroid joint 
rotation will first be summarized. This is followed by some 
data on T A stimulation and EMG recordings on several 
human subjects. Finally, theFo -subglottal pressure relation
ship will be clarified on the basis of the ratio of vibrational 
amplitude to length of the vocal folds. 

Mechanics ofThyroid Cartilage Rotation 
Vocal fold length is regulated by the combined 

actions of the cricothyroid and thyroarytenoid muscles. A 
simplified view ofthis mechanism is shown in Figure 1. In 
parts (a) and (c), sketches of the lateral view of the larynx 
show how the thyroid cartilage can rotate with respect to the 
cricoid cartilage. 
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Figure 1. Latera/view oftheframeworkofthe larynx. a) and c), thyroid 
cartilage rotation due to cricothyroid muscle contraction. b) and d), 
simplified sketches for calculation of torque equilibrium. 

The point of rotation is the cricothyroid joint J. A 
simplified conceptualization of this rotation is shown in 
parts (b) and (d) with the aid of stick figures. The cricoid 
cartilage and the arytenoid cartilage is represented by the 
anchored, vertical stick. The two cartilages are considered 
fused together in this simplified analysis, although slippage 
in the joint is possible and has been incorporated in more 
recent analyses. The thyroid cartilage, represented by the 
90° elbow, assumes all the motion in this model. (The 
motion is relative and could equivalently have been as
signed to the cricoid cartilage, or some combination ofboth, 
as may be the case in the human 1~.) 

We see that contraction of the CT muscle rotates 
the elbow downward, thereby elongating the vocal fold by 
an amount ll£. Contraction of the TA muscle, on the other 
hand, can shorten the vocal folds by creating the opposite 
rotation. 

Assume the perpendicular distance from the point 
of rotation J to the line of action of the CT force to be w 
(Figure I b). Similarly, assume the perpendicular distance 
from the point of rotation to the line of action of theTA force 
to be h. Summation of the torques around the joint yi~lds, for 
static conditions, 

wfa = hfra + kB (1) 
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whereJ;, an<lfiQ are the active.CT and TA forces, respectively, 6 
is the angle of rotation, and k is an empirically detennined 
torsional stiffuess that accounts for all of the passive re
straining and restoring forces in the vocal folds around the 
joint. In general, none of the quantities in equation (I) is a 
constant. The forces fc, and !,a vary with muscle activity 
(number of recruited motor units and firing rate of each unit) 
and with muscle length. The moment arms w andh can vary 
slightly with the angle of rotation, but for small angles may 
be considered approximately constant. The torsional stiff
ness k is also likely to be a function of 6. 

Notwithstanding this complexity, it is useful to 
begin with the simplest possible model and add higher order 
corrections only when theory and observation do not agree. 
Let us assume, therefore, that w, h, and k are constants, at 
least over some range of 6. Let us also recognize that 6 is a 
small angle because the cricothyroid space is small in 
comparison with the dimensions wand h. We can then write 

JiL = hsinB .. h8 (2) 

and equation (I) becomes 

(3) 

This provides us with a basic beginning relationship be
tween vocal fold elongation and the two major opposing 
muscle forces J;, and !,a· Preliminary anatomical measure
ments of w and h on two canine larynges (Titze--Jiang
Druker 1988) suggest that the w/h ratio is on the order of I. 
This ratio also governs the relative elongations of the two 
muscles. If we designate Lll' to be the shortening of the 
cricothyroid muscle, then by comparing the sine of equal 
angles 6 in Figure I (d), we see that 

liL1 = (w/h)i!L (4) 

This relationship will be important for relating future length
tension measurements on isolated cricothyroid muscle tis
sue to control of vocal fold length. 

Ina preliminary experiment(Titze--Jiang-Druker 
1988), it was possible to measure length changes in vivo on 
ani.mals (canines) as a function of peak cricothyroid and 
thyroarytenoid muscle contraction. In order to relate the 
results to the discussion presented here, let a and a 
represent the muscle activity levels of the CT a and T A, 
respectively, ranging between 0 and I (100%) of maximum 
activity. Furthermore, let the elongation&. be divided by an 
appropriate vocal fold reference lengthL o so that size differ
ences between larynges can, to first order, be eliminated by 
normalization. Equation (3) can then be written in terms of 
the vocal fold strain e, such that 



( 
wFa ) --a -a hF a m 

tG 
(5) 

(6) 

where Fa andF,a are the maximum forces (corresponding to 
maximum muscle activities) developed by the CT and TA. 
Equation (5) states that the effectiveness of the cricothyroid 
muscle in elongating the vocal folds is weighted by the ratio 
of the maximum torques (wFa and hF,) developed by the 
two muscles about the cricothyroid joint. 

Equation (6) shows that there are two coefficients 
to be determined experimentally, the gain factor G and the 
torque ratio R. First estimates are G = 0.1 and R = 3.5 for 
canines (Titze-Jiang-Druker 1988), but these may be 
rather different for humans. In particular, the human 
cricothyroid muscle is much smaller than the canine CT, 
suggesting that R may be considerably smaller in humans. 

Pitch Regulation With Vocal Fold Length 
The most difficult problem that is faced in predict

ing fundamental frequency from basic biomechanic prin
ciples is the lack of knowledge about the effective mass in 
vibration. It is clear that the amplitude of vibration is 
maximum at the medial (glottal) surface and decreases 
laterally into the tissue. Vibration in thethyrovocalis portion 
of the body is less than vibration in the cover, and vibration 
in thethyromuscularis portion appears to be near zero. In the 
vertical dimension, it is also difficult to predict what portion 
of tissue is in vibration. Given this difficulty, some interme
diate steps are necessary to eliminate the need for direct 
measurement of effective mass. 

Consider the vibrating portion of the vocal fold to 
be a "fat string" as shown by the dashed outline in Figure 2. 
Let the cross-section of the fat string be A, and let it include 
portions of the cover and body, as indicated Extending the 
simple string formula for the lowest mode of vibration to the 
fat string of finite cross-section, we have 

1 
Fo = 2L (u/ p)lfl (7) 

where cr is the mean longitudinal stress (mean tension per 
unit cross-sectional areaA) and p is the mean tissue density, 
expressed in mass per unit volume. 

The volumetric density can be considered constant 
across the body and cover. Measurements we have made on 
various layers of tissue (Perlman-Titze 1988) indicate 
values ranging between 1.02 glcm3 and 1.04 glcm3, with an 
average value of 1.03 glcm3• 

variable depth of vibraUon 

A 

Figure 2. Schematic ofvocalfold showing body and cover. The effective 
depth of vibration within the vocal fold is indicated by the dashed line. 

With the den~ity p constant in equation (7), only 
two variables remain that affect F in this simple model L 0 , 

and cr. Let us assume that the mean stress cr is the sum of an 
active stress and a passive stress, such that 

(8) 

where crP is the mean passive stress over the entire vibrating 
cross-section A, Au is the cross-section ofthe TA muscle in 
vibration, cram is the maximum active stress developed in the 
TA, and a,a is the activity level of the TA, as defined 
previously. The equation is a direct result of summing 
longitudinal forces (tensions) along the vocal fold, as can be 
verified by multiplying both sides of the equation by A. 

The passive stress can be determined indirectly 
from fundamental frequency measurements on human la
rynges (Titze 1989b), 

(9) 

and the maximum active stress in the thyroarytenoid muscle 
is estimated from data by Alipour-Haghighi-Titze
Perlman ( 1989) 

u am = 100( 1 + 0.6e) kPa (10) 

Combining equations (7)-( 1 0), we obtain 

( 
A u )lfl 

F=Fl+~~a 
o op A U tG 

. p 

(11) 

where F ap = (l/2L)(cr/p)'n is the passive fundamental fre
quency (when a,a = 0). 
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Several observations are in order here. First, we see 
that the passive fundamental frequency is augmented by an 
active componentthat depends on an area ratio, a stress ratio, 
and the level of activity in the thyroarytenoid muscle. The 
area ratio can vary between 0 and I, indicating that either 
none or all of the vibrating cross-section is muscle. The 
stress ratio can vary over larger ranges. Equation I 0 gives a 
maximum active tetanic stress (a au) of I 00 kPa ate= 0 and 
124 kPa at e = 0.4. The passive stress (aP in equation 9) 
ranges between 1.0 and 40 kPa for the same range of e. This 
yields a aajaP ratio that varies from 100 ate= 0 to 3.1 ate 
= 0.4. Given these stress ranges, it is clear that the active 
contribution to Fo in equation (II) can range from being 
completely negligible (whena,a is near zero) to being domi
nant when ara is near I andA /A is near I. Whether or not F 
will rise or fall with increasing a will depend on whether~ 
~op. in Fop d~e to a length dec~;se will be overcome by a 
nse m the active term in parentheses of equation (11). We 
will now address this question quantitatively. 

Variations in F Based on Muscle Activities 
0 

The combined set of equations in the previous 
section give predictions ofF as a function of CT and T A. . 
muscle activity levels. One p;rameter,A,/A, is yet undeter
mined. This area ratio parameter, which quantifies the 
degree to which the TA muscle is in vibration, can be varied 
over its range ofO to I to determine the effect onF . Results 
of the model are shown in Figure 3. Here a i~ plotted 
vertically and ara horizontally. We have te~ed such a 
diagram a muscle activation plot (MAP). Thus, Figure 3 is 
a MAP for the two primary laryngeal tensor muscles CT and 
T A. Fo varies in 50 Hz increments from a low of I 00 Hz 
(lower left comer) to a high of 450 Hz (upper left comer). 
Solid lines are forA/A =0.3 and dashed lines are forA lA = 
0.6. These ratios are estimates to represent the soft anlloud 
conditions, respectively, in some experimental data (Titze
Luschei-Hirano 1989). In other words, less than one third 
of the vibrating cross-section is assumed to beTA muscle in 
soft phonation, whereas nearly two-thirds of the vibrating 
cross-section is assumed to be muscle in loud phonation. 

Several observations are in order with regard to 
Figure 3. First, the lowestF is attainable with Iowa and low o a 
a,a (lower-left quadrant of the MAP, where speech is pro-
duced), the highest F is attainable with high a and low a o a ta 
(upper-left quadrant, where falsetto is produced), and inter-
mediate values of Fo are found in all quadrants. Since the 
constant Fo lines are continuous, an infinite number of 
combinations ofCT and TA activity is possible for every F

0
• 

For example, 300 Hz can be obtained in the upper left 
quadrant with ara = 0 and aa = 0.76. With only a gradual 
increase in a a (solid line for AlA= 0.3), a can vary aU. the • a 111 

way mto the upper right quadrant. With a combined reduc-
tion in both a a and a,~ the 300Hz curve extends all the way 
into the lower left quadrant. Thus, the motor system is 
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Figure 3. Theoretical muscle activation plot (MAP). Solid lines of co11stant 
Fo are for A/A= 0.3 and dashed lines for A/A= 0.6. 

dealing with a peripheral mechanism that offers multiple 
solutions to accomplish similar tasks. These redundancies 
may be removed, however, when more stringent require
ments are put on the type of vocalization, such as specific 
loudnesses, qualities, or dynamic F

0 
changes. For example, 

~ 300 Hz tone may have distinctly different vocal qualities 
m the three quadrants. It is likely to be a falsetto sound in the 
upper left quadrant, a chest sound in the upper right quad
rant, and a pressed sound in the lower right quadrant. 

· The second point to make is that changes inF with 
increased TA activity are all positive in the lowe~ left 
quadrant. A positive increment in a (toward the right) will 
approach a higher Fo curve, both for the solid lines (soft 
phonation) and the dashed lines (loud phonation). This is a 
direct result of the downward bending of the curves in this 
quadrant. Similar statements can be made about the lower 
right quadrant, but phonation is less likely to occur in this 
region because the vocal folds are highly adducted. Near the 
top of the upper quadrants, eo can be negative with in
creaseda,a. Displacement to the right from a givenF curve 
will approach a lower Fo if the curves have a positive" slope. 
Thus, Fo and a,a are inversely related at the higher frequen
cies, especially for A/A = 0.3 (solid lines corresponding to 
soft phonation). This theoretical result agrees with experi
mental findings on human subjects (Titze-Luschei-Hirano 
1989; Titze 1991). 

The 350 Hz curve is even more interesting. Here 
both positive and negative changes in F are predicted with 
• • 0 

mcreasmg a,a· Upward sloping lines in the upper left quad-
rant give rise to negative M with increasing a for soft 

• 0 Ia 

phonation, whereas the downward sloping lines for loud 
phonation give rise to positive eo. Experimental results 



(Titze-Luschei-Hirano 1989) confirm this sign reversal, 
but data on stimulated T A muscle activity in humans are still 
somewhat scarce. 

In EMG studies of singers performing a crescendo 
at constant pitch (Hirano-Vannard-Ohala 1970; Hirano . 
1.988), the CT activity usually decreased while the T A 
activity increased. This indicated that lung pressure was one 
of the major mechanisms for increasing loudness. Given that 
Fo increases at a rate of 2-6 Hz/cm ~0 with increased 
subg1otta1 pressure (see below), some Fo compensation can 
be achieved by reduced CT activity. Figure 3 predicts that 
crescendos at constantF should be trajectories between the 

0 • 

solid lines and the dashed lines iflung pressure is increased 
a~d the amplitude of vibration grows. Should T A activity 
stay constant in the process, the trajectories would be verti
cal (downward). This implies an automatic reduction in CT. 
If T A activity is increased together with lung pressure, the 
trajectories are sloping or straight lines from left to right. The 
slopes of the trajectories should be positive at high Fo and 
zero or slightly negative at intermediate F

0
S. At low funda

mental frequencies, the situation is more complicated be
cause of the highly curved nature of the constant Fa lines in 
Figure 3. In the lower left quadrant, it may be necessary for 
T A to decrease in order to follow a trajectory from the solid 
to the dashed line. 

Dependence of F
0 
on Subglottal Pressure 

It is well known that the fundamental frequency of 
phonation is dependent on subglottal pressure. Falsetto 
register included, an overall range of 1-10 Hz/cm ~0 
increase in fundamental frequency with subglottic pressure 
has been reported under various phonatory conditions over 
three decades of experimentation (van den Berg 1957; 
Isshiki 1959; Ladefoged 1963; Fromkin-Ohala 1968; 
Ohman-Lodqvist 1968; Lieberman-Knudson-Mead 
1969; Hixon-Klatt-Mead 1971; Baer 1979; Rothenberg
Mahshie 1986). Summarizing the changes inFo withPs seem 
to be smallest in the high-pitched chest register (1-3 Hz/cm 
~0), greatest in the falsetto register(5-1 0 Hzlcm ~0), and 
intermediate in the low-pitched chest register (2-6 Hz/cm 
H

2
0). Given that subglottal pressure is the primary variable 

for control of vocal intensity (Fant 1983; Titze 1988a), it is 
evident that intensity and frequency are not contro~led 
independently in the human vocal system. Speakers tend to 
raise their voice in pitch when they raise their voice in 
loudness, and they do it differently in different portions of 
their vocal range. This interaction was noted many years ago 
by clinicians searching for an optimal pitch for a given 
loudness (Fairbanks 1960). 

Although this intensity-fundamental frequency de
pendence is not thought to be an extraordinary discovery in 
experimental phonetics, it has been difficult to find adequate 
explanations for the underlying physical nature of the phe-

nomenon. One usually expects the amplitude and frequency 
of simple oscillators to be uncoupled. Musicians would find 
it difficult to play an instrument if a crescendo frompp toff 
would raise the fundamental frequency several semitones. 
On a keyboard instrument, such as a piano, an intensity
frequency dependence in the vibrating string would restrict 
the instrument to a fixed intensity level if the frequency were 
to remain nominal. A tuning fork would not have much 
value as a calibration instrument if different pitches were 
obtained with different excitations. We have come to expect 
sound producing instruments to have two separate "knobs," 
one for loudness and one for pitch. 

Let us push the analogy with musical instruments 
a little further. An inexpensive ukulele with rubber strings 
does have an intensity-frequency interaction. To get a loud 
sound, the rubber string has to be plucked with a large initial 
amplitude of vibration. As this amplitude decays gradually, 
the frequency of the rubber string sags. Close examination 
of other instruments, even those constructed with better 
materials, reveals that at extreme ranges of intensity, the 
frequency may rise or sag, albeit very little in a good 
instrument. 

It appears that the human vocal folds are in the 
same category as the poorly constructed ukulele in thatthey 
are incapable of shaking this frequency-amplitude depen
dence, even over normal ranges of phonation. The problem 
is not that the biological material is inappropriate, but that 
the geometry of the instrument is far from ideal. Builders of 
string instruments learned early on that long strings under 
high tension are better than short strings under low tension, 
even though the pitches may be the same. The bodies, and 
particularly the necks, of stringed instruments are optimized 
for length (without, of course, compromising one's ability to 
play them). Ideally, theAdam'sapple should protrude a long 
distance out of the neck, allowing the vocal folds to be about 
a meter long. 

What is the relevant parameter? The ratio of the 
vibrational amplitude of the string to the length of the string. 
Fora piano string this ratio is less than 0.001, for the rubber
band ukulele, it is on the order of 0.01, and for the vocal 
folds, it is on the order of 0.1. This accounts for the corre
sponding difference in amplitude-frequency dependence 
between these instruments. The importance of the amplitude 
to length ratio will now be demonstrated quantitatively. 

Amplitude-Dependent Tension 
In the development of the acoustic properties of 

ideal strings, it is assumed that the tension stays constant 
when the string is deformed in the transverse direction. This 
is a good approximation when the curved length of the string 
and the straight ( undeformed) length of the string are very 
nearly the same. The tension, which is length-dependent in 
elastic materials, is then increased only a negligible amount 
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when the string assumes its maximally defonned state for a 
given mode of vibration. The validity of this assumption 
depends entirely upon the ratioA/L, whereA is the transverse 
mode amplitude and Lis the length of the string. 

Although the string model is inappropriate in a 
number of ways for vocal fold vibration, it is surprisingly 
useful for the study of fundamental frequency control. This 
is because the major elastic restoring properties of the vocal 
fold tissues are longitudinal (string-like) fibers. Elastin and 
collagen fibers are found in large concentration in the vocal 
fold cover (Hirano-Kurita-Nakashima 1981 ), and muscle 
fibers make up the major portion of the body of the folds. The 
string model fails to capture the vertical degrees of freedom 
of the vocal folds, however. This can be remedied if one 
replaces the string model with a ribbon model. The finite 
width of the ribbon does not alter the longitudinal restoring 
properties much, but allows for vertical modes of vibration. 
In particular, it allows for a phase delay between the upper 
and lower portions of the vocal folds, which has been shown 
to be essential for efficient energy transfer between the air 
and the tissue (Titze 1988b; Ishizaka-Matsudaira 1972). 

Because the self-oscillating mechanism of the vo
cal folds is not under discussion here, and because the ribbon 
model and the string model have similar longitudinal restor
ing properties, continued use will be made of the string 
model for the present discussion of amplitude-frequency 
dependence. Let us define the dynamic strains of the string 
to be the fractional (percent) difference between the curved 
string and the straight string. In previous work (Titze 1989b ), 
it was shown that the time-average of the dynamic strain is 

(12) 

where A is the amplitude of vibration andL is the vocal fold 
length. This time-averaged value of the dynamic strain can 
be added to the static strain e in any stress calculation, such 
as in equation (9). 

Realizing that s is on the order of0.01 (a 1 mm 
amplitude and a 10 nun length are typical), the exponential 
factor e9.2i in equation (9) can be expanded as (1 + 9 .2S), and 
upon substitution of the passive stress into equation (7), the 
passive fundamental frequency (F

0 
for a,a = 0) becomes 

Fop = (8.67/L) (1 + 5.69A 2fL2 )e4
•
61

LILo (13) 

Note that the AIL ratio is involved in a very explicit way. If 
this ratio were less than 0.001, as in a piano string, the 
frequency-amplitude coupling would be entirely negligible. 
ForA/ L = 0.1, however, there is an approximate 6% increase 
in the fundamental frequency attributed to dynamic strain. 
The exact value of AIL will depend on the subglottal pres
sure, of course, as will be shown below. 

Before proceeding with the presentation of ampli
tude and frequency data, it is interesting to comment briefly 
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on the theoretical dependence of F
0 
on the vocal fold length 

L. For moderate to large lengths (.5 < VLo < 1.0), the 
exponential factor overpowers the 11 L factor, causing the 
frequency to rise sharply withL. For small lengths, however, · 
the exponential factor begins to asymptote toward unity, 
whereas the 11 L factor asymptotes toward infinity. More of 
a trade-off between these two factors is therefore possible 
for shorter vocal folds. Our data will show that F is less 

0 

sensitive to L when the folds are shorter than when they are 
longer. In this region oflesser sensitivity ofFo toL, sub glottal 
pressure seems to play a more dominant role inFo control. 

The relation between amplitude of vibration and 
subglottal pressure has not been quantified in humans. 
Informal observation with videostroboscopy suggests that 
greater pressures result in greater amplitudes, but no math
ematical relationship has been proposed. E~cised canine 
larynges have been ·Used, however, to obtain reasonable 
approximations (Titze 1989b ). The amplitude of vibration 
varies nearly as the square root of the subglottal pressure in 
canine larynges. An empirical model of the amplitude as a 
function of length and sub glottal pressure is 

A = (a - PL/ L0)P~12 · , (14) 

where Psis in em ~0, a and f3 are empirically determined 
constants, L o is the reference length discussed previously in 
the context ofthe stress-strain curve (1.6 em), and£ is the 
membranous length. For a= 0.0862 em and /3= 0.0824, the 
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Figure 4. Predicted fundamental frequency versus subglottal pressure 
from equations (13) and (14). The parameter is membranous vocal fold 
length in em. 



best match to excised larynx data (Titze 1989b ), the varia
tion of Fo with subglottal pressure and length is shown in 
Figure 4. In this model, M'/ &'

1 
varies between 6.1 Hz/ em 

H20 and 0.54 Hz/cm H20 (at L = 0.5 em and 1.2 em, 
respectively). 

The fact that the Fo-Ps dependence is linear is a 
direct consequence of the P

1 
~ variation with vibrational 

amplitude. If we use the chain rule of differentiation 

we see from equation (13) that dF
0
/dA varies directly with 

A (upon differentiation). This in turn corresponds to a Ps ss 
variation according to equation (14). When iJA!dPs is then 
evaluated from equation (14), a P;~ factor appears that 
exactly exactly cancels the Ps'la factor. This makes the slope 
of the lines constant withP

1
, a fortunate results that may not 

always occur. In explicit form, equation ( 15) becomes 

(16) 

which now depends only on the length L. Note the inverse 
cube relationship withL, which accounts for the sudden rise 
in the slope for small lengths (Figure 4). For larger lengths, 
the exponential factor is overridden by the ( a-{3UL)

2 
factor, 

which approaches zero as L approaches L
0

• Thus, the slope 
diminishes for higher frequencies in the chest register, as has 
been observed by other investigators (e.g., Baer 1975; 
1979). 

As mentioned earlier, the spacing between the lines 
for different elongations is less at shorter lengths. This is 
borne out clearly in Figure 4. Given that the slopes are 
different at these similar lengths, it would appear that F,, 
control by subglottal pressure would play an important role 
at low (speaking) pitches, but would diminish in importance 
at higher pitches in the chest register. In the falsetto register, 
on the other hand, a different effective stress-strain curve is 
likely to be encountered because vibration is restricted to the 
cover tissue of the vocal foldS. The ligament tension may 
dominate rather than the muscle tension, which could cause 
a marked increase in the Fo-Ps slope. This effect could be 
modeled by replacing the coefficient 4.61 in the exponential 
factor in equation (9) by a larger number, but since insuffi
cient data are available at present, this extension of the 
model will be left for future investigations. 

Conclusion 
An explanation has been offered for why increased 

thyroarytenoid muscle activity can both raise and lower F
0

• 

When the cover is lax and the amplitude of vibration is 
sufficiently large to include a portion of the muscle in 
vibration, increased thyroarytenoid activity will raise F

0
• 

This is because the increase in tension in the muscle out
weighs the decrease in the tension in the cover that may 
result from a small decrease in vocal fold length. This effect 
increases with increasing vibrational amplitude, i.e., with 
increased loudness, because more of the muscle is involved 
in vibration. 

When the cover is very tense (large cricothyroid 
activity with elongated vocal folds), the active tension in the 
T A muscle cannot match the tension in the cover and the 
vocal1igament. Greater contraction of the muscle will lower 
F

0 
because the small gain in muscle tension is outweighed by 

reduced tension in the cover that results from a small 
decrease in length. The length-tension curve for the cover is 

· very steep at large elongations, making the loss of tension 
very dramatic with only minor reductions in length. At 
intermediate levels of CT and T A contraction, our results 
show that an increase in TA can both raise and lowerF . This 

0 

depends critically on the amount of muscle in vibration. For 
louder phonations, where the vibrational amplitude is larger, 
there is more likely to be an Fo rise. 

The increase in fundamental frequency with 
subglottal pressure is explainable on the basis of an ampli
tude-dependent tension in the vocal folds. The critical pa
rameter is AIL, the ratio of the amplitude of vibration to the 
length of the vocal folds. This ratio was shown to vary 
between approximately 0.05 and 0.5 over the range of 
frequencies examined, causing a variable amount of dy
namic stretching of the tissue when vocal fold displacement 
is at its peak lateral excursion. Using a stress-strain curve 
derived from fundamental frequency and length measure
ments on human subjects, a 0.5 to 6 Hz/cm H20 range of 
fundamental frequency change with subglottal pressure was 
predicted. This is similar to the range of values that have 
typically been measured in humans and excised dog laryn
ges. A further prediction from the present analysis is that the 
largest changes in Fo with Ps are likely to occur when the 
vocal folds are very short and lax. A more precise quantifi
cation of the stress-strain curve of vocal fold tissue is needed 
to predict the somewhat higher F

0 
-Ps slopes observed in the 

falsetto register, but the mechanism is likely to be similar. 
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Abstract 
Vocal tract imaging for the vowels /if and /a/ using 

both EBCT and MRI was carried out for one subject (29 yr. 
old male, native of midwestern United States) using an 
Imatron C-150 electron beam CT scanner and a GE Signa 
1.5 Tesla scanner, respectively. Each image set was ana
lyzed using a general display and quantitation package 
called VIDA TM (Volumetric Image Display and Analysis). 
The image analysis consisted of segmenting the airspace 
from the surrounding tissue, obtaining a 3-D vocal tract 
shape via shape based interpolation, and finally using an 
iterative bisection algorithm to determine the vocal tract 
area function. The results show that the 3-D representations 
of the vocal tract shapes derived from EBCT show subtle 
deformations of the airway by articulatory structures and 
teeth that are not observed in the MRI based representations. 
Shaded surf~ce renderings of each vocal tract shape and for 
each imaging technique are shown and the apparent trade
offs between the two imaging methods are discussed. 

Introduction 
In the field of speech research there has long been 

a desire to obtain a body of morphological information about 
the shape of the vocal tract as well as other airways such as 
the nasal tract and trachea to aid in further understanding 
voice and speech production. Modem imaging techniques 
are beginning to be used to acquire three-dimensional shape 
information about the vocal tract and associated airways. 
Volumetric imaging of the airways relies on the ability of an 
imaging technique to acquire a series of image slices, in one 
or more anatomical planes, through a desired volume. This 

process can be performed with either magnetic resonance 
imaging (MRI) or electron beam computed tomography 
(EBCT). Post-processing of the images typically includes 
segmentation of the air space from the surrounding tissue 
and a 3-D reconstruction of the airway shape. Once the 3-D 
structure of the airway has been identified, it can be mea
sured and analyzed in ·many ways. It should be noted that 
during speech production a speaker will traverse many 
different vocal tract shapes in a short period of time, often 
overlapping one shape into another (i.e. coarticulation). 
Unfortunately, neither MRI nor EBCT can acquire a volume 
image set fast enough to capture the dynamically changing 
vocal tract shape. Thus, the use of present, commercially 
available, imaging techniques can be used only to study 
static vocal tract shapes. 

MRI is an attractive imaging technique primarily 
because it poses no known danger to the human subject 
being imaged. Since human speech comprises a large num
ber of vowel and consonant shapes it is often desirable to 
acquire a large number of image sets. Thus, the human 
subject may need to be exposed to hours of imaging, but 
fortunately, with no apparent risk. However, MRI has a 
number of distinct disadvantages. The scanning time re
quired for acquisition of a full image set is on the order of 
several minutes. When this is coupled with the pauses 
required for subject respiration, an image set may require 10 
to 15 minutes to complete. Thus, the image set and subse
quent reconstruction of the airway is based on a large 
number of repetitions of a particular shape. Also, becaQSe of 
various imaging artifacts associated with air/water inter
faces, the air-tissue interface can be poorly defmed when 
imaged via MRI techniques, and quite often the faster MRI 
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techniques yield the worst air/water interface artifacts. Ad
ditionally, teeth and bone are poorly imaged by MRI be
cause of the low hydrogen (water) concentration, making 
these structures appear to be the same gray scale value as air. 

Baer et al. 1 demonstrated the use ofMRI to directly 
measure the vocal tract shape for four vowels (2 subjects). 
This study was the first demonstration of 3-D reconstruc
tions of the vocal tract shape using imaging techniques. 
Moorel also performed an MR.I study in which sagittal and 
coronal image sets of the vocal tract were obtained for three 
vowels and two consonants. The study investigated correla
tions between cavity volumes and resonance frequencies of 
the vocal tract, as well as other variables such as lip length 
and lip area. However, it did not include three-dimensional 
reconstructions of the vocal tract shapes. Another MRI 
study of the vocal tract was performed by Suiter et al.3• Their 
primary interest was in correlating the vocal tract length 
measured foran/e/ vowel to resonance frequencies (fonnants) 
predicted by theory. They also imaged the vowels /if and /a/ 
from which they measured cavity volumes. Dang et al.4 used 
MRl to produce 3-D reconstructions of the nasal tract 
passages and sinus cavities. The nasal tract morphology was 
subsequently used to model the acoustic characteristics of 
the nasal system. MR volume imaging of the fricative 
consonants has been recently reported by Narayanan et al. 5 

and Narayanan6• These studies provide the most accurate 
information to date of the constrictions and air channels that 
produce the turbulence generated sound characteristic of 
fricative consonants. Beautemps et al.7, Greenwood et al.8, 

and Lakshminarayanan et al. 9 have all concentrated on using 
MRI to acquire midsagittal sections of the vocal tract from 
which they measure the tract widths and convert them to 
cross-sectional areas using an empirically derived forinula. 
Since only a midsagittal section is acquired, a 3-D recon
struction of the vocal tract shape is not possible. However, 
acquisition of a single slice provides a fast and efficient 
method of obtaining useful shape information of the vocal 
tract albeit not as complete as a full volume image set. 

If image quality were the only relevant consider
ation, EBCT would be the preferred method because; 1) it 
allows for a sharp definition of the air-tissue interface at the 
walls of the vocal tract; 2) images teeth; and 3) a volume scan 
of the vocal tract with a much finerpixel resolution thanMRI 
can be completed within tens of seconds. However, since 
EBCT uses ionizing radiation, only a limited number of 
volume scans of the vocal tract region are considered to be 
safe. For this reason EBCT has been used sparingly in 
speech production studies. However, Kiritani et al.10 re
ported a feasibility study using EBCT and Perrier et al.11 

have used EBCT to acquire a sparse (noncontiguous) set of 
slices through various vocal tract regions. They combined 
this with a sectioned vocal tract cast of a cadaver in an 
attempt to formulate an accurate midsagittal width-to-area 
transformation. 
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It is apparent that imaging the vocal tract with MRI 
is a trade-off of image quality and accuracy for safety of the 
subject. EBCT imaging brings with it a radiation risk while 
providing potentially much better vocal tract images. It is the 
intent ofthis paper to demonstrate the quality of 3-D vocal 
tract reconstructions obtained with image sets from both 
MRI and EBCT to evaluate the information loss in the MRI 
based data sets. The results will be presented primarily from 
a qualitative standpoint in that the discussion will center 
around the similarities and differences of 3-D vocal tract 
reconstructions of the vowels /if and /a/ based on the two 
imaging techniques. Particular attention will be given to the 
areas of the vocal tract that contain teeth and also the epi
laryngeal and lower pharyngeal regions where the aitway 
can be quite complicated but also very small. 

Image Acquisition and Analysis 
Scanning Parameters and Protocol 

Volumetric imaging of the vocal tract using MRI 
for a single subject has been completed for 22 different 
phoneme configurations and also for the nasal tract and 
tracheal2

•
13

• However, only the vowels, Iii and /a/, will be 
considered in this paper. The subject (BS) was a 29 year-old 
male with no history of speech or voice disorders and is 
native to the midwestern United States. The subject is also an 
author of this study. Additionally, the vowels Iii and /a/ were 
imaged for subject BS using EBCT. 

The MR images were acquired using a General 
Electric Signa 1.5 Tesla scanner. As discussed above, MRI 
produces a blurred boundary between tissue and air1• How
ever, the acquisition mode can be chosen and the pulse 
sequence parameters adjusted to provide reasonable air-tissue 
interfaces. The parameters shown in Table 1 were empirically 
found to provide acceptable images of the aitway. Using these 
parameters, a 26 slice series of 5 nun· thick contiguous, 
parallel, axial sections was gathered in an interleaved acqui
sition. This image set, which extended from just cephalad of 
the hard palate down to the first tracheal ring, could be 
acquired with 4 minutes and 16 seconds of scan time. How
ever, because the subject was required to phonate during 
image acquisition, the actual amount of time required to 
image one shape was approximately 1 O· minutes, allowing 
for respiration during pauses in scanning. 

Table 1. 
MR Parameters for Voc:al Tract Image Acquisition 

Mode = Fast Spin-Echo, using an anterior neck coil 
'IE= 13 msec (echo delay ti1ne) 
TR= 4000 msec (repetition tin\e) 
,ETL = 16 msec: (echo train length) 
FOV = 24 an (field of vie-w) 
NBX = 2 (number of excitations) 
image matrix = 256 x 256 pixels 
resolution= 0.938 mDl/pixel 
slice thickness = 5 mm 



All EBCT images were obtained using an !matron 
C-150 14 scanner (!matron Corp. South San Francisco). For 
a single volume scan of the vocal tract, a series of3 mm thick 
contiguous, parallel, axial images were acquired which 
extended from just cephalad of the hard palate down to the 
first tracheal ring. The axial images captured the full A-P 
(anterior-posterior) and lateral extent of the airway within 
each slice. The field of view (FOV) for each slice was 21 em 
while the pixel matrix was 512 x 512. This provided a pixel 
dimension in the axial plane of 0.410 mm, close to the 
theoretical limit of the scanner resolution. The time required 
to scan the desired 38 slice volume using the EBCT was 
approximately 20 seconds, which was too long to comfort
ably phonate without strain. Thus, the subject phonated for 
10 seconds at the end of which scanning was halted to allow 
for respiration and then restarted. . 

The protocol for collecting the images with each of 
the two techniques was similar. In both cases the subject was 
positioned in a comfortable supine position on the patient 
table and was required to phonate at a comfortable pitch and 
loudness. The requirement of phonation is necessary in 
order for the subject to maintain the desired tract shape. 
More details concerning the scanning protocols can be 
found in Story et al. 14 ,Story12, and Story et al. 13 

Image Analysis 
All image analysis operations were performed with 

a general image display and quantitation package called 
VIDA (Volumetric Image Display and Analysis) which has 
been developed (and continues to be enhanced) by research
ers in the Division ofPhysiologic Imaging at the University 
oflowa16• 

The image analysis process included three main 
steps: I) segmentation of the airway from the surrounding 
tissue, 2) three-dimensional reconstruction of the airway by 
shape-based interpolation, and 3) determination of an air
way centerline and subsequent extraction of cross- sectional 
areas assessed from oblique sections calculated to be locally 
perpendicular to the airway centerline to create an "area 
function". However, the area function analysis will not be 
discussed in this paper. More detailed explanations of this 
analysis process can be found in Story et al.14, Story12 and 
Story et al. 13 and also at the Internet web site - http:// 
everest.radiology.uiowa.edu/tutor/app/vocallvocal.html. A 
brief explanation of the image analysis is given here. 

Airway Segmentation: The image data sets were 
transferred from the GE Signa scannerorthe EBCTscannner 
to a Unix- based workstation (via magnetic tape) and trans
lated into a file format recognized by VIDA. When files are 
in VIDA format they can be read into VIDA s shared 
memory structure with a conversion from 16 to 8 bit per 
pixel gray scale resolution (simply to reduce unnecessary 

data size). The upper gray level cutoff was determined by 
computing a pixel histogram on several slices sampled 
throughout the data set and choosing the cutoff point so that 
all pixel values present in the image set were below the 
cutoff. 

The airway was segmented from the surrounding 
tissue by setting all voxels considered to be in the airway to 
a unique gray scale value. The first step in this process was 
to attenuate an· gray scale values in an image slice by 5 
percent. This ensured that no voxel in the image volume had 
a value of 255 (the brightest value for an 8-bit gray-scale 
range). Next, a gray scale value that represented the thresh
old dividing air and tissue was determined by choosing the 
voxel intensity that was halfway between the darkest part of 
the airway and the brightest part of the tissue surrounding the 
airway as determined by region of interest analysis. Valida
tion of this approach using the image data sets for a phantom 
study is discussed in Story12 and Story et al. 

Once the threshold value had been determined the 
actual segmentation process could be performed. A seeded 
region growing algorithm16 was used that changed the gray 
scale values of all voxels below the threshold value to the 
brightest possible gray leveP7•18• This effectively set the 
airway to a single color that, because of the previous attenu
ation process, was unique to the rest of the image volume. 
The seeded region growing process required the airway 
region to be non-continuous with air outside the body. For 
the axial slices in the pharyngeal section this was not a 
problem but in the mouth region where some slices have an 
open mouth condition the algorithm would "leak'' the bright
est pixel value out of the airway and into the "blackness" 
(air) outside the image. To correct the problem an artificial 
boundary that defined the mouth termination of the vocal 
tract was constructed in the midsagittal plane according to 
Mennelstein19• 

· Volume Reconstruction: To reconstruct the three
dimensional shape of the vocal tract airway, the segmented 
image set was interpolated by shape based interpolation20• 

Only the gray scale value of the airway was interpolated 
while all other colors were ignored. This had the effect of 
"stripping" all tissue away from the airway and creating the 
same voxel resolution in the axial direction as the other 
directions. The edges ofthe interpolated airway image were 
extracted and used to perform surface rendering of the 
airway, creating a digital "cast" of the vocal tract. Surface 
rendering produces a high quality three-dimensional rep
resentation of the airway that can be rotated and magnified 
to show many different perspectives. It is only a qualitative 
tool, but nevertheless an important step in the image 
analysis because it shows the quality of the segmentation 
process and provides three-dimensional views of each 
vocal tract shape. 

NCVS Status and Progress ·Report • 127 



Results 
Segmentation and Exclusion of the Teeth 

An axial slice from each of the EBCT and MR 
image sets for the /a/ vowel are shown in Figure I. The slices 
are at similar locations within the vocal tract. The EBCT 
image is clearly of higher resolution and definition than that 
from MRI. In particular, the boundary between the tissue 
and air is very sharp and the teeth are easily separated from 
the air space. An advantage of collecting an EBCT image set 
is that it provides a convenient means of measuring the 

. dimensions of the teeth, in terms of their extent into the 
airway, which can then be used as an aid in segmenting the 
air from tissue and teeth in the MR image sets. Specifically, 
using the EBCT image set, a "digital cast" ofthe teeth can be 
obtained by segmenting them from all other tissue and air 
and then applying shape-based interpolation to extract only 
the teeth from the image set. A shaded surface rendering of 
the teeth from the /a/ vowel is shown in Figure 2. The 
dimensions of this "cast" of the teeth can now be measured 
with a general region of interest analysis program16 and then 
be used to estimate the exclusion of the teeth in the MR 
image sets. Figures 3 and 4 show two perspective views of 
the 3-D reconstruction of the /a/ vowel using the MR1 data. 
The most inferior portion of each figure is the superior part 
of the trachea. The airway then traverses upward through the 
glottis (the narrowest portion of the airway), into the phar
ynx, around the 90 degree bend into the oral cavity, and 

(a) (b) 

Figure 1. Axial slices from the oral region of the vocal tract for the vowel 
Ia/: a) EBCT. b) MRJ. • 

(a) (b) 

Figure 2. A "dig ital cast" of the teeth using the EBCT image set for the 
vowel Ia/: a) fron tal view, b) slightly inferior view. 
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finally terminates at the lips as represented by the flat plane 
that is visible only in Figures 3a and 4a. Figure 3 was 
reconstructed assuming that the teeth did not exist (i.e. all of 
the space occupied by the teeth was segmented as air) while 
Figure 4 represents the same vowel shape but after using the 
dimensions of the teeth obtained from the EBCT images to 
estimate their extent and consequently eliminate their 
contribution to the MR derived air space image. Note that 
since the dimensions of the teeth cannot change, their 
dimensions measured from the EBCT data can also be used 
in segmenting any other vowel shape acquired with MR . 
Thus, one EBCT image set provides the necessary informa
tion for estimating the location and size of the teeth in any 
MR image set when relating the teeth dimensions to their 
soft tissue surroundings. 

Comparison ofVowel Shape Reconstruction from EBCT 
and MRI 

Utilizing the processes of segmentation, shape
based interpolation, and edge detection, the surface ren
dered airways of the EBCT and MRI versions of the /a/ 

(a) (b) 

Figure 3. Shaded suiface display (using MRJ) of the vowel/a/ including 
the teeth: a) left tilted frontal view -flat suiface in the upper right portion 
of the picture is the mouth termination plane. b) left tilted. inferior view - the 
''fins " that are visible on the left and right sides of the oral region are due to 
the included presence of the teeth. 

(a) (b) 

Figure 4. Shaded surface display (using MRI) of the vowel/a/ excluding the 
teeth by using the "digital cast" in Figure 2 to estimate their dimensions: a) 
left tilted frontal view-flat surface in the upper right portion of the p icture 
is the mouth tennination plane, b) left tilted. inferior view. 



vowel were produced and are each shown from three per
spectives in Figures 5 and 6, respectively. In general, the 
MRI shapes are similar to the EBCT versions but the higher 
resolution of the EBCT is apparent. Note also that the the 
cross-sectional area of the mouth termination appears to be 
larger in the MRl version than for the EBCT. This is due to 
the fact that the image sets for each ofthe two methods were 
acquired during entirely separate productions of the vowel 
(in fact the scanning for EBCT occured approximately 3 
months prior to the MRI scans) and it is generally known that 
many variations of one particular vowel shape can produce 
an acceptable vowel sound. It is often the case that reduction 
of cross-sectional area in the front part of the tract (oral 
region) can be countered with an expansion of the lower or 
back part of the vocal tract (lower pharyngeal region). A 
close examination of Figures Sa and 6a suggests that, rela
tive to the MRI, the EBCT version of the vowel does in fact 
have a slightly expanded pharyngeal section possibly to 
counter the smaller mouth termination. 

The deformations of the airway due to the presence 
of the teeth are very apparent in the EBCT version of Ia! 
(Figure 5). The surface rendering of the /a/ vowel using MR 
(Figure 6) does not show the subtle indentations of the teeth 
but the volume consumed by the teeth appears to be largely 
removed. Figure 5 also shows that this production of the /a/ 
vowel was slightly nasalized as indicated by the presence of 
the short airway that branches off the main airway just as the 
vocal tract bends into the oral region. The small "hole" in the 

(a) (b) (c) 

Figure 5. Shaded surface displays of the vowel Ia/ using the EBCT image 
set: a,b. and c) various projections of the ainvay. 

(a) (b) (c) 

Figure 6. Shaded surface displays of the vowel /a/ using the MR image set: 
a, b. and c) various projections of the ainvay. 

velar airway is likely caused by contact of the velum with the 
posterior pharyngeal wall. 

Other features of interest are the detail in which the 
epi-laryngeal tube, piriform sinuses, and valleculae are 
represented by the EBCT version and the lack of detail in 
which the MRI version represents these same structures. 
Figure 7 shows expanded views of this region ofthe vocal 
tract for both methods. It is obvious that the EBCT version 
provides an airway structure that is defined well enough to 
allow measurements of the cross-sectional areas and lengths 
ofboth the piriform sinuses and valleculae as well as the epi
laryngeal tube. Additionally, the location where the piriform 
sinus space joins the main vocal tract space is quite apparent. 
In contrast, the MRI version of this region of the tract is not 
as well represented. The piriform sinuses are visible but are 
shown disconnected from the main vocal tract. It is possible 
that during some types of vowel productions they could be 
"squeezed" off but a more plausible explanation is that the 
cross-sectional areas of the various airways in this region 
small enough that the blurring of the images due to the poor 
air-tissue interface obscures much of the important informa
tion. A hint of the valleculae is v isible but certainly not with 
enough detail to make a meaningful measurement. 

The surface renderings of the vowel / i/ are shown 
in Figure 8 for EBCT data and in Figure 9 for the MRI. Like 
the Ia! vowel, the general shapes of the / i/ for both of the 
methods are similar showing a widened pharynx and tightly 
constricted oral cavity. The presence of the teeth are not as 
apparent in Figure 8 as they were in Figure 5 because for an 
Iii vowel the tongue blade is typically in contact with the 
molars and the tongue tip may contact the lower incisors, and 
hence there would be no air around them to be segmented. 
The upper incisors are the main portion of the teeth that are 
contact with the air and their presence is depicted by the 
slight indentation near the termination of the vocal tract 
which can be seen in Figure 8b. EBCT also brings out the 
contours of the pharyngeal walls and shows how the vallecu
lae and piriform sinuses are reconfigured for the case of a 

(a) (b) 

Figure 7. Shaded surface displays of the vowel Ia/ expanded in the epi
laryngeal and lower pharyngeal region: a) EBCT. b) MRI. 
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(a) (b) (c) 

Figure 8. Shaded surface displays of the vowel Iii using the EBCT image 
set: a. b. and c) various projections of the ainvay. 
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(a) (b) (c) 

Figure 9. Shaded surface displays of the vowel Iii using the MR image set: 
a.b, and c) various projections of the ainvay. 

widened pharynx. The MRI version of Iii shown in Figure 9 
appears to provide a better representation of the piriform 
sinuses than for the /a/ vowel. This is due to the wider, more 
open, pharynx; i.e. the cross-sectional areas are larger so that 
the blurred air-tissue interface is Jess detrimental than in the 
previous case of the /a/. It also appears that the method of 
excluding the teeth by measuring their dimensions from the 
EBCT images worked well in the sense that the final tract 
shape in the oral region is quite similar to that reconstructed 
from the EBCT image set. 

A Note on Area Functions and Vowel Simulations 
The /a/ and /i/ vowel shapes acquired with both 

imaging methods were further analyzed to determine the 
"area function" using an iterative bisection tube geometry 
analysis technique12

•
13

•
15

•
16

• An area function is defined as the 
cross-sectional area of the vocal tract as a function of the 
distance from the glottis. The area functions for each case are 
given in Figure 10. They begin at a point just above the 
glottis (at 0.0 em) and progress out to the open mouth. Area 
functions derived from the MR1 image sets are denoted by 
the solid line and the EBCT versions by the dashed line. 

The /a/ vowel from the EBCT exhibits a piriform 
and valleculae region (located approx. 2~5 em above the 
glottis) that is nearly three times larger than the MRI. The 
EBCT Ia! also shows larger area than the MR1 throughout the 
pharyngeal and oral cavities. However, the cross- sectional 
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Figure 10. Area f unctions for Ia! and Iii from MRI (solid) and EBCT 
(dashed) images: a) Ia!. b) Iii. 

area at the mouth termination drops to 1.8 crn2 for the EBCT 
and rises to 5 crn2 for the MRI. The two Iii area functions are 
similar in the regions just above the glottis and also within 
the highly constricted r_egion of oral cavity. However, the 
pharyngeal section is about 3 crn2 greater and the lip area 
about four times smaller for the EBCT than for the Miu. If 
the MRI area functions were uniformly smaller across the 
full length of the vocal tract, it would be suspected that the 
MRI derived areas had been underestimated (or possibly 
that the EBCT derived areas had been overestimated). A 
uniform difference is largely the case, except that the MR1 
area functions are larger at the lips than the corresponding 
EBCT area function; this is true for both vowels. The larger 
open mouth area and smaller pharyngeal region for the MRI 
area functions suggests the possibility that the subject s 
production of each vowel was slightly different during 
image acquisitions for each of the methods. 

Subsequent comparisons of simulated vowel 
sounds, using the area functions in a wave-reflection type of 
vocal tract modeJ2122 , and recorded natural speech sounds 
produced by the subject BS showed that the MR1 based area 
functions actually produced a better spectral match (LPC 
based spectra) to the natural speech than did the EBCT 
versions12• It should be noted, however, that the natural 
speech was not recorded simultaneously with either of the 
imaging sessions. Thus, it is possible that, if the sound 
produced during the EBCT image acquisition had been 
recorded, a spectral analysis may have shown formant 
locations more in line with the EBCT based simulation. 
Unfortunately, data does not exist to test this hypothesis. 

The idea that separate productions of the same 
vowel may utilize different area functions fits with the 
classic phenomena of the the "many-to-one" mapping for an 
acoustic tube; i.e. a particular acoustic waveform can be 
produced by an infinite number of acoustic tube configura
tions. Mermelstein23 and Mrayati et al.24 have both shown in 
detail how an acoustic tube can produce the same spectral 
pattern of acoustic resonances with different tract configu
rations. Mrayati eta!. call this phenomena " region synergy" 
and they suggest that the vocal tract (or any acoustic tube) 
can be divided into regions that can cooperate with one 
another to maintain a particular formant pattern. One type of 
cooperation or "synergy" is to counter a decrease in area of 
a back section with an increase in area of a front section. 
From the area functions for the EBCT and MRI, it appears 
that such a manipulati.on of the vocal tract may have occured. 



Conclusions 
Both electron beam computed tomography (EBCT) 

and magnetic resonance imaging {MRI) have been used to 
image the vocal tract airway for the vowels /a/ and /i/ of one 
male subject. From the EBCT image sets both the airway and 
teeth were separately segmented. Measurements of the seg
mented teeth were used to aid in excluding them during the 
airway segmentation of the MR image sets. Shaded surface 
renderings of each EBCT based vocal tract shape showed 
subtle deformations of the space occupied by the teeth, 
contours of the oral and pharyngeal walls, and the detail of 
the region containing the epilarynx, piriform sinuses, and 
valleculae. In contrast, the surface renderings based on MR 
image sets show much less detail in all regions ofthe vocal 
tract but the similarity in gross vocal tract shape is certainly 
close enough to produce acceptable information for studies 
where minute detail is not important. The disadvantages of 
MRI are primarily a long scan time, somewhat blurred air
tissue interface, and no imaging of teeth. However, it poses 
no known risks to a human subject and is thus an attractive 
method for imaging the human vocal tract. The image 
quality that can be obtained from EBCT is superior to MRI 
because it produces a sharp definition of the air-tissue 
interface and images the teeth. 

Scanning time is also greatly reduced. However, 
since EBCT uses ionizing radiation, only a limited number 
of full vocal tract volume scans are considered safe for one 
subject. Thus, EBCT is more suited to studies where only a 
few vocal tract image sets are collected but possibly for a 
larger pool of subjects. Because of the potential health risks 
posed by EBCT, future vocal tract imaging studies will 
probably continue to utilize MRI most heavily. However, 
using EBCT in a limited fashion may complement a more 
extensive data set acquired with MRI. 
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Abstract 
As part of an analysis by synthesis approach to 

studying vocal intensity control in falsetto register, volumet
ric imaging of the vocal tract (the upper airway from the 
glottis to the lips) using electron beam computed tomography 
was performed on a classically trained singer, a counter
tenor, who uses a falsetto singing technique. Eight pitch and 
loudness conditions were imaged, a subset of which will be 
presented here. Each set of scans consisted of contiguous 3 
mm axial "slices" encompassing the arch of the hard palate 
superiorly and the first tracheal ring inferiorly. Images were 
analyzed in three stages: image segmentation, three-dimen
sional aitway reconstruction and airway measurement. The 
vocal tract airway was segmented from surrounding tissue 
by assigning airway voxels a unique gray scale value. 
Reconstruction of the vocal tract in three dimensions was 
accomplished using shape based interpolation on the seg
mented images. Cross-sectional areas and vocal tract length 
were acquired from shape based interpolated data. Vocal 
tract area functions derived from these measurements were 
used to simulate the subject's phonations, which in tum 
allowed estimation of glottal and supraglottal contributions 
to vocal intensity. 

Vocal Tract Imaging and Voice Production in Falsetto 
Singing 

Speech and song produced in falsetto register has 
long been a part of many of the world's cultures. Function
ally, falsetto phonation represents the upper third to two
thirds of the pitch range in adult males, a significant portion 

of the speech mechanism's physiologic range. Nonetheless, 
our understanding of the physiology of vocal intensity 
control in falsetto register is limited. In the area of speech 
physiology, there are few comprehensive studies regarding 
vocal intensity control in falsetto speech or singing. Most 
studies examining physiologic control of vocal intensity per 
se have avoided high pitched O! falsetto phonation, focusing 
on relatively low pitched speech-type phonation in the chest 
register1"3• This is to a large degree due to practical and 
theoretical limitations of currently available measurement 
and analysis techniques used to obtain estimates of glottal 
behavior and vocal tract resonances. As a result, detailed 
information for higher pitched phonation in falsetto register 
has been virtually unavailable. The goal of the current study 
is to examine the intensity control mechanism in male 
falsetto singing using volumetric imaging of the vocal tract 
in the context of an analysis by synthesis approach. 

Vocal intensity control can be understood in terms 
of the specific contributions of the three physiological 
subsystems involved in producing voice: the lungs, the 
vocal folds, and the supraglottal articulatory vocal tract To 
quantify their relative contributions to changes in vocal 
intensity, changes in ( 1) lung ( subglottal) pressure, (2) vocal 
fold adduction and (3) the effect of structural changes in the 
articulatory vocal tract need to be measured at different pitch 
and loudness conditions. Techniques to measure or estimate 
the first variable, subglottal pressure, are readily available. 
Direct measurement of transglottal airflow, from which 
glottal adductory measures can be derived, is not feasible. 
For lower pitched (below approximately 300 Hz) chest 
register voice, the latter two measures (vocal fold adduction 

NCVS Status and Progress Report • 133 



and the effect of articulatory vocal tract changes) have been 
estimated with some success using acoustic filtering tech
niques to identify vowel resonances (formant frequencies) 
of the vocal tract. 

The effectiveness of such techniques, e.g. digital 
linear predictive coding (LPC) methods, in estimating the 
location and bandwidth of vocal tract resonances (formants) 
from the spectrum of the wide bandwidth oral airflow 
waveform depends on having a relatively high density of 
harmonics with which to "sample" the resonances, a situa
tion which occurs in low pitched phonation. Once these 
formants are specified, the time-varying glottal airflow can 
be estimated by inverse filtering the formants; i.e., removing 
the contributions of vocal tract resonances from the wide 
bandwidth oral airflow. The duty cycle (open quotient) of 
this time-varying glottal airflow is a measure related to the 
degree oflaryngeal valving or vocal fold adduction. Changes 
in open quotient from one phonatory condition to another 
can indicate changes which occur at the level of laryngeal 
valving. With higher pitched falsetto register voice, how
ever, LPC techniques as described above generally fail. 
There are far fewer harmonics with which to "sample" 
formants; at very high pitches, there may be no harmonics 
whatsoever within the bandwidth of a formant. 

In order to avoid the limitations of current linear 
inverse filtering approaches to estimating time-varying glottal 
airflow, an analysis by synthesis paradigm using a physi
ologic model of voice synthesis was implemented. In this 
model4 (SPEAK, v. 2.0), glottal dynamics interact with 
acoustic pressures from the vocal tract. Use of the model 
required "fitting" the vocal tract in the model to that of the 
subject. This entailed the acquisition of detailed physical 
measurements of the subject's vocal tract (length, cross
sectional areas) for each phonatory condition; hence the 
need for volumetric imaging. Actual phonatory measures 
from the subject for subglottal pressure and fundamental 
frequency were used for those parameter values in the 
synthesis. Glottal parameters were adjusted such that 
electroglottographic (EGG) waveforms (implied vocal fold 
contact patterns) and glottal configuration of the model 
would be as close as possible to ·the subject's EGG and 
videostroboscopic data. Simulated glottal airflow wave
forms produced by the model would "parallel" those of the 
subject and represent a fonn of''non-linear inverse filtered" 
flow. Relative glottal adduction, which is one of the three 
salient variables in intensity variation, could then be derived 
from the duty cycle of the simulated time-varying glottal 
airflow. 

A boost in acoustic intensity can also occur as a 
result of structural manipulation of the articulatory tractS. 
The shape and length of the vocal tract can be altered by 
positioning the lips, tongue and jaw such that a resonant 
frequency of the vocal tract approaches or overlaps an 
harmonic of the vibratory source formed by the vocal folds. 
In order to determine the effects of such "formant tuning," 
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formant frequencies and bandwidths need to be specified. 
Using measurements based on volumetric images of the 
vocal tract during a particular phonatory condition, a vocal 
tract analogous to the subject's vocal tract during that 
phonation can be modeled. Vowel formant characteristics 
can be observed in the frequency response (to a pulse 
excitation) of the modeled vocal tract. 

In this manner, volumetric imaging of the vocal 
tract makes it possible to estimate two of the three produc
tion variables related to vocal intensity control. Detailed 
measurements of the vocal tract, specifically the len~ and 
cross-sectional areas along that length, make it possible to 
use an analysis by synthesis approach to estimate (I) glottal 
adduction as well as (2) the degree to which articulatory 
changes contribute to overall intensity. 

Image Acquisition 
Three-dimensional imaging of the vocal tract can 

be accomplished with either electron beam computed 
tomography (EBCT) or magnetic resonance imaging (MRI). 
For highest resolution imaging of the vocal tract EBCT is 
preferable. Compared with MRI imaging, the air-tissue 
boundary is captured with greater· resolution, and bony 
tissue without hydrogen content, such as teeth, are more 
effectively imaged with EBCT. A sixty-slice volumetric 
study of contiguous 3 mm slices can be acquired in about 45 
seconds, which also reduces the chance of movement arti
fact blurring images. The disadvantage associated with 
EBCT is its use of ionizing radiation, which therefore limits 
the number of scans considered safe. In terms of reducing 
the risk of any adverse side effects, MRI has the clear 
advantage. No long-lasting, hazardous biologic effects have 
been observed in humans from short tenn exposures to the 
magnetic fields used in commercially available MRI scanners. 

Images of static vowel shapes have been acquired 
using MRI and reconstructed in three dimensions6-7• Both of 
these studies noted the relatively long image acquisition 
times required. Story 8 recently used MRI imaging param
eters that were an improvement over those used in past 
studies. Nonetheless, these image sets still required 5-6 
minutes of actual scanning time. Given pauses for inhala
tions required for reiterations of a target phoneme, image 
capture involved well over 7-8 minutes of repeated execu
tion of a phonation task, all while trying to avoid movement 
of vocal tract structures. Since only tissue with hydrogen 
content is imaged in MRI, gray values associated with teeth 
are difficult to distinguish from airspace. Movement artifact 
also becomes a great concern when a phonation must be 
reiterated 30 times or more. 

Pilot studies performed with MRI by the authors 
produced severely blurred images due to the nature of the 
singing tasks required (7 -8 minutes of repeated high effort 
phonation). It was concluded that MRI was not a viable 
alternative for our imaging needs. 



Subject Selection 
For the purposes of this study, a subject who was 

able to readily and consistently produce falsetto phonations 
throughout his fundamental frequency and intensity ranges 
was required Since it was not technically feasible to record 
acoustic, aerodynamic, videostroboscopic and physiologic 
data simultaneous to volumetric imaging, the participation 
of a subject who is accustomed to producing repeated 
falsetto phonations in a consistent manner across different 
acoustic environments greatly increased the reliability of 
data recordings. Singers trained in classical vocal technique 
acquire vocal production habits which allow them to pro
duce tones of similar frequency, intensity and timbre reli
ably across acoustic environments. Therefore, the subject 
chosen for this study was a 45 year old adult male who has 
had extensive singing training in the Western classical 
tradition, including an earned Doctor of Musical Arts de
gree, 12 years of vocal study as a baritone, and 6 years of 
study as a countertenor. He is an active performer and voice 
teacher. He has sung as ~ countertenor for the past 11 years 
performing early music using a falsetto singing technique to 
vocalize in the alto range. Medical and recent health history 
was unremarkable. The subject has no history of speech or 
hearing disorders, nor cardiac abnormalities. His speaking 
range is within the normal baritone range. The subject's 
fundamental frequencies range from C#2 (69Hz) to G4 (392 
Hz) in chest register and from D3 (147Hz) to D5 (587Hz) in 
falsetto register. He is a native speaker of General North 
American English. 

EBCT Image Acquisition 
In order to minimize risks associated with radiation 

exposure, the total number of phonatory conditions to be 
imaged (pitch/loudness conditions) was limited to eight 
volume sets. The vowel /a/ sung in falsetto register at three 
pitch levels (low/C

4
- 262Hz, medium/F4-349 Hz, and high/ 

B-flat
4
_466 Hz), each at moderately low intensity 

(mezzopiano) and very loud intensity (fortissimo) and spo
ken in chest register at comfortable and loud intensity levels, 
were scanned using an Imatron C-150 scannerS. The scout 
scan preceded the eight image sets. The human equivalent 
radiation exposure for the entire protocol (eight volume 
studies and a scout scan) was calculated to be 0.17 rem/rad. 
A subset of these will be presented here. 

At each phonatory condition to be scanned, the 
subject was positioned comfortably in a supine position on 
the imaging table. His neck was supported and stabilized 
with a rolled towel. The head position was realigned for each 
scan such that the Frankfort plane was perpendicular to the 
imaging table, and a light beam locator was centered be
tween the pupils of the subject's eyes. Each phonatory 
condition required approximately 45 seconds of actual scan
ning time. This required numerous reiterations of the target 
vowel with pauses for inhalation before each one. Before 

each phonatory condition was scanned, the subject per
formed a few trial utterances to gauge how many seconds he 
could comfortably prolong the utterance for that pitch/ 
loudness condition. The radiology technician timed pauses 
during scanning 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. This avoided the use of any foot or hand signaling 
which could have caused movement artifact. 

Imaging Parameters: Sixty 3 mm contiguous slices 
encompassing at least the hard palate superiorly, the first 
tracheal ring inferiorly, the lip~ anteriorly, the posterior 
pharyngeal wall posteriorly, and the buccal walls of the 
vocal tract left and right were acquired in each volume set. 
The pixel matrix was 512x512 and the field of view (FOV) 
for each slice was 21 em. The resolution in the plane of 
imaging was 0.41 mm, which is near the theoretical limit of 
the scanner's resolution. 

The accuracy of the image acquisition and analysis 
procedures using the lmatron C-150 scanner has been as
sessed by imaging and analyzing a tubular phantom of 
known dimensions8• The phantom consisted of three con
nected sections of air-filled tubing set in a closed water filled 
plastic enclosure. Known and measured cross-sectional 
areas of the phantom differed by 1.8%- 2.0%. 

Image Analysis 
Image analysis was accomplished in three stages: 

image segmentation, three-dimensional airway reconstruc
tion, and airway measurement. These procedures were per
formed using an image display and measurement package 
called VIDA ™ (Volumetric Image Display and Analysis), 
which was developed by Hoffman and colle~gues10• The 
analysis techniques have been described in detail by Story8. 
A general manual, which explains the use of all VIDA 
modules can be accessed via the Internet at the following 
URL address: http://everest.radiology.uiowa.edu:8080. 

Airway Segmentation 
The axial image data were transferred via magnetic 

tape from the Imatron C-150 scanner to a computer worksta
tion for analysis. Figure 1 is an example of an axial (in the 
imaging plane) EBCT image of the lower pharyngeal airway 
above the glottis. The vocal tract airway was segmented or 
differentiated from surrounding tissue by assigning all air
way voxels to a unique gray scale value. In this case, the 
brightest color value was chosen. Once a 5% reduction had 
been made on the entire image set, this brightest value could 
be reassigned A threshold value for the border between 
tissue and air was determined by evaluating brightness 
densities in an area of tissue to air transition and selecting the 
50% point between the brightest area of tissue and the 
darkest area of the airway. Once this threshold was deter
mined, actual segmentation could begin. 
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Figure I . EBCT Image -Axial Slice. 

Figure 2. SegmentaJion of axial slice light scaJter from dental work 

The process of segmentation consists of the follow
ing sequence of steps: (1) a mouth termination plane was 
determined using the procedure defined by Mennelstein11 

and "painted" on the midsagittal plane, as illustrated in 
figure 3. When this painted bar was extended to all slices, it 
served as a delimiter for the anterior portion of the mouth, 
fencing off the oral airspace. (2) Because oflateralrounding 
of the lips, there can still be areas of" leakage" from the oral 
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Figure 3. Rectangle painted to define mouth termination brightest pixels = 
vocal tract. 

to the outside airspace, which confuses the automatic algo
rithm for re-coloring (2-D Fill) the vocal tract airspace to its 
unique color value. To address this, such airway "leaks" 
were contained by drawing a line using the same color value 
as the "fence" rectangle to close the gap on axial slices in 
which this occurs. This procedure was somewhat subjective 
and consequently introduced some error in the mouth re
gion. (3) In addition to closing such airway "leaks" into the 
outer airspace, manual editing was also required to address 
light scatter created by imaging of metallic dental fillings. 
Figure 2 illustrates the large amount of such scatter that can 
occur on axial slices in the mouth region. Knowledge of the 
subject's dentition and familiarity with patterns of scatter 
typical of such images aided in the admi.ttedly subjective 
procedure of outlining the air-tissue border manually, where 
light scatter obscured the threshold value for automatic 
detection. This may have contributed additional error in the 
mouth region. Once these editing steps were completed, 
automatic detection of vocal tract air space on each axial 
slice served to define the entire vocal tract as one unique 
brightness level. 

Volume Reconstruction 
Reconstruction of the vocal tract in three dimen

sions was accomplished by using a process called shape 
based interpolation12 on the segmented image set. Rather 
than interpolating gray scale values as in cubic voxel inter
polation, shape based interpolation defines the shape of a 
structure by its edges. The gray scale values associated with 
the edges of the airway's shape are selected and all other 



Figure 4. Volume reconstruction sagittal view with piriform sinuses. 

values ignored. This bas the effect of "sculpting out" the 
vocal tract shape from the surrounding tissue and providing 
the same voxel resolution (0.41 mm) in the axial dimension 
as in the coronal and sagittal dimensions. 

The edges of the interpolated airway can be used to 
perform surface renderings of the vocal tract, creating a 
"digitally molded sculpture" of the airway. Graphically 
represented as a three-dimensional object using shading, 
surface renderings can be displayed at any number of angles 
or magnification levels. The display cannot be measured 
directly but allows the user to assess the quality of the 
segmentation procedure and to observe three-dimensional 
views of the vocal tract's outer shape. Figures 4 through 6 
show surface renderings of the vocal tract (with piriform 
sinuses intact) associated with the B-flat4 (466Hz) moder
ately soft condition from sagittal, anterior and posterior 
orientations. 

Vocal Tract Measurement 
To acquire area functions (cross-sectional areas) 

from the shape based interpolated data set, an algorithm 
originally designed to study the upper airway during sleepn 
was used. This algorithm computes cross-sectional areas 
from oblique sections perpendicular to the local airway long 
axis. The user defines the end points of a tube-shaped 
structure, in this case the mouth and the glottis, and the 
iterative bisection algorithm computes a series of centroids 
for oblique cross sections of the tube. The three-dimensional 
spatial coordinates of these centroids can be triangulated 
using a three-dimensional Pythagorean theorem, and once 
"connected" become the measured centerline of the tube 

Figure 5. Volume reconsrruCJion anterior view with piriform sinuses. 

Figure 6. Volume reconstruction posterior view with p iriform sinuses. 

being analyzed. Vocal tract lengths were recalculated aver
aging lateral coordinates ex-coordinates) to reduce sharp 
short-term directional changes in the centerline that add 
unrealistic acoustic length. Acoustically propagating waves 
in the vocal tract (of the wavelengths related to frequencies 
found in the spectrum of speech) do not travel following 
small directional perturbations in the lateral dimension. 

The series of calculations used to model wave 
propagation in the computer simulation requires the use of 
an even number of equally long sections. The sampling 
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frequency used in the computer simulation ( 44.1 kHz) also 
requires that each segment be 0.396825 em thick. Conse
quently the length of the final discretized vocal tract must be 
an even integer multiple of0.396825 em. A vocal tract of 42 
sections, for example, would be 16.66 em in length; 44 
sections 17.46 em in length; and 36 sections 18.25 em in 
length. 

The process of discretization consisted of(1) mak
ing a choice from the discretized vocal tract lengths avail
able to best fit the measured data, (2) normalizing measured 
data to this length, (3) fitting the data to a cubic spline curve 
and (4) sampling the cubic spline curve at equally spaced 
intervals of 0.396825 em. 

Pirifoon sinuses: The piriform sinuses could not 
be effectively measured using the iterative bisection method. 
However, since the axis of wave propagation in the piriform 
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Figure 7. Comfortable speech, chest register area functions (above); 
frequency response (below). 
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sinuses is roughly perpendicular to the axial plane, a pixel 
counting method could be used to measure cross-sectional 
areas. Area functions were obtained by sampling every five 
slices (every 2.05 mm) from the interpolated image data. 

Results 
Surface renderings 

Surface renderings of volume reconstructions for 
· the B-flat 4 (466 Hz), moderately soft condition are pre
sented in figures 4-6; which are sagittal, anterior and poste
rior views, respectively. The airspace of the vocal tract is 
represeQted graphically as an apparently solid gray-scale 
object, with the articulatory speech organs "stripped away". 
In figure 4 the rising and falling curve at the topmost portion 
of the object is the shape of the airspace beneath the arch of 
the hard palate and velum. In the same figure, the rounded 
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fist-like shape in the upper portion of the figure is the air 
within the buccal cavity. Its inferior edge, which curves 
downward into a plateau and then rises again into an arc, is 
the shape of the air superior. to the tongue. The blunt 
tennination plane of the oral airway, per. Mermelstein's 
procedure11 can be seen in figures 4 and 5. In figures 5 and 
6, the two cone shaped objects in the lower half of the image 
lateral to the main airway are the piriform sinuses. In figure 
6, the two short projections on the left and right sides of the 
buccal cavity are the air pockets between the laterally 
positioned teeth/gum ridges and the mucosa of the buccal · 
walls. Figure 6 also offers a detailed view of the transition of 
the lower posterior pharynx into the piriform sinuses. 

Vocal Tract Length 
Table 1 lists the vocal tract lengths as measured and 

smoothed in the x-direction, and the differences between 
measured and the normalized ( 17.46 em) length used in 
simulation. 

Condition 

Bb4ff 
Bb4mp 
F4ff 
F4mp 
C4ff 
C4mp 
Speech loud 
Speech comf 

Table 1. 
Vocal Tract Lengths 

Measured 
Lengths 

18.16 em 
17.02 em 
17.48 em 
16.99 em 
16.81 em 
17.29 em 
16.55 em 
17.39 em 

*ff = very loud. mp = modemtely soft 

Reliability Measures 

Difference from 
Nonnalized Length 

+0.70 em 
-0.44 em 
+0.02 em 
-0.47 em 
-0.65 em 
-0.17 em 
-0.91 em 
-0.07 em 

Intra-examiner reliability was assessed by having 
the first author segment, reconstruct and measure the vocal 
tract associated with the F/349 Hz, very loud condition at 
three different times. On each occasion, he began with the 
original EBCT images. Measured vocal tract lengths were 
17.58 em, 17.43 em, and I7 .39 em on these three analyses. 
Maximum normalized error in this measure was 1.09%. 

Cross-Sectional Areas 
Figures 7 and 8 illustrate the area functions (upper 

diagrams) and the frequency responses corresponding to the 
area functions (lower diagrams) fortwo of the eight phonatory 
conditions. The upper diagrams indicate changes in cross
sectional area along the length of the vocal tract. Beginning 
on the left, measured units on the x-axis represent distance 
in centimeters above the glottis. On the y-axis, measured 
units represent cross-sectional area in square centimeters. 
The lower diagrams show the frequency response of each 

vocal tract with frequency (in Hz) plotted on the x-axis and 
intensity (in dB power) on the y-axis. 

Figure 7 represents speech phonation of the vowel 
/a/ in chest register at a comfortable intensity level. The 
fundamental frequency was approximately 117 Hz. The 
cross-sectional area (upper diagram) just above the glottis is 
approximately 1 cm2

, then drops slightly before climbing to 
a peak of 4 cm2 at a point 3.5 em above the glottis. There is 
an almost symmetric decline in area until just below 5 em 
above the glottis. The cross-sectional area from just below 5 
em above the glottis to 9 em above the glottis remains small, 
less than 2 cm2• It then increases gradually from I cur to 5.8 
cm2 from 9 em above the glottis to just above 14 em above the 

· glottis. The area then gradually reduces to about 1 cm2 at the 
mouth termination. 

Figure 8 represents a high-pitched sung phonation 
of the vowel/a/ in falsetto register at a very loud intensity 
level. The fundamental frequency was 466 Hz (B-flat J. The 
cross-sectional area (upper diagram) just above the glottis is 
approximately 1 cm2, rises to 2 cnr at 2 em above the glottis, 
then very sharply increases to 6.2 cm2 just below 4 em above 
the glottis. There is an almost symmetric sharp decline in area 
to less than 2 cm2 from 4 em above the glottis to 7.5 em above 
the glottis. The area increases from 2 cm2 to 7 cm2 from the 
point 8 em above the glottis to 12.5 em above the glottis, then 
varies within a smaller range until it closes down to an area 
of approximately 5 cm2 at the mouth termination. 

For the high pitched, very loud sung falsetto tone, 
the increase in cross-sectional area in the laryngopharynx 3-
4 em 'above the glottis is noticeably larger than in speech 
phonation at a comfortable intensity. The cross-sectional 
area of the buccal cavity overall and the mouth opening are 
also noticeably larger. 

Formant Structure 
The first four vowel resonances or formants of each 

phonatory condition are listed below each frequency re
sponse (lower diagram) in figures 7 and 8. The first and 
second formants are required for vowel perception and the 
third and forth contribute mostly to overall timbre. 

For the comfortable speech condition (figure 7), the 
first formant (FI) was 543Hz, the second formant (F2) 993 
Hz and the third formant (F3) 2585 Hz. Nonnative average 
values for adult male FI, F2 and F3 for the vowel/a/ are 730 
Hz, I090 Hz, and 2440 Hz, respectively14. The subject's 
values for both FI and F2 are noticeably lower; almost 200 
Hz lower for F I and I 00 Hz lower for F2. F3 for the subject 
was more than 100Hz above the norm. The subject's FI and 
F2 values are indicate a more rounded /a/ allophone. 

For the high pitched very loud sung falsetto tone 
(figure 8), the first formant (FI) was 601 Hz, the second 
formant (F2) 1230Hz and the third formant (F3) 275I Hz. 
Nonnative average values for adult male F1, F2 and F3 for 
the vowel /a/ are 730 Hz, 1090 Hz, and 2440 Hz, respec
tively14. The subject's F1 was more than 100Hz below the 
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norm. The F2 and F3 were both higher than the norm. The 
F 1 and F2 indicate a phonetically neutralized vowel quality, 
probably due to the more open buccal cavity. 

There is more frequency separation between F1 
and F2 and less frequency separatien between F3 and F4 in 
the high pitched very loud sung falsetto tone. The higher 
formants in this condition (figure 8lowerdiagram) F3, 4 and 
5, appear to be more closely clustered than in the comfort
able speech condition. The countertenor subject, who was 
trained previously for many years as a baritone, may be 
using an expanded supraglottic posture associated with the 
so-called "singer's formant" i;n the 3000 Hz region when 
singing tones at high intensity, even in falsetto register. 

Discussion 
The use of volumetric imaging has been essential 

in our attempt to circumvent the limitations of current 
techniques for estimating transglottal flow and formant 
identification. In our analysis by synthesis approach, vocal 
tract measurements acquired from volumetric imaging pro
vided input for a physiologic computer model, which then 
simulated the subject's phonatory behaviors. This proce
dure enabled us to accomplish two goals: (1) to simulate 
time-varying glottal flow analogous to that of a specific 
subject, (first order estimates of glottal adduction are de
rived from simulated glottal flow) and (2) to specify formant 
characteristics, which makes it possible to map out the 
proximity of vocal tract resonances and voice source har
monics with regard any formant tuning effects. 

Volumetric imaging of the vocal tract during actual 
phonation results in a 3-D volume which is effectively a 
composite of several iterations of a particular phonatory 
target. By keeping imaging time to a minimu_m and using a 
subject whose vocal training lends itself to producing con
sistent repetitions, we were able to acquire images of excel
lent quality. The high resolution of the EBCT images pro
vided vocal tract measurements that were more than ad
equate for our purposes. Although overall results varied, our 
efforts at simulating the subject's phonations were moder
ately successful. We were able to "match" subject utterances 
with good to very good results, using acoustic spectra as the 
primary "matching" criterion and subsequently derive esti
mates of glottal and supraglottal behaviors. 

Although the results of the entire study are based on 
data from one subject, the data may not be atypical of male 
speakers with a similar, but untrained falsetto phonation 
pattern, trained countertenors or other falsetto singers. A 
comprehensive description of falsetto intensity control from 
a subject who has developed an optimal technique for 
producing falsetto phonations across a range of frequencies 
and intensity levels may give us insight into a falsetto type 
that is not only reliable but perhaps vocally healthier than 
other falsetto phonation types (that is less injurious to the 
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tissues of the vocal folds). The results of this study may 
therefore have implications for the use of falsetto phonation 
in voice therapy and in the training of singing voice. 

It is probable that a number of different strategies 
exist for controlling vocal intensity in the falsetto register, 
each with unique advantages and disadvantages. Further 
studies are needed to examine such intra-individual and 
inter-individual differences in vocal intensity control strat
egies, not only to acquire a better understanding of the 
relevant peripheral mechanisms, but to guide clinical prac
titioners and vocal trainers in how they use "falsetto voice" 
in their work. 
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The production of speech involves the coordinated 
activity of a number of structures within the vocal tract. 
Those moving structures lying above the larynx that are used 
to modify the airstream are referred to as articulators. Move
ments of the lips, tongue, and jaw modify vocal tract geom
etry, resulting in time varying alterations in vocal tract 
resonance properties. Of no less importance as an articulator 
is the velopharyngeal mechanism. The velopharyngeal 
mechanism is a muscular valve that modulates the degree of 
coupling between the oral and nasal cavities. Described 
simply, it is open for nasal sounds and closed for oral sounds. 
However, as will be outlined in this chapter, its control is not 
quite so simple. Its functional status becomes an issue 
clinically in those cases where the valve does not, or cannot, 
adequately separate the oral and nasal cavities. The conse
quences of such dysfunction will be addressed in other 
chapters. 

For those interested in helping patients with dys
functional velopharyngeal mechanisms either surgically, 
prosthetically, or behaviorally, a good working knowledge 
of normal velopharyngeal anatomy and physiology is essen
tial. One needs also to be knowledgeable about the coordi
nation of velopharyngeal function with other systems that 
are involved in speech production (i.e. respiratory system, 
larynx, other articulators). Not unlike the auto mechanic 
setting outto diagnose and then repair a defective engine, the 
speech-language pathologist needs to know what the parts 
are, how they should work together, what is likely to happen 
within the engine should a part or parts fail to perform 
properly, and what the consequences are on overall perfor-
mane e. 

The goal of this chapter is to present a) the anatomy 
of the normal velopharyngeal mechanism, b) physiologic 
aspects of normal velopharyngeal function, and c) an 

introduction to the consequences of palatal clefting and its 
repair on the form and function of the velopharyngeal valve. 

Normal Velopharyngeal Anatomy 
The anatomy of the velopharynx has been de

scribed in detail elsewhere (Cassell, Moon, and Elkadi, 
1990; Cassell and Elkadi, 1995; Dickson, 1975; Dickson 
and Dickson, 1972; Dickson, Grant, Sieber, DuBrul, and 
Paltan, 1974; Kuehn, 1979; Kuehn and Dalston, 1988). 
Only the most salient aspects will be discussed here. 

Surface Anatomy 
The velopharyngeal mechanism is a muscular valve 

which extends from the posterior surface of the hard palate 
to the posterior pharyngeal wall. The mechanism is com
prised of the soft palate, or velum, the lateral pharyngeal 
walls, and the posterior pharyngeal wall. It is situated in that 
portion of the vocal tract referred to as the velopharynx 
(Figure 1 ). The anterior boundary of the velopharynx, 
referred to as the oropharyngeal isthmus, is bounded later
ally by the anterior faucial pillars, superiorly by the 
undersurface of the soft palate, and inferiorly by the tongue. 
The superior boundary of the velopharynx is defined as a 
line extending from the hard palate, through the elevated 
velum, to the posterior pharyngeal wall. When at rest, the 
soft palate "hangs" down from its attachment to the hard 
palate into the pharynx. 

Musculature 
Levator Veli Palatini. The levator veli palatini 

(Figure 2) arises from the base of the skull; specifically, from 
the apex of the petrous portion of the temporal bone in an 
area anterior and medial to the carotid canal. It courses along 
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Figure 1. Lateral view of the nasal cavity and velopharynx (I- soft palate, 
2- anterior faucial pillar, 3- posterior faucial pillar, 4- pal aline toiiSil). 

Figure 2. Muscles of the pharynx, viewed from behind. (I -levator veli 
palaJini, 2-palatopharyngeus , 3- musculus uvulae, 4-palatopharyngeus 
(horizontal), 5 - torus tubarius, 6 - salpingopalatine fold, 7 -
salpingopharyngeus, 8 - pharyngobasi/ar fascia, 9 - nasal conchae). 

the under surface of the auditory (Eustachian) tube in an 
anterior, medial, inferior direction. Along with its fellow 
from the opposite side, it fonns a sling and inserts into the 
middle approximately 40% of the velum (Boorman and 
Sommerlad, 1985). 
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Figure 3. Posterior view of the velopharynx with mucosa of left side 
removed. (1 - tubal cartilage, 2 - levaJor veli palatini, 3 - tensor veli 
palatini, 4 - salpingopharyngeus, 5 - palaJopharyngeus (horizontal), 6 -
superior constrictor, 7 - pterygoid hamulus, 8 - musculus uvulae, 9 -
palatopharyngeus). 

Of all the velopharyngeal muscles, the levator veli 
palatini is perhaps the most consistent with regard to size, 
shape, and location. In cross-section, it is shaped as a 
slightly flattened cylinder with its larger diameter measur
ing almost 1 em in the adult (Azzam and Kuehn, 1977; 
Kuehn and Azzam, 1978). In both lateral and frontal 
perspective, it enters the velum at an angle of approximately 
45% relative to a vertical line. It is ideally suited to 
accomplish its namesake, that is to elevate the velum. In so 
doing, the velum is pulled along a superior and posterior 
path that may be linear or somewhat curved (Kent, Carney, 
and Severeid, 1974; Kuehn, 1976). 

Tensor Veli Palatini: The tensor muscle (Figure 
3,4) is located within the pterygoid fossa between the medial 
and lateral pterygoid plates. The muscle arises from a small 
depression, the scaphoid fossa, and adjacent area at the 
superior margin of the pterygoid fossa. Fibers also arise 



Figure 4. Posterior view of velopharyngeal musculature. Levator veli 
palatini and musculus uvulae have been removed. (I -tensor veli palatini, 
2 - tensor aponeurosis, 3 -pterygoid hamulus, 4 -palatopharyngeus , 5 . 
levator veli palatini (cut), 6- tubal cartilage and pharyngobasilar fascia). 

from portions of the lateral pterygoid plate and the spine of 
the sphenoid bone. Rood and Doyle (1978) described two 
separate groups of fibers associated with the tensor muscle 
a medial group that they termed the "dilator tubae" and ~ 
lateral group that they designated as the tensor veli palatini 
proper. A few fibers of the lateral group are continuous with 
the tensor tympani muscle superiorly. The medial fibers 
attach directly to the auditory tube but the lateral more 
vertically inclined fibers do not. These fibers are continuous 
with a tendon that winds around the hamulus of the medial 
pterygoid plate and inserts into the superior and anterior 
region of the velum. 

There is good agreement in the literature that the 
tensor muscle is the primary muscle of auditory tube dilation 
and probably interacts with the tensor tympani muscle 
owing to the anatomic connection. There is less agreement, 
however, with regard to the possible functional role of the 
tensor in relation to velopharyngeal activity. Any force 
distributed by the tensor muscle to the velum must be done 
so in relation to the hamulus as a focal point. Thus, it can be 
argued on purely anatomic grounds that tensor muscle force 
is poorly positioned, at least in the adult human, to either 
raise or lower the velum because the hamulus is close to the 
pivotal line of the velum and the leverage for either raising 
or lowering the velum from that locus would be unfavorable 
(Kuehn, 1990). 

In addition to limitations imposed on the tensor 
muscle in relation to its locus of force delivery to the veltun, 
the degree of free movement of the tensor tendon relative to 
the hamulus remains uncertain. Thus, the amount of"tens-

ing" of the anterior portion of the velum that would be 
provided by the tensor tendon remains unclear. The pres
ence of a bursa that would lend itself to a pulley action 
~roun~ the hamulus was not found in a study by Ross ( 1971) 
t~volvmg 32 gross dissections and 8 microscopic examina
tiOns. Moreover, Ettema (1993) did not find a membranous 
sac, indicative of a bursa, and did find that fibers of the tensor 
tendon inserted directly and firmly onto the bony tissue of 
the hamulus in a microscopic study of four human adult 
specimens. 

. Musculus Uvulae. The musculus uvulae (Figure 
2,3) Is the only intrinsic muscle of the velum. As such, it is 
completely contained within the velum and does not extend 
beyond its boundaries. Contrary to descriptions ·in many 
anatomy textbooks, the musculus uvulae, also called the 
uvular muscle, does not take its origin from the posterior 
borde~ of the bard palate. Instead, it arises rather abruptly 
posten or to the border of the hard palate, in tile region of the 
palatine aponeurosis ( Azza.m and Kuehn, 1977). Its struc
ture can be likened to a flexible double-barrel shotgun at the 
n:u~ength of the veltun with its two bundles in close appo
Sition near the nasal surface of the velum. It is in its most 
cohesive form in an area overlying the levator sling. 
Posteroinferiorly, the muscle bundles divide and subdivide 
becoming quite diffuse as a few fibers enter the uvula. The 
uvula proper, the free structure that hangs from the soft 
palate, contains very few muscle fibers (Ettema and Kuehn, 
1994; Kuehn and Kahane, 1990). There fore, the designation 
of this muscle as a "uvular'' muscle is somewhat of a 
misnomer and rather misleading. A possible role for musculus 
uvulae contraction in velopharyngeal closure will be pre
sented later. In addition to muscle activity, tile bulk of tile 
musculus uvulae would tend to fill in the region of contact 
between the velum and posterior pharyngeal wall for which 
its absence would leave a void. Indeed, it is often observed 
that in some individuals with repaired cleft palate, a central 
gap remains, which would be indicative of an absent or 
underdeveloped musculus uvulae. 

. Palatoglossus. The palatoglossus muscle (Figure 
5,6) IS located within the anterior faucial pillar and is posi
tioned to either assist in velar lowering or tongue elevation. 
The designation of origin versus insertion is somewhat 
arbitrary in tllat the muscle attaches to two movable struc
tures. Thus, depending on which structure is more stable at 
the moment, the velum or tongue, the palatoglossus muscle 
could exert a force in either direction. However, Kuehn and 
Azzam (1978) reported that the velar attachment varies 
across individuals. In some individuals the attachment is 
mor~ anterior, near the posterior border of the hard palate, 
and mother individuals it is more posterior, near tile uvula. 
Thus, depending on the location of velar attachment, the 
palatoglossus may provide a somewhat different level of 
force to the tongue versus soft palate. 
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Figure 5. Lateral vil!lv of velopharyngeal musculature. (I - tubal 
cartilage, 2 - salpingopharymgeal fascia, 3 - levator veli palatini, 4 -
salpingophary11geus, 5 -palatopharyngeus (horizontal), 6- palatoglossus, 
7 - superior constrictor, 8 -palatopharyngeus). 

The palatoglossus muscle is somewhat diffuse 
within the anterior faucial pillar and thus appears to have 
limited force potential Muscle spindles have been found 
within palatoglossus (Kuehn, Templeton, and Maynard, 
1990) and stretching of the muscle could, perhaps, be 
involved in initiating the swallow reflex. 

Palatopharyngeus. The potential functional sig
nificance of the palatopharyngeus muscle (Figure 3 - 6) is 
probably the least understood and most perplexing of all the 
velopharyngeal muscles. There is not even agreement on 
whether the palatopharyngeus is primarily a muscle of 
velopharyngeal port opening or closing. Classical anatomy 
textbook descriptions indicate that the muscle is contained 
within and helps to form the posterior faucial pillar. Its fibers 
course from the velum downward through the pillar and 
gradually terminate along the length of the pharynx with a 
few of its fibers reaching the thyroid cartilage of the larynx. 
That portion of the muscle that attaches to the thyroid 
cartilage has been designated as the "palatothyroideus" 
(Cassell and Elkadi, 1995; Cassell, Moon, and Elkadi, 
1990). Such a description lends itself to the likelihood that 
the attachment to the velum is the more mobile, and thus the 
insertion, and that action of the muscle would be primarily 
in lowering the velum owing to the vertically descending 
orientation of the fibers. Moreover, the palatopharyngeus 
could assist in elevating the lower portion of the pharynx or 
the larynx via its connections to the thyroid cartilage. 

Figure 6. Ventral vil!lv of the velopharynx in horizontal section. ( I - incisive fossa, 2- palatine mucous glands, 3- greater palatine nerves and vessels, 
4 - pterygoid hamulus and tensor veli palatini, 5 - buccinator, 6 - pterygomandibular raphe and superior constrictor, 7 - levator veli palatini, 8 -
palatoglossus, 9- palatopharyngeus, IO- musculus uvulae, II -superior constrictor). 
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Figure 7. Oblique viewofthe velopharyngeal musculature (I - Eustachian 
tube, 2 - tensor veli palatini, 3 - levator veli palatini, 4 - pterygoid 
hamulus, 5 - palatopharyngeus (horizontal), 6- superior constrictor, 7-
palatopharyngeus). 

Compared to the vertically oriented fibers, a very 
different structural and functional picture emerges in rela
tion to the transversely oriented (horizontal) fibers de
scribed by Cassell, Moon, and Elkadi, 1990, and Dickson 
and Maue-Dickson, 1982. Figure 7 shows horizontal 
palatopharyngeus fibers that are quite high in the ~h~ 
which could provide a sphincteric action thereby asststmg m 
velopharyngeal closure. Cassell, Moon, and Elkadi suggest 
that confusion about the function of the "palatopharyngeus" 
muscle could be alleviated if the two muscle masses simply 
were given different names, that is, palatopharyngeus for the 
horizontal mass and palatothyroideus for the vertical mass. 
1hls argument would be more compelling if it can be 
demonstrated that the primary flow of the vertical fibers is 
into the thyroid cartilage with negligible attachment of 
fibers into the lateral walls of the pharynx, thus obviating the 
need for "pharyngeal" in the name ofthatmuscle mass. With 
the exception of recent work authored by Cassell (Cassell et 
al., 1990; CassellandElkadi, 1995), verticalandhorizontal 
fibers of the palatopharyngeus are not typically differenti
ated. To avoid confusion when reading other chapters in this 
text we will differentiate the two fiber groups on the basis 
of ~rientation, and not with different names. Therefore, 
"palatopharyngeus" will be used to refer to the vertically 
oriented muscle fibers. Horizontally oriented 
palatopharyngeus muscle fibers will be referred to as 
"palatopharyngeus (horizontal)". 

A different perspective on the potential functional 
significance of the palatopharyngeus muscle has been of
fered by Ettema and Kuehn (1994). They suggested that 
palatopharyngeus might function as a muscular hydrostat 
(Kier and Smith, 1985; Smith and Kier, 1989) by squeezing 
the contents of the posterior aspect of the velum so that it 
conforms to the configuration of the posterior pharyngeal 
wall thus providing a better seal during velopharyngeal 
closure. This will elaborated on later in the chapter. 

Superior Pharyngeal Constrictor. The superior 
pharyngeal constrictor muscle (Figure 8) embraces the up
per pharynx. It arises from several locations anteriorly and 
inserts into the pharyngeal raphe in the midline of the 
posterior pharyngeal wall. The raphe inserts onto the 
pharyngeal tubercle on the basilar part of the occipital bone. 
The various anterior origin sites, from the pterygoid hamu
lus to the posterior border of the tongue, have been described 
by Cassell and Elkadi (1995). These authors identified four 
sections of the muscle based on their respective origin from 
superior to inferior as follows: musculus pterygopharyngeus, 
musculus buccopharyngeus, musculus mylopharyngeus 
(mylohyoid line of the mandible) , and musculus 
glossopharyngeus. There has been some confusion con
cerning the most superior fibers of the superior constrictor 
presumably due to the mingling of these fibers with the 
transverse fibers of the palatophamgeus muscle. Thus, 
some authors have described fibers of the superior constric
tor muscle as entering the velum (Dickson, 1975). 

Salpingopharvngeus. The salpingopharyngeus 
muscle (Figure 5) arises from the inferior border of the torus 
tubarius at the upper level of the pharynx and courses 
vertically along the lateral pharyngeal wall where its fibers 
gradually terminate. Some of the fibers may reach the 
larynx. The muscle is located within the salpingopharyngeal 
fold on each side of the pharynx along the lateral aspect of 
the pharyngeal walls. Dickson (1975) pointed out that the 
salpingopharyngeal fold may actually be void of muscle 
fibers and that the fold consists largely of glandular and 
connective tissue. Owing to its small size, if present, its 
lateral location, and vertical orientation, it is difficult to 
ascribe an important role to this muscle. Several authors 
have suggested that the salpingopharyngeal "muscle" sim
ply consists of a few wayward fibers from other muscles in 
the region such as the palatopharyngeus. 

The Velum 
The velum, or soft palate, is clearly delineated 

superiorly and inferiorly, less so anteriorly, and indistinctly 
laterally. Thus, it is difficult to specify the lateral margins of 
the velum proper. This led Ettema and Kuehn (1994) to 
operationally define the lateral margins of the velum. Using 
that operational definition, they determined an average left
to-right dimension of 22.0 mm for the adult male cadaver 
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Fi~re 8. Posterior (left) and lateral (right) views of the pharyngeal constrictors (1 • levator veli palatin~, 2 • pharyngobasilar fO:cia, 3 ·superior 
constrictor, 4 • insertion of middle constrictor on pharyngeal raphe, 5 . styolpharyngeus, 6- mferJOr constrictor, 7 • lateral pterygoid plate, 8 • tensor 
veli palarini, 9 • levator veli palatini, 10 • pterygoid hamulus, 11 • superior constrictor, 12 • styloglossus). 

specimens and 19.3 mm for the adult female cadaver s~ci
mens. In a previous study (Kuehn and Kahane, 1990) usmg 
the same subjects, it was determined that the velar length of 
the males averaged 40.5 mm and the average length for the 
females was 36.8 mm. At its thickest location, the velum 
averaged 12.8 mm for the males and 12.5 mm for the 
females. 

The major components of the velum are arranged 
in layers (Ettema and Kuehn, 1994; Kuehn and Kahane, 
1990). The oral surface consists of stratified squamous 
epithelium. The nasal surface consists of pseudostratified 
ciliated columnar epithelium anteriorly and stratified squa
mous epithelium posteriorly where th\! velum contacts the 
posterior pharyngeal wall. 

Anteriorly, the velum consists of the tensor tendon 
superiorly, very few (if any) muscle fibers just belO\~ the 
tensor tendon, and a large investment of glandular tissue 
inferiorly with some adipose tissue especially laterally. The 
palatine aponeurosis is located just below the nasal surface 
and extends about 1 em posteriorly from its attachment to the 
posterior borderofthehard palate (Cassell and Elkadi, 1995; 
Ettema and Kuehn, 1994). The aponeurosis is a mixture of 
fibrous connective tissue and the medial extension of the 
tensor veli palatini tendon. 

The midportion of the velum is invested with 
muscle fibers that are both longitudinally oriented, those of 
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the musculus uvulae, and also those oriented primarily side
to-side, those of the levator veli palatini with perhaps a blend 
of other fibers such as those from the palatopharyngeus. 
However, Kuehn and Kahane (1990) remarked that the 
palatopharyngeus muscle appeared to be quite prominent in 
the more lateral aspects of the velum. The longitudinal 
fibers are rather superficial and the side-to-side fibers are 
deep, within the central core of the velum. Ettema and 
Kuehn (1994) measured the quantity of muscle tissue within 
the velum and found the proportion of muscle tissue to be 
maximum at40% of the length of the velum from anterior to 
posterior. This coincides with the region where the musculus 
uvulae is most cohesive and overlies the levator sling. 

The quantity of muscle tissue tapers both anteriorly 
and posteriorly from the midportion of the velum so that 
there are very few muscle fibers either in the most anterior 
or the most posterior segments. Therefore, the uvula is 
largely void of muscle tissue. The uvula, as themostante~or 
portion of the velum, consists of a relatively large proportion 
of connective, glandular, and adipose tissues. However, 
unlike the anterior velum, the uvula consists of amuchlarger 
proportion of vascular tissue which co~? provi~e a ~arm
ing function for the uvula thus avmding a s1tuat1on of 
excessive cooling of the pendulous sllilcture. 



Motor Innervation and Sensory Feedback Mechanisms 
Motor Innervation. The classic description of 

innervation of the velopharyngeal musculature is that, with 
the exception of the tensor veli palatini which is innervated 
by the mandibular branch of the trigeminal nerve, all other 
muscles receive their innervation via the pharyngeal plexus 
(Kennedy and Kuehn, 1989). The exact contribution to the 
pharyngeal pl~xus by specific cranial nerves to the velophamx 
has been debated in the literature (Dickson, 1975). Cassell 
and Elkadi ( 1995) concluded, on the basis of their own 
dissections and a review of the literature, that motor supply 
to the velopharynx is derived mainly from the pharyngeal 
branches of the glossopharyngeal and vagus nerves via the 
brainstem nuclei ambiguous and retrofacialis. The authors 
acknowledged that interconnecting branches of the facial 
and hypoglossal nerves might contribute to the motor inner
vation. The facial nerve has been implicated in innervating 
the velopharyngeal muscles in several studies that involved 
a clinical series (lbuki, Tamaki, Matsuya, and Miyazaki, 
1981 ), human fetal and adult dissection (Kacirkova, 1979), 
and animal nerve stimulation (lbuki, Matsuya, Nishio, 
Hamamura, and Miyazaki, 1978; Nishio, Matsuya, lbuki, 
and Miyazaki, 1976; Nishio, Matsuya, Machida, and 
Miyazaki, 1976). The hypoglossal nerve has been impli
cated in innervating the palatoglossus muscle in studies 
involving the uptake ofhorseradish peroxidase (Cassell and 
Elkadi, 1995). 

Sensoty Feedback Mechanisms. It has been re
ported that cutaneous sensory nerve endings diminish in 
quantity from the anterior to the posterior regions of the 
oropharyngeal cavity (Grossman and Hattis, 1964; 
Kanagasuntheram, Wong, and Chan, 1969). Sensory sup
ply of the hard palate and velopharyngeal region has been 
described in detail in recent reports (Cassell and Elkadi, 
1995; Liss, Kuehn, and Hinkle, 1994). Sensory innervation 
of the hard and soft palate is largely provided by the lesser 
and greater palatine nerves. These nerves feed into the 
maxillary division of the trigeminal nerve. The glossopha
ryngeal nerve supplies the faucial and pharyngeal regions. 
The facial and vagus nerves might also contribute to sensory 
innervation. Cassell and Elkadi (1995) point out, however, 
that even though the peripheral distribution of sensory fibers 
may travel along different cranial nerve routes, they all 
appear to terminate in the spinal nucleus of the trigeminal 
nerve. Presumably, this applies to sensations involving 
pain, temperature, and touch in that the mesencephalic 
nucleus of the trigeminal nerve has been implicated in 
receiving proprioceptive infonnation from muscle spindles 
in the head. 

Muscle spindles have been found in the levatorveli 
palatini (Liss, 1990}, the tensor veli palatini (Komer, 1941; 
Kuehn, Templeton, and Maynard, 1990; Winkler, 1964}, the 
palatoglossus (Bossy and Vidic, 1967; Kuehn, Templeton, 
and Maynard, 1990; Liss, 1990), but not in the 

palatopharyngeus (Bossy and Vidic, 1967; Kuehn, 
Templeton, and Maynard, 1990}, the musculus uvulae 
(Kuehn, Templeton, and Maynard, 1990), the 
salpingopharyngeus (Kuehn, Templeton, and Maynard, 
1990), or in the superior pharyngeal constrictor (Bossy and 
Vidic, 1967; Kuehn, Templeton, and Maynard, 1990). It 
should be noted that spindles found in the tensor and 
palatoglossus have been described as being similar to those 
located in other skeletal muscles of the body. However, 
typical spindles were not found in levator veli palatini in 
attempts by Kuehn, Templeton, and Maynard (1990) and 
Winkler (1964). A subsequent search by Liss (1990) using 
somewhat different procedures than those of previous inves
tigators enabled iden~fication of smaller spindles within the 
levator muscle. It is possible that other muscles of the 
velopharyngeal region for which spindles have not been 
found thus far might also contain smaller, atypical spindles 
compared to those found in other skeletal muscles. 

The functional role of spindles within the 
velopharyngeal musculature is unknown and it is possible 
that spindles may have very different roles depending on the 
muscle within which they are located. Thus, because the 
tensor veli palatini is the primary muscle of auditory tube 
dilation, it is possible that spindles within that muscle may 
function in relation to air pressure balance and aeration of 
the middle ear cavity. As mentioned previously, it is 
possible that spindles within the palatoglossus may be 
involved in initiating the swallowing reflex. Spindles in the 
levator veli palatini may be involved in timing, signaling the 
onset and offset of velar raising and lowering gestures. 
Much work needs to be done in determining the exact role 
of these sensory mechanisms. Furthermore, virtually no 
information exists concerning otherpossible feedback mecha
nisms such as that provided by Golgi tendon organs. 

Cleft Palate Anatomy 
Most of the information involving cleft palate 

anatomy has been derived from fetal material, stillborns, or 
patients on the operating table. A listing of many of these 
articles appears in Kuehn and Dalston ( 1988) and Krie~ 
( 1990). Succinct descriptions of cleft palate anatomy appear 
in Dickson (1972) and Latham, Long, and Latham (1980). 
Dickson (1972) pointed out that there are two aspects that 
characterize anatomy of the cleft mechanism, lack of a 
palatine aponeurosis anteriorly and a general longitudinal 
flow of muscles, often called the cleft muscle of Veau, 
inserting onto the margin of the cleft hard palate. With 
regard to the latter, Latham, Long, and Latham ( 1980) 
identified these longitudinal fibers as belonging to the leva
tor veli palatini, the palatopharyngeus, and the hemiuvular 
muscles. With regard to the levator muscle in particular, 
fibers course from one rigid attachment to another thereby 
leading potentially to a situation of isometric contraction. 
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Therefore, it is logical that the fibers should be freed from· 
their attachments to the bony hard palate and moved into a 
position where they could more effectively raise the velum. 
Indeed, many smgeons attempt to accomplish this during 
primary palatoplasty. 

Physiology of the Velopharyngeal Mechanism 
In order for perceptually appropriate speech to be 

produced a number of structures in the vocal tract must move 
within the vocal tract space to "shape" the acoustic signal 
from the larynx. These movements result in spectral pat
terns that we perceive as different speech sounds. The vocal 
tract structures are referred to as articulators. Th~e supra
glo~ articulators include the tongue, upper lip, lower lip, 
mandible,.DJMI the velopharyngeal mechanism. Closing and 
opening gestures of the velopharyngeal valve act as a 
variable resistor, coupling and decoupling the nasal and 
oropharyngeal cavities dming speech in order to systemati
cally alter the spectral characteristics of the acoustic signal. 
This discussion of velar physiology will be divided into two 
ge~eral sections: velopharyngeal movement patterns, and 
notions regarding velopharyngeal control 

Velopharyngeal Movement Patterns 
Primary velopharyngeal movements may be di

vided into two basic groups: (1) movements of the velum 
towards (elevation) and away from (lowering) the posterior 
pharyngeal wall, and (2) mesial movements of the lateral 
pharyngeal walls. Anterior mQvements of the posterior 
pharyngeal wall, and bulging of the nasal surface of the 
velum may also play a role in velopharyngeal function for 
speech. 

Yelar Elevation. The velum is maintained in a 
lowered position when breathing at rest. While some velar 
elevation may be observed dming nasal sound production 
QdollandShrine~196~,~eciallyduringcawwctedspeec~ 
the velopharyngeal port is still held open to allow for the 
movement of air between the oral and nasal cavities. The 
velum is moved posteriorly and superiorly towards the 
posterior pharyngeal wall dming. the production of oral 
speech sounds. The mid portion of the velmn is typically 
elevated the highest, while contact with the posterior pha
ryngeal wall is typically accomplished by the third quadrant 
(Bzoch, Graber, and Aoba, 1959). Velar height and dis
placement vary dming connected speech as a function of 
phonetic context For example, high vowels tend to be 
associated with a more elevated velmn than low vowels 
(Moll, 1962). 

The muscle primarily responsible for velar eleva
tion is the levator veli palatini. Nmnerous investigations 
have provided electromyographic data in supportofthisrole 
for the levator muscle. Fritzen (1969, 1979) observed that 
contraction of the levator veli palatini was associated with 
movement of the mid portion of the velum upward and 
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backward. Similar observations have been reported by 
DicksonandDickson(l972),Lubker,Fritzell,andLindqvist 
(1970), Bell-Berti (1976), and Kuehn (1979). 

There is some evidence that variations in velar 
height observed during different speech sounds may be 
associated with variations in the magnitude of levator veli 
palatini muscle activity (Fritzell, 1969, 1979; Bell-Berti, 
1976). However, correlations reported by Fritzell (1969) 
ranged from 0.46 to 0.94. Fritzen offered competing influ
ences of other muscles as one possible explanation for the 
low correlations. Specifically, he suggested that superior 
constrictor, palatoglossus, and palatopharyngeus muscles 
may influence velar position in some subjects. To assess 
these possible influences, Kuehn, Folkins, and Cutting 
(1982) compared electromyographic activity from the leva
tor veli palatini, palatoglossus, palatopharyngeus and supe
rior constrictor to velar position as observed on lateral x
rays. Levator muscle activity alone did not appear directly 
related to velar position. Instead, systematic interactions 
were observed among levator veli palatini, palatoglossus, 
and palatopharyngeus muscle activity. Kuehn et al. sug
gested that a trading relationship might exist among these 
three muscles in positioning the velum. This notion will be 
expanded upon later in the chapter. Suffice it to say at this 
point thatvelopharyngeal closme may be more complicated 
than once thought. 

Velar Lowering. Levator muscle activation results 
in movement of the velmn towards the closed position. A 
logical assumption would be that a reduction or cessation of 
levator muscle activity would be associated with velar 
lowering. Nmnerous investigators have, in fact, observed 
this relationship (Fritzen, 1969, 1979; Lubker et al., 1970; 
Bell-Berti, 1976). The precise mechanism involved in 
velopharyngeal opening remains open to some question. 
Bell-Berti (197 6) suggested that velar lowering was accom
plished by the suppression of levator veli palatini activity 
andthenaturaltendencyoftissuetoretumtoitsrestposition. 
In support of this notion, Kuehn and Azzam (1978) did 
report the presence of elastic fibers in the anterior faucial 
pillars. 

Kuehn and Azzatn (1978) posited that restoration 
of the soft palate to its open configmation could be accom
plished on the basis of three forces: muscle contraction, 
gravity, and tissue elasticity. There is evidence that 
palatoglossus and perhaps palatopharyngeus may be in
volved in velar lowering gestures {Lubker et al., 1970; 
Iglesias et al., 1980; Kuehn and Azzam, 1978). Based on 
anatomical data collected from dissection of 25 cadaver 
heads, Kuehn and Azzam (1978) suggested that the 
palatoglossus has a favorablemechanicalabilityto lower the 
velum. Fritzell (1979) and Lubker et a1. (1970) observed 
palatoglossus activity dming palate lowering. Fritzen sug
gested that, in addition to the possible influence of gravita
tional forces, Palatoglossus pulls the palate down for nasal 
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Figure 9. Rectified and smoothed levalor veil pa/alini (LEJI) and 
palatoglossus (PG) muscle activity, phototransducer output of 
velopharyngeal cross sectional area (PHOTO) and rate of change of 
velopharyngeal cross sectional area (PHOTO VEL) during production of 
{s] (left) and "smack" (right). Note the reciprocal activity ofLEV and PG 
preceding velopharyngea/ opening (PHOTO) for /mi. 

sound production and at the end of phonation. Fritzen also 
noted a small amount of palatoglossus activity at the onset of 
phonation, perhaps related to pre-phonatory posturing of the 
velopharyngeal mechanism. Preliminary data collected 
from our laboratory appears to support the role of 
palatoglossus in velopharyngeal opening gestures, at least in 
some instances. Figure 9 shows rectified and smoothed 
electromyographic data from the levator veli palatini and 
palatoglossus muscles, along with a measure of 
velopharyngeal port area and the velocity of opening area 
changes dming two speech tasks; sustained Is/ and the word 
"smack". In both instances, the onset of velopharyngeal 
opening is associated with a cessation oflevatorveli palatini 
activity. The velopharyngeal opening gesture associated 
with the cessation of Is/ production does not involve activa
tion of palatoglossus in this example. However, the onset of 
velar lowering prior to the nasal consonant in "smack'' is 
preceded by a large burst of activity in palatoglossus that 
occurs simultaneously with the cessation oflevator activity. 
Of additional interest is the observation that increasing 
velopharyngeal port area associated with the nasal in "smack" 
and the burst of palatoglossus activity occurs with a higher 
velocity than opening at the cessation of the sustained /s/ 
where no palatoglossus activity was observed. While these 
data are preliminary in nature, the patterns observed point to 
the complexity of velar lowering. It may be the case that 
palatoglossus is activated in some instances (i.e. when quick 
velar lowering is required) and not in others. 

velar Bulging. Most descriptions of the physiol
ogy of velopharyngeal opening and closing gestures focus 
on the role of levator veli palatini, palatoglossus, and 
palatopharyngeus. Historically, contractionofthemusculus 
uvulae was thought to shorten the uvula (Wells, 1971), an 
action that would appear to oppose velopharyngeal closure. 
More recently, Kuehn, FoJkins, and Linville (1988) pro
posed two possible roles for the musculus uvulae during 
speech. As a stiffuess modifying mechanism, the MU might 
control the velar-distorting forces of the levator veli palatini. 
Levator veli palatini contraction with a compliant (relaxed) 

MU might result in distortion of the velum by stretching the 
top layer upward instead of the entire velum. Contraction of 
the MU would provide internal stiffness to avoid such 
distortion. As a velar extensor, the MU might act as a two 
layered flexible beam. This notion is based on the filet that 
MU lies in the top half the curved velum and are attached 
anteriorly to the palatal aponeurosis (Figure 3). When 
contracted, a compressional force would be exerted along 
the nasal or top side of the velum. Since the oral or bottom 
side of the velum is relatively compliant, this compressional 
force would straighten the curved velum and extend it 
posteriorly. 

Lateral Pharyngeal Walls. Mesial movements of 
the lateral pharyngeal walls contribute to velopharyngeal 
closure. However, it is not clear how this is accomplished. 
Current explanations for lateral pharyngeal wall movement 
focus on activity of the levator veli palatini and superior 
constrictor. Dickson and Dickson (1972) suggested that 
levator veli palatinimuscle activity was responsible for both 
velar elevation and lateral pharyngeal wall movement The 
later notion was based on their observation of inward deflec
tion of the torus tubarius and knowledge of the relative 
position of levator veli palatini and the torus tubarius(see 
Figure 5). Others (Honjo et al., 1976; Niimi et al., 1982; 
Isshiki et al., 1985) have provided support for this theory. 
Proponents of this model argue against the influence of the 
superior constrictor based on observations that lateral pha
ryngeal wall movement occurs at a level in the pharynx 
above the region where superior cons1rictor fibers lie (Dickson 
and Dickson, 1972). 

Alternatively, Skolnick (1969, 1970), Skolnick et 
al. (1973), and Shprintzen et al. (1975) have suggested that 
superior constrictor is responsible for lateral pharyngeal 
wall movement. Their argument was based on-the observa
tion that maximal mesial movements of the lateral pharyn
geal walls occurred below the velar eminence associated 
with levator veli palatinimuscle insertion into the velum. In 
agreement, Iglesias, Kuehn, and Morris (1980) found that 
the greatest mesial displacements along the lateral pharyn
geal walls for all oftheirsubjectsandall ofthe speech sounds 
studied occurred at the level of and just below the plane of 
the hard palate. In addition, positive but low correlations 
were found between velar and lateral pharyngeal wall dis
placements for most of their normal subjects. These results 
do not support the hypothesis that the levator veli palatini 
muscle is solely involved in both velar and lateral pharyn
geal wall movements. Such activity could be accO\mted for 
by contraction of the superior constrictor in conjunction, 
perhaps, with the horizontal fibers of the palatopharyngeus 
assisting in velopharyngeal closure gestures. 

Posterior Phatyngeal Wall. Iglesias et al. (1980) 
found that the extent of posterior pharyngeal wall displace
ment in their group of normal subjects was very small. The 
largest mean displacement across subjects occurred for /z/, 
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1.3 mm, at the highest level of the pharynx. All other mean 
velaues across speech sounds and subjects were less than 1.0 
mrn. However, in some individual, a pronounced bulging 
forward of the posterior pharyngeal wall may be observed. 
ln the 1800's, Passavant described such a bulging forward of 
the posterior pharyngeal wall in a cleft palate subject. This 
bulge, known as Passavant' s ridge has also been observed in 
normal speakers (Calnan, 1957), although it occurs less 
frequently in normals. It has been suggested (Dickson and 
Dickson, 1972; McWilliams et al., 1990) that superior 
constrictor may contribute to the ridge. Cassell et al. (1991) 
suggested that the horizontal fibers of palatopharyngeus 
may contribute to the ridge. McWilliams et al. (1990) 
concluded on the basis of their extensive literature review 
that Passavants ridge does contribute to velopharyngeal 
closure in some individuals who demonstrate the ridge. 
They state further that the ridge does not develop in all 
individuals with velopharyngeal dysfunction. Casey and 
Emrich (1988) swnmarized the prevalence of Passavants 
ridge in their review of eight studies reporting on such 
prevalence. The average reported prevalence was 23 % for 
subjects with cleft palate and 15% for subjects with intact 
palate. 

Velopharyngeal Control 
ln 1985, McWilliams addressed the "state of the 

art" in velopharyngeal valving from the point of view of 
those interested in the diagnosis and treatment of individuals 
with velopharyngeal valving difficulties. She stated that 
despite advances "in knowledge about VP valving, rela
tively simplistic views of the mechanism are still commonly 
held. We often think of closure as being either achieved or 
not achieved" (p. 29). She stated further that motor aspects 
of velopharyngeal valving, including the strength of the 
velopharyngeal seal, present additional unanswered ques
tions. Finally, McWilliams proposed that "we must focus 
our efforts on learning more about the VP valve as part of an 
integrated vocal system, and we must determine the extent 
to which structural and functional attributes of the whole 
system work in concert with VP valving to create speech 
variations." (p. 32). 

The velopharyngeal valve is an articulator that 
must function according to principles of neuromotor pro
gramming and whose activity must be coordinated with the 
movements of other articulators in order to achieve accept
able speech. A number of studies have been conducted since 
McWilliams' 1985 comments that have addressed motor 
control of the velopharyngeal mechanism. These will be 
reviewed in this section. 

Coordination of Muscle Activity within the 
Velopharyngeal Mechanism. Based on their anatomic posi
tion, the levator, palatoglossus and palatopharyngeus might 
act in somewhat of an agonist- antagonist role (Figure 1 0), 
although not in the same sense as agonist and antagonist 
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Figure 10. Representation of the relaJive orientation of the levator veli 
palatini and palatoglossus muscles, viewed from the front. 

limb muscle working around a joint. Within this framework, 
upward movement of the velum via contraction of the 
levator veli palatini could be opposed by a downward pull 
via contraction of palatoglossus. One might argue that the 
interactions between levator veli palatini and palatoglossus 
depicted in Figure 9 support this conceptualization. 

One might also consider the muscles of the 
velopharyngeal mechanism to constitute the elements of a 
coordinative structure. That is, position control of the 
velopharyngeal mechanism is flexible. Within this frame
work, varying combinations of muscle activation among the 
constituent muscles may lead to the same velopharyngeal 
position. As stated earlier, Kuehn et al. (1982) observed 
systematic interactions among levator veli palatini, 
palatoglossus, and palatopharyngeus muscle activity in re
lation to velar height. Kuehn et al. suggested that a trading 
relationship might exist·among these three muscles in posi
tioning the velum. Following up on this suggestion, Moon 
etal. (1994) assessed the relative contributions of the levator 
veli palatini, palatoglossus and palatopharyngeus relative to 
a range of positions of the velopharynx during vowel pro
duction. Four normal speakers were asked to phonate the 



vowels /a/ and /i/ at either 50% or 75% velopharyngeal 
closure, using visual feedback of velopharyngeal apertme 
size as provided by a phototransducer (Dalston, 1982). 
Theirresultsindicated thatve1opharyngeal positioning could 
best be predicted by considering activation levels of all three 
muscles as compared to any one of the muscles considered 
separately. This is not to suggest however, that earlier 
reports of the importance of the levator muscle to velar 
elevation are invalid. Based on anatomic position alone, 
velopharyngeal closure must be greatly influenced by leva
tor veli palatini activity. 

Considering the muscular anatomy of the 
velopharyngealmechanism, in particular the apparent inter
related activity of some velopharyngeal muscles dming 
velarpositioningtasks, the velopharyngealmechanismmight 
be considered as a muscular hydrostat (Ettema and Kuehn, 
1994; Moon and Jones, 1991). A muscular hydrostat is a 
structure of constant volume that does not undergo a volume 
change as its muscles contract (Kier and Smith, 1985). 
However, distribution of the surfaces of the hydrostatmay 
be changed via muscle contraction (Ettema and Kuehn, 
1994). An elephant's trunk is one example of a muscular 
hydrostat Muscle contractions can, however, alter internal 
parameters such as stiffness. Kuehn et al. 's (1988) theory of 
musculus uvulae contraction acting to stiffen the velum in 
order to allow the levator veli palatini muscle to elevate the 
velum more efficiently is consistent with a conceptualization 
of the velopharyngeal mechanism as a muscular hydrostat. 
The muscular hydrostatnotion is not necessarily compatible 
with the conceptualization of the levator and palatoglossus 
and palatopharyngeus acting as an agonist-antagonist pair. 
It is compatible with the notion that relative activation levels 
of different muscles can effect alterations in velopharyngeal 
positioning. In addition, different relative activation levels 
of the velopharyngeal muscles may be associated with the 
same velopharyngeal position and shape. Further, previous 
notions regarding the role of individual muscles based, in 
part, on anatomic positioning may be modified when con
sidering hydrostatic principles. For example, Ettema and 
Kuehn (1994) suggest that contraction of the 
palatopharyngeus muscle could actually aid velopharyngeal 
closure "by squeezing the contents of the more posterior 
aspects of the velum and forcing the posterior nasal surface 
of the velum to conform to the concavity of the surrounding 
pharyngeal walls, much like forcing a water balloon to 
conform to the walls of a cylindrical container'' (p. 311 ). 

The degree and nature of interaction between the 
velopharyngealmuscles during velopharyngeal adjustments 
would be expected to vary from individual to individual for 
a number of reasons. Considering the nonnal population, 
there exists some variability on muscle orientation and 
insertion. For example, in those individuals for whom the 
palatoglossus attaches close to the hard palate, velar lower
ing might rely more heavily on other forces such as gravity 

and other muscle activity. For those individuals in whom the 
palatoglossus muscle is located closer to the uvula, the 
muscle may be more actively involved in velar lowering and 
less important as a synergist in tongue elevation. When 
considering the popul~tion with repaired palatal clefts, one 
must assume even more variability in muscle orientation, 
insertion point, mass, etc. If coordinated activity amongst 
the velopharyngeal muscles is a critical component of the 
control of velopharyngeal movement, it is possible that 
abnonnalities in themusclearchitectme and geometry within 
the repaired cleft soft palate may rendei its control less. than 
optimal. However, there are no reports of systematic study 
of these notions. 

Closure Force. One aspect of velopharyngeal 
function that has received little attention is the force of 
closure, or contact between the nasal smface of the velum 
and the posterior pharyngeal wall. Nusbaum et al. (193 5) 
studied the firmness of velar-pharyngeal occlusion during 
production of various vowels. This was accomplished by 
applying air pressure to the subject's nasal cavity during 
vowel production until the seal between the velmn and the 
posterior pharyngeal wall was broken, allowing the im
pounded air to be vented to the oral cavity. Closure pressure 
ranged from about 7 em ~0 for low vowels to 23 em H20 
for high vowels. Goto (1977) used a tube-like pressure 
sensing bulb placed in the velopharyngeal port to record 
closure force. Again, high vowels were associated with 
greater closure forces. Stop consonants were produced with 
greater closure force than vowels. Moon, Kuehn, and 
Huisman (1994) reported on the development and initial use 
of anew velopharyngeal closure force sensing bulb. In their 
initial report, bulb design characteristics were tested and 
reported. In addition, closure forces associated with vowel 
production were presented. As observed by previous inves
tigators, high vowels were produced with greater closure 
forces than low vowels. 

Yet to be tested is the relationship between 
velopharyngeal closure force and relative activation levels 
of the velopharyngeal muscles. The results of these studies 
are important to our understanding of the physiologic basis 
for observed variations in closure force. For example, are 
greater closure forces observed on high vowels a result of 
increased levator veli palatini muscle activity, or simply a 
decrease in inferiorly directed traction on the velum pro
duced by the lowered tongue via the anterior faucial pillar. 

~· Somemusclesusedforspeechproduction 
appear to be able to produce forces that far exceed those 
necessary or typically used for speech. For example, lip 
muscle forces observed during speech represent only about 
10-20% of maximum attainable forces (Barlow and Abbs, 
1983). Cook, Mead, and Orzalesi (1964) observed maximal 
pulmonary pressures between 146 and 237 em ~0 in their 
study group, compared to the 7 - 10 em ~0 typically 
associated with comfortable effort vowel prolongation. The 
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range of forces or pressures above that typically observed 
during speech may be viewed as one's reserve capacity. 
Kent et al. (1987) noted that a reduced reserve capacity may 
impair a speaker's "flexibility'' and render speech a taxing 
activity. There are no reports of typical versus maximal 
range of velopharyngeal closure forces produced by either 
normal speakers or those with repaired palatal clefts in the 
literature. However, recent work by Kuehn and Moon 
(1994, 1995) has shed some light on ranges of muscle 
activation level observed in these two populations. For the 
10 nonnal speakers studied (Kuehn and Moon, 1994), 
levator veli palatini muscle activity for speech tended to 
occur in the lower region of its operating range as deter
mined in relation to a blowing task (see Figure 11a). That is, 
levator activity levels for speech in relation to the total range 
for blowing suggests a relatively low effort on the part of the 
levator muscle during speech. This is consistent with the 
notion that speech does not require a great deal of effort. 
This also suggests that nonnal speakers have a significant 
r~erve capacity, and the flexibility to utilize that reserve 
should the circlDilStances dictate it. 

A different levator activation pattern was observed 
in speakers with repaired palatal clefts (Kuehn and Moon, 
1995). In general, the 5 speakers studied used levator 
muscle activation levels in the mid to upper region of its 
operating range as determined in relation to the blowing task 
(see Figure 11b). In contrast to the normal speakers, velar 
elevation might be considered to be a more etfortful task for 
these speakers. In addition, these speakers would appear to 
have a greatly reduced reserve capacity. 

These findings have important implications for our 
understanding ofbothnormalanddisordered velopharyngeal 
physiology. The speakers with palatal clefts studied by 
Kuehn and Moon (1995) were working at or near the 
physiologic limits of levator muscle activity when produc
ing speech. They also demonstrated more variability in 
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activation levels across repeated productions, perhaps as a 
result ofhaving to function closer to the physiologic limits 
of the muscle. Functioning at or near the maximal activation 
level during a repetitive activity such as speech might be 
expected to increase the likelihood of muscle fatigue. As 
stated by Kuehn and Moon (1994), the velum may be less 
likely to reach its intended target more consistently and in a 
more timely fashion when the levatorveli palatini muscle is 
overtaxed to the level approaching fatigue. Althoughnot yet 
addressedinthelaboratory, thismayofferanexplanationfor 
the observation of inconsistent velopharyngeal closure in 
some sp~ers. That is, the increased variability in muscle 
activation level and potential for muscle fatigue associated 
with near maximal muscle activation levels during speech 
may result in closure being achieved on one attempt, but not 
on another. 

For some patients with velopharyngeal dysfunc
tion, attempts to stmngthen the levator veli palatini might 
extend the operating range and increase the difference 
between the functional range for speech and the threshold of 
fatigue. Resistance exercisessuchas CP APtreatment{Kuehn, 
1991) discussed elsewhere in this text represent attempts to 
accomplish this goal. 

lnterarticulatorCoordination. Manyprevious stud
ies ofinterarticulator coordination have focussed on a search 
for underlying rules of coordination that lead to an appropri
ate end result regardless of prevailing environmental condi
tions. For speech, the nervous system is thought to establish 
consistent relations among movements and the muscle ac
tivity of different structures to reduce the complexity of 
control while still producing appropriate speech output. A 
large body of data exists concerning interrelations among 
the lips and jaw during bilabial articulation (e.g. Follcins et 
al., 1988; Folkins and. Abbs, 1975; Folkins and Linville, 
1983; Folkins and Zimmennann 1981, 1982). Much less 
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Figure 11. Levmur veil palatini muscle activity (95% confidence intervals) for speech and nonspeech tasla. Subscripts untkr phonetic symbols represent 
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work has been conducted on coordination between the 
velwn and other articulators. 

Velar/Lingual Coordination. Kuehn ( 197 6) ob
served an interaction between the velwn and tongue in one 
normal subject such that velar velocity depended on the 
timing of velar elevation relative to tongue elevation. The 
later the elevation of the velwn relative to tongue tip eleva
tion for Is!, the greater the velocity of velar elevation. 

Yelarfl.taryngeal Coordination. Based on observa
tion of normal subjects, Kent and Moll (1969) reported that 
during VNCV syllables, velar elevating gestures tended to 
begin earlier, or were executed more rapidly when the stop 
consonant was voiceless. These timing relations have obvi
ous implications for the adequacy of perceived voice quality 
(i.e., resonance). Zimmermann et al. (1984) stated that "if 
resistance to airflow into the nasal cavity is critical to 
perception of nasality then the time at which decoupling of 
the oral and nasal cavities is achieved in relation to the 
activation of the soWld source may be critical to the percep
tion of nasality'' (p. 298). They found that their cleft palate 
speaker with abnormal nasal resonance reached 
velopharyngeal closure later relative to voice onset time 
than did the speaker with normal nasal resonance. Warren, 
Dalston, and Mayo (1994) observed that the most important 
factor in perceived nasality for subjects with small 
velopharyngeal openings appeared to be the length of time 
the velopahryngeal port was open. The results of EMG 
studies suggest further that the velopharyngeal and laryn
geal mechanisms might demonstrate functional coordina
tion. Two of Seaver and Kuehn's (1980) subjects exhibited 
higher levator veli palatinimuscle activities during syllables 
with voiceless consonants. Palatopharyngeus muscle activ
ity parallelled levator veli palatini activity, although the 
onsets, offsets, and major peaks in activity often occurred 
later in time than did the corresponding levator veli palatini 
activity. Seaver and Kuehn (1980) speculated that this 
might represent some active adjustment of the larynx for 
voiced sounds in the utterance. Ushijimi and Hirose (1974), 
however, saw no differences in levator veli palatini activity 
as a function of voicing. Bell-Berti (1976) observed some 
phonetic context dependent relationships between levator 
veli palatini activity and voicing. lntersubject variation in 
palatopharyngeus activity during the production of voiced 
versus voiceless stops was also observed. Bell-Berti related 
these differences to a need to control pharyngeal cavity size 
in order to maintain transglottic pressure differentials neces
sary for voiced stop production. 

The relationships between changes in vocal funda
mental frequency or intensity and articulatory characteris
tics have been investigated in a nwnber of studies, (e.g. 
Tucker, 1963). In addition, observations of articulatory 
changes accompanying variations in linguistic stress 
( e.g.,Kuehnand Moll, 197 6; Ostry et al., 1983) may partially 
reflect changes in these prosodic variables as well as be 
related to the durational changes which accompany stress 

variations. Previous results indicate that the vocal tract 
becomes more "open" (lower jaw and tongue positions). 
Although some observations suggest that the vocal tract also 
may become more open as fundamental frequency is in
creased, the findings have varied with the types of subjects 
used (trained or untrained voices) and the identity of the 
vowel sounds produced. In addition, changes in fundamen
tal frequency and intensity often have been experimentally 
confounded with each other and with other dimensions with 
which they tend to co-vary. The only specific study of the 
effects of pitch and intensity on velar function was that of 
Tucker (1963) who found increased velar elevation on 
sustained vowels produced at higher intensity (effort) levels 
but no systematic changes with fundamental frequency. It 
has been suggested that articulatory changes with intensity 
(or stress) may simply reflect the laryngeal adjUS1mC?Jlts 
needed to change vocal intensity. Because of the structural 
relationships between the larynx and the articulators, these 
adjustments may represent separate actions that help to 
increase intensity, or may reflect a general increase in 
muscular activity level in the entire speech production 
system. It might be hypothesized that increasing either 
intensity or fundamental frequency of vowels would have 
no effect on velar activity, since vowels are produced with 
an open vocal tract. That is, alterations in frequency or 
intensity would not be expected to modulate the aerody
namic demands placed on the velopharyngealmechanism to 
maintain an adequate seal. However, alterations in jaw 
position with changes in fundamental frequency and/or 
intensity might be expected to apply forces to the velum. If 
the velopharyngeal mechanism operates within a coordina
tive structure framework with the other articulators, the 
forces might induce alterations in velar muscle activity. 

Conmensatorv Interactions. Impaired function of 
a given articulator may have a significant effect on the 
performance of one or more other articulators. Altered 
performance characteristicsmayrepresentanattempt by the 
speaker to. compensate for impaired function somewhere 
else in the vocal tract. For example, Warren et al. (1988) 
stated that speakers with palatal dysfunction exert greater 
respiratory effort during speech. They proposed that cleft 
palate speakers may compensate for palatal dysfunction by 
increasing respiratory effort in order to elevate intraoral air 
pressures. Active compensation at the laryngeal level has 
also been reported. For example, glottalstoparticulationhas 
been hypothesized as a compensatory valving mechanism 
associated with velopharyngeal dysfunction. Zajac and 
Linville (1989) suggested that altered laryngeal valvingmay 
be reflected in increased cycle-to-cycle variations in voice 
fundamental frequency (jitter). Hamlet (1973) suggested 
that "glottal tightness" secondary to hypernasality may be 
associated with lower values of observed vocal fold open 
quotient. Altered performance characteristics might also 
reflect purely physical consequences of an interaction be
tween the glottal. source and the vocal tract filter. Following 
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the nonlinear source-filter theory of Flanagan (1958}, cou
pling of the nasal cavity might acoustically load the glottal 
source and influence its output. While coupling of the oral 
and nasal cavities may have an adverse effect on vocal fold 
behavior (e.g. in cases ofve1opharyngeal dysfunction}, it 
may also be the case that oral-nasal coupling facilitates 
laryngeal function. 

Compensatory actions of the tongue in response to 
velopharyngeal dysfunction have also been reported A 
comprehensive review of these studies is provided by 
McWilliams et al. (1990). Relative to normal lingual 
articulatory patterns, speakers with palatal clefts have been 
observed to elevate and retract the tongue. These patterns 
were thought to represent attempts to obturate the 
velopharyngeal defect (Shohara, 1942; Powers, 1962). Dis
rupted timing relationships between the velum and tongue 
have also been observed in patients with velopharyngeal 
dysfunction (Wada et al., 1970). 

Summary 
The velopharyngeal mechanism is a complex 

articulator. Its nonnal anatomy has been well documented. 
However, there remain some questions about the arrange
ment of muscle bundles that may be of some importance 
when considering the characteristics ofvelopharyngeal clo
sure (e.g. palatopharyngeus versus palatothyroideus). 
Anatomy of the cleft palate has also been reasqnably well 
documented. 

Unfortunately, our tmderstanding of the physiol
ogy ofbothnormal and disordered velopharyngeal function 
lags behind our knowledge ofits anatomy. While roles have 
been assigned ·to each of the constituent muscles, recent 
studies have demonstrated thatthe control ofvelopharyngeal 
gestures is more complicated than can be explained by 
observation of one muscle or another. Further, the 
velopharyngeal mechanism does not function in isolation. 
Its control is tmdoubtedly affected by actions of other 
articulators, especially the tongue. Although complex in 
nature, velar control during speech would appear to be a 
relatively low effort task. Recent studies investigating 
velopharyngeal fimction within a speech motor control 
framework have added to our understanding of the physiol
ogy of this valve. There remains much to be learned. This 
is especiallytmeaboutthe disordered velopharyngealmecha
nism. Palatal clefting must be expected to result in signifi
cant alterations in both velopharyngeal anatomy and physi
ology. Yet, velopharyngeal biomechanics and kinematics 
have not been systematically studied in this population. 
Research efforts directed towards a comprehensive under
standing of normal and disordered velopharyngeal physiol
ogy are a necessity if we are to improve in our attempts to 
optimize attempts to produce speech by those with repaired 
palatal clefts. 
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For more than 50 years, speech-language clini
cians and clinical researchers have attempted to reduce 
hypernasality and audible nasal emission of air by using 
behavioral treatments [e.g., 5, 9, 46, 199]. Although the 
effectiveness of these treatments is still largely in doubt 
[100, 123, 133, 157, 158], many clinicians and researchers 
continue to use, develop, and advocate them. 

To provide backgrmmd for the current use and 
fmther study ofbehavioral treatments ofhypemasality and 
nasal emission of air, this chapter will (a) describe the goals 
of these treatments, (b) review their controversial history, 
(c) summarize current opinions and evidence concerning 
these treatments, (d) explore why it is reasonable to continue 
searching for effective behavioral approaches to change 
velopharyngeal function even though years of work have 
produced little data to support these approaches, and (e) 
discuss considerations for future clinical research in this 
area. 

Goals Of Behavioral Treatments 
Behavioral treatments of hypemasality and nasal 

emission of air traditionally have had several goals [138, 
158]: 
· ( 1) to change velopharyngeal muscles by increasing their 
strength, endurance, or mass, 

(2) to change control of ve1opharyngeal activity by im
proving muscle coordination, rate of velar movement, or 
consistency of velopharyngeal closure, and 

(3) to change respiratory, laryngeal, or oral articulatory 
behaviors to reduce speechnasa1i73tion without necessarily 
improving velopharyngeal function. 

This chapter will focus primarily on treatments 
having the first two goals, that is, treatments intended to 
improve velopharyngeal function and thereby improve 

speech. However, treatments to reduce perceived nasaliza
tion by changing respiratory, laryngeal, or oral articulatory 
behaviors will also be mentioned briefly because they are 
often used in conjunction with treatments to improve 
velopharyngeal function. 

Identifying the specific goals of proposed treat
ments to improve· velopharyngeal function can be difficult. 
As Starr [157] has noted, most writers describing these 
treatments have not identified which aspect of function they 
desire to change. Even when they do identify the aspect of 
function to be changed, they usually do not measure this 
variable directly. Rather, they appear to assume that changes 
either in velopharyngealmuscles orinmuscle control will be 
reflected in reductions in velopharyngeal orifice size, per
ceived nasalization, or both. This assumption is related to 
another complication in identifying the goals of various 
behavioral treatments: treatment goals may overlap. For 
example, techniques to strengthen velopharyngeal muscles 
may also enable a speaker to achieve velopharyngeal clo
sure more consistently. 

It is often presumed but not stated that reaching 
these goals should result in improvements in conversational 
speech. Other typically unstated assumptions are that the 
newly taught behaviors should be accomplished by the 
speaker without becoming fatigued and that these new 
behaviors should not have deleterious effects on laryngeal 
structure or function [22, 100, 161]. 

Despite these complexities in stating treatment 
goals, identifying the specific goals targeted by a treatment 
may be necessary to ensure the selection of appropriate 
treatments.· Various specific treatment goals rest on differ
ent underlying assumptions regarding the nature of a 
speaker's velopharyngeal mechanism prior to therapy and 
its potential to change with therapy. For example, some 
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treatments require that the speaker achieve velopharyngeal 
closure during some speaking tasks prior to therapy while 
others do not. If treatment goals are not considered, the 
treatments provided may be ineffective because they do not 
match the needs and abilities of the people being treated. 

In attempts to meet goals such as those listed above, 
many different behavioral treatments have been proposed. 
If the history of clinical experience with these treatments and 
research studying their effects is examined, the evolution of 
current behavioral treatments of hypemasality and nasal 
emission may be appreciated. 

History Of Behavioral Treatments 
Examination of textbooks and journal articles pub

lished over the last half century reveals three generally 
successive phases of opinions about the likely effectiveness 
of behavioral treatments to reduce hypemasality and au
dible nasal emission of air [123]. These phases can be 
summarized roughly as follows: Phase 1-1940s to 1960s: 
"Yes; we can improve velopharyngeal closure through 
physical exercises and speech therapy and we can alter other 
speaker behaviors so that the perception of nasalization is 
reduced," Phase 2-1960s to 1970s: ''No; we have been 
naive in thinking that we can improve velopharyngeal 
closure by behavioral means, but perhaps therapy can de
velop speech that is perceived as less nasal," and Phase 3-
1970s to 1990s: "Although definitive data are lacking, 
perhaps for some individuals, velopharyngeal closure may 
be improved without sending them back to the operating 
room." 

Phase 1: Speech Therapy Works 
From the 1940s through the 1950s and early 1960s, 

many clinicians believed that nonspeech exercises would 
increase the strength or voluntary control of the 
velopharyngeal mechanism for speech. During this period, 
clinicians commonly recommended activities such as blow
ing, whistling, sucking, swallowing, cheek puffing, and 
playing wind instruments [6, 18, 70, 90, 94, 106, 110, 172, 
173, 185, 186, 188]. Most ofthese recommendations were 
made with the expectation that vel~haryngeal closure ob
tained during these activities would transfer automatically 
to speech and that these methods would benefit all speakers 
with velopharyngeal impairment. Other writers claimed 
that velopharyngeal closure for speech sometimes improved 
as a side benefit of articulation therapy [e.g., 117, 190] or 
that feedback on the presence or absence of nasal airflow-
shown by condensation on mirrors or by movement of 
feathers or other objects--could lead to improved 
velopharyngeal closure [e.g., 69, 106, 186]. To elicit im
proved velopharyngeal closure during speech, some [ 46, 
4 7] advocated using greater effort by pushing the fists 
forcefully downward simultaneous with producing vowels 
or other short utterances. 

NCVS Status and Progress Report•160 

As it became apparent that velopharyngeal func
tion could not always be improved, clinicians began to 
suggest that using a greater oral opening would result in 
speech perceived to be less hypemasal [6, 96, 175]. 
McDonald and Koepp-Baker [96] stated that increasing oral 
opening would decrease oral impedance to sound and air
flow. They reasoned that if oral impedance was reduced 
relative to nasal impedance, speech might be perceived as 
less nasal even though velopharyngeal closure movements 
remained relatively unchanged. 

All of these recommendations during Phase 1 were 
based predominately on clinical impressions. Some of these 
impressions were questioned in Phase 2 when researchers 
began to study these treatments. 

Phase 2: Speech Therapy May Not Improve Velo- . 
pharyngeal Closure but May Reduce Perceived Nasal
ization Treatments to Improve Velopharyngeal Func
tion 

Skepticism about the effectiveness of these treat
~. During the 1960s and 1970s, behavioral treatments 
to improve velopharyngeal closure fell out of favor prima
rily because research during that time did not support their 
use. In an often cited study using sagittal cinefluorography, 
Moll [ 1 02] showed that normal speaking individuals did not 
typically close the velopharyngeal port during sucking and 
cheek puffing. He also found that for most of his subjects 
velar movements used during blowing and gagging differed 
from those used during speech. Others [ 45, 62, 99, 119] also 
found differences between speech and nonspeech 
~elo~haryngeal movements in speakers with velopharyngeal 
tmpamnents. These results led clinicians to question the 
validity of using nonspeech activities as the bases for im
proving velopharyngeal closure movements for speech. 

Other research examined subjects' responses to 
treatment and failed to support the idea that nonspeech 
exercises or speech therapy procedures were associated with 
improvements in velopharyngeal function. Massengill, 
Quinn, Pickerell, and Levinson [94] investigated the effects 
of blowing, sucking, and swallowing exercises in conjunc
tion with intensive articulation therapy on velopharyngeal 
gap during sustained vowels. Subjects with repaired clefts 
failed to show improvement with blowing and sucking 
exercises. However, Massengill and his colleagues reported 
positive results for subjects who performed swallowing 
exercises requiring them to practice prolonged swallows 
and to monitor each swallow by placing a finger on the 
larynx. Unfortunately, these researchers neglected to docu
ment homogeneity across subject groups performing the 
various types of exercises. Furthermore, in a study of the 
same types of exercises, Powers and Starr [126] reported 

· poor results for subjects with repaired clefts who reportedly 
achieved closure during a blowing task prior to receiving the 
treatment. These subjects showed no significant change in 



velopharyngeal gap or perceived nasality associated with 
the exercises. Change in velopharyngeal function associ
ated with articulation therapy was studied by Sheltonandhis 
co-workers [142]. Their subjects, who also had repaired 
palatal clefts, failed to show smaller velopharyngeal gap 
sizes or increased posterior pharyngeal wall movements. 
All of these studies were limited in that only a lateral view 
ofvelopharyngealmovements was used to measure change. 

Because clinicalimpressionsthattherapyimproved 
velopharyngeal function were not supported by research, 
many concluded that velopharyngeal impairment could not 
be improved by speech therapy methods [e.g., 126, 132, 
143, 15~]. Emphasis was placed on treatments involving 
surgery or long-teun. use of prostheses because of the 
realizationthatmanyspeakershadreceivedprolongedspeech 
therapy that failed to change velopharyngeal function or 
reduce hypernasality or audible nasal emission of air. 

Continued interest in treatments to improve 
velOJ)baryngeal function. Notwithstanding the negative 
findings for treatments involving nonspeech exercises and 
articulation therapy and the resulting skepticism, an under
cmrent of interest in behavioral treatments remained and 
new procedures were proposed and studied during the 1960s 
and 1970s. Clinicians and researchers devoted considerable 
study to the effects of approaches intended to stimulate 
increased velopharyngeal movement. 

The most commonly studied method of this type 
was the use of a temporary meech prosthesis. This prosthe
sis consisted of a segment constructed to follow the contour 
of the velum, possibly elevating it slightly, and an obturator 
bulb added to the posterior, pharyngeal portion of the 
prosthesis to prevent nasal. airflow dming speech. Blakeley 
[9] explained that a primary purpose of the prosthesis was to 
require that speech be produced with appropriate oral air 
pressures and orally directed airflow, thereby facilitating 
acquisition of plosive and fricative consonants. He and 
others reported that use of obturators was associated with not 
only the expected changes in speech as a result of the 
obturation of the velopharyngeal port, but also longitudinal 
changes in how the velopharyneal muscles behaved. Many 
authors reported increased pharyngeal wallmotioninspeak
ers with velopharyngeal impainnent who had been fitted 
with obturators, in some cases allowing a reduction in 
obturator size or complete elimination of the appliance [7, 8, 
9, 11, .21, 24, 43, 57, 58, 81, 95, 101, 130, 176, 183, 184, 
197]. Cole [22] noted that some authors [e.g., 43, 130] 
believed that increased muscle activity resulted from resis
tance of the obturators to the movement of the palatal and 
pharyngeal muscles, while others [7, 21] felt that the pres
ence of the obturator in the nasopharynx somehow served to 
"stimulate" the musculature. 

Although the reports of successful obturatorreduc
tion and elimination of prostheses were widespread, few 

systematically gathered data were reported Weiss (183] 
reported that 23 of a series of 125 patients experienced 
reduction and complete elimination of the prosthesis with 
little or no remaining nasality [184] but he did not present 
specific data describing his patients' articulation, resonance, 
or velopharyngeal closure behaviors. Blakeley [9] reported 
his clinical observation that usually the lateral aspects of the 
appliance were reduced more than the posterior aspect but 
he also presented no supporting data. In a study using 
sagittal cinefluorography, Shelton and his co-workers found 
greater anterior movement of the posterior pharyngeal wall 
as bulb size was reduced for 2 of 19 subjects [146]. In 
another study, they found that 1 of 3 subjects developed 
greater posterior pharyngeal wall movement in association 
with a program of therapy that involved interchange of 
obturators of various sizes, but the change in movement was 
not judged to be clinically significant [147]. 

Reports that the presence of obturators was associ
ated with improved velopharyngeal function prompted other 
clinicians to explore a variety of methods for stimulating 
increased velopharyngeal movement Lubit and Larsen [88, 
89] devised an inflatable "palatal exerciser" which elevated 
the velum superiorly and posteriorly and pressed against the 
posterior pharyngeal wall. Although they claimed that 
patients benefitted from the exerciser, if the device had 
actually "exercised" the palate, it would have provided 
resistance against muscles lowering the velum and thus 
would have exercised these muscles rather than the muscles 
elevating the velum. Resistance to muscles elevating the 
velum would have been reduced by the device, although the 
opposite would be needed for resistance exercise of those 
muscles. Massengill, Quinn, and Pickerell [93] advocated 
use of "palatal stimulators" which resembled palatal lifts 
and reported data from five patients showing that 
velopharyngeal gaps were either reduced or eliminated after 
wearing the "stimulator'' for one year. 

Yules and Chase [200] reported that reduced 
hypernasality and improved velopharyngeal closure for 
speech were associated with a treatment program incorpo
rating electrical stimulation of the velum, feedback of nasal 
acoustic energy, and a home program of tactile stimulation 
of the velopharyngeal area. However, a follow-up study in 
their laboratory failed to replicate their earlier positive 
results [182]. In addition, Peterson [120] later questioned 
their methodology based on her finding that electrical stimu
lation did not consistently elicit palatal elevation in either 
normal subjects or those with velopharyngeal impairment. 

Shelton [13 8] was among the first to recognize that 
lack of a conscious sense of palatal position limited the 
success ofbehavioral treatments to change velopharyngeal 
movements. In a series of studies, he and his co-workers 
attempted to increase amreness of palatal position and to 
train voluntary movement of the velum and pharyngeal 
walls. Normal speaking children and adults learned to 
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voluntarily elevate the velum [145]. However, subjects' 
reports of whether or not they elevated their palates did not. 
consistently agree with observations of their velar elevation 
made by judges who monitored the subjects' veiar activity. 
In addition, while some subjects reported sensing their 
palatill movements, others said they were unable to do so. 
Furthermore, when two normal adult subjects were tested 
for their ability to elevate their velums to various degrees, 
they were only able to elevate to two different height 
categories [144]. Shelton and his colleagues interpreted 
these findings as evidence that sensation of palate position 
and movement is imprecise and that the velar elevation 
training provided in these studies would not likely facilitate 
improved velopharyngeal closure during speech. In a re
lated study, Tash et al. [161] found that normal speaking 
children and children with velopharyngeal impairment but 
no history of palatal clefting could be trained to produce 
voluntary pharyngeal wall movements dwing production of 
Ia/, but the movements did not generalize to spontaneous 
speech. 

In 1979, as Phase 2 shifted into Phase 3, Cole [22] 
reviewed the literature on behavioral treatments of 
velopharyngeal function. He categorized these trea1ments 
into three groups of ''muscle training" procedures: (a) 
indirect muscle training which included articulation therapy 
and yawning, swallowing, and gagging exercises, (b) 
semidirect muscle training which included blowing and 
sucking exercises, and (c) direct muscle training which used 
devices to "touch, stroke, manipulate, stimulate, or apply 
resistance to the palatal and pharyngeal muscles" (p. 335) to 
bring involuntary velopharyngeal movements under volun
tary control. ·According to Cole, indirect methods were 
unlikely to effect improvement in velopharyngeal function. 
However, he maintained that semidirect or direct muscle 
training procedures should be tried if velopharyngeal clo
sure was inconsistent or the residual gap was ''relatively 
small" (p. 330). He indicated that semidirect tpjning 
activities might be more effective if they were ''performed 
against considerable resistance" (p. 334)--forexainple, tasks 
might involve blowing a baseball rather than cotton. In 
addition, he described direct muscle training procedures for 
teaching individuals to gradually bring under their volun
tary control velopharyngeal movements present dwing the 
gag reflex. To make patients aware of sensations associated 
with contraction of the velopharyngeal muscles, Cole used 
long-handled spoons or cotton applicators to touch and 
stroke the velopharyngeal area to elicit smallmusc1e move
ments, but stopping just short of eliciting the gag reflex. As 
patients became more tolerant of the stimulating devices, he 
also used the devices to provide resistance against pharyn
geal wall movements. Cole recommended incorporating 
perfounance feedbaclcinto bothsemidirectanddirectmuscle 
training tasks, and he emphasized his belief that this was the 
most important component of muscle training programs. 
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Cole provided no empirical evidence supporting the effec
tiveness of his recommended trea1ments. He also did not 
consider earlier work indicating that the velopharyngeal 
mechanism is not likely to be under the same nemal control 
forgagasforspeech[62]anddoesnotshowthesamepattein 
ofbehavior in these two activities [153]. 

Three years after Cole's review, Ruscello [132] 
reviewed "palatal training procedures" under the same cat
egories proposed by Cole. Ruscello reached the general 
conclusion that ''present clinicaltrea1ments directed to the 
palatal mechanism do not have empirical support and con
sequently cannot be successful on a routine basis" (p. 191). 

Treatments to Reduce Perceived Nasalization by Chang
ing Respiratory, Laryngeal, or Oral Articulatory Behav-
iors 

In agreement with McDonald and Koepp-Baker 
[96] and others during Phase 1, clinicians during Phase 2 
also wrotethathypernasality could be reduced by increasing 
the range of oral motion [e.g., 104, 107, 143, 187]. An 
acoustic model described by Lindblom and Sundberg [83] 
revealed that speakers who were least hypernasal tended to 
use the greatest oral openings. Fletcher [ 41] obtained 
comparable results for speakers with repaired palatal clefts. 
Warren [178] indicated that increasing the size of the oral 
opening resulted in less nasal airflow even if the size of the 
velopharyngeal orifice remained unchanged. 

Other changes in articulatory behavior recom
mended to reduce nasalization included use of light 
articulatory contacts [e.g., 111, 143, 187, 191] and slow 
speaking rate [e.g., 52]. Clinicians and researchers also 
noted that speakers with good oral articulation skills tended 
to be perceived as less nasal than those with poor oral 
articulation and, therefore, suggested that improving oral 
articulation skills alone might lead to reduced hypemasality 
[e.g., 36, 149, 171]. 

Clinicians dming Phase2 suggested changing loud
ness and modal pitch to reduce perceived hypemasality 
[e.g., 39, 201]. However, there was disagreement regarding 
whether increased or decreased loudness and pitch would 
contribute to reducing hypernasality [e.g., 26, 39, 61]. 

During Phase 2, Fletcher [40] introduced TONAR, 
a device designed to measure an acoustic correlate of 
hypernasality. TONAR consisted of a nasal microphone 
and an oral microphone isolated from each other by a lead 
enclosure to limit sound at one microphone from reaching 
the other microphone. The ratio ofthe acoustic energy at the 
nares to the sum of the acoustic energy at the nares and the 
oral opening was termed "nasalance" [42]. Fletcher [40] 
described his use of TONAR to provide feedback during 
therapy to reduce hypernasality. Fletcher instructed his 
subjects to watch the nasalance trace as they spoke and to 
keep it under certain threshold values. He presented case 
studies for two individuals, one with velopharyngeal im-



pairment secondary to a repaired cleft palate and the other 
with hypemasality following tonsillectomy and 
adenoidectomy. Although nasalance decreased dming their 
treatment, Fletcherprovidednoevidencethatvelopharyngeal 
function improved during the course of their treatment. 

Phase 3: Certain Kinds of Speech Therapy May Work 
for Some Individuals, but Supporting Data are Lackiqg 

In the mid-1970s and early 1980s, the number of 
reports advocating use of behavioral treatments of 
velopharyngeal impairment began to increase. The treat
ments in this third phase are a mixture of old and new. Some 
of the treatments described and advocated dming Phase 2 
continue to be used in Phase 3 and ongoing interest in them 
was probably motivated by undocumented claims of clinical 
success during Phase 2. Most of the other treatments in 
Phase 3 are new approaches that were made possible by two 
developments in instrumentation for viewing the 
velopharyngealsystem: (a) replacement of cinefluorography, 
which had been typically carried out only in the lateral view, 
with multi view video fluoroscopy, and (b) use of 
videoendoscopy-first oral, then nasal-for viewing move
ments of the velopharyngeal system without the dangers of 
radiation. These and other new instrmnents allowed clini
cians and researchers to observe patients' pretreatment 
velopharyngeal function in greater detail so that treatments 
could be more closely matched to patients' needs and 
abilities, to provide feedback on velopharyngeal function 
during treatment, and to quantify the results of treatment 

Phase 3 opinions about the probable effectiveness 
of the treatments represent a refinement of older points of 
view. The number and variety of behavioral treatments 
described during Phase 3 reflect hope that these approaches 
may be useful in treating velopharyngeal impainnent. How
ever, recent reviewers of the literature in this area are 
hesitant to endorse any specific behavioral trea1ment be
cause the supporting data are lacking. While they aclmowl
edge that the available reports of trea1ment effectiveness 
indicate that some individuals with velopharyngeal impair
mentare helped with the procedures, they emphasize that the 
procedures are not likely to helpall those with velopharyngeal 
impairment and clinicians and researchers continue to be 
unable to identify those who can be helped [e.g., 54, 100, 
133, 158]. 

Treatments to Improve Velopharyngeal Function 
Use of temporary prostheses. During Phase 3, 

temporary prostheses continue to be used and advocated to 
improve velopharyngeal function [66, 98, 150]. Israel, 
Cook, and Blakeley [ 66] reported fitting temporary prosthe
ses with pharyngeal obturator bulbs in children as young as 
2 112 years of age and indicated that their patients wear the 
obturators for 3 to 5 years. During this time, the child 
receives articulation therapy. After articulation skills are 

age appropriate, or nearly so, obturator reduction is at
tempted In addition to reducing the obturator, they may also 
recommend complete removal of the appliance for a trial 
period of time, such as a week or month, if a child's parents 
report that the child's speech is perceptually the same with 
or without the appliance. Israel and his colleagues stated that 
in their experience, for 25 to 45% of the patients, the 
obturator could eventually be completely removed without 
the need for subsequent surgery. McGrath and Anderson 
[98] reported that various centers estimate that 3 to 60% of 
their patients need no further physical management after 
removal of the temporary prosthesis. Israel et al. expressed 
their opinion that in the presence of the obturator ''the 
sphincter muscles may learn to constrict further during 
speaking than they normally would have without the pros
thesis" (p. 207). They emphasized that they do not believe 
that the muscles hypertrophy, but that the muscles '"learn' 
to function more voluntarily" (p. 207). 

According to Israel and his associates, even when 
surgery is ultimately needed to replace an o~turator; the 
experience with the temporary obturator is ofbenefit to the 
patient. While wearing the obturator, the patient learns 
normal articulation skills. As a result, the patient is not likely 
to direct speech sounds through the nose after surgery and, 
therefore, the surgeons use a surgical procedure that is "less 
obstructing to the nasal airway'' (p. 208). 

Wolfaardt and his co-workers [196] studied the 
effects of a procedure that involved systematic reduction of 
the amount of time a palatal lift appliance was worn by 32 
patients with velopharyngeal impairment. In addition to 
wearing a palatal lift, their patients received: (a) listening 
training to develop their awareness of normal and deviant 
nasalization, (b) nasalance feedback, (c) nasal airflow feed
back, (d) articulation therapy to correct consonant errors, 
including compensatory errors, and (e) therapy to increase 
jaw range of motion as a means of maximizing oral-nasal 
resonance balance. Of the 32 patients studied, 14 were able 
to discontinue using the palatal lift while maintaining speech 
with appropriate oral-nasal resonance balance. Unfortu
nately, Wolfaardt et at did not report the ages of these 
patients or the etiologies of their velopharyngeal impair
ment. 

Palata! training awliance. Another oral prosthesis 
said to improve velopharyngeal function is the "palatal 
training appliance" (PTA), which is used in the United 
Kingdom [34, 159, 160, 164]. FirstdescnbedbyTudorand 
Selley [169], it consisted of an acrylic plate covering the 
hard palate and aU-shaped wire loop extending posteriorly 
under the soft palate. To provide feedback on palatal 
movement, a "visual speech aid" (VSA) was devised by 
replacing the U-shaped loop with two electrodes connected 
to a light bulb. When a patient lifted the soft palate off the 
electrodes, the light went out. Tudor and Selley believed 
that the PTA increased "sensory perception of the soft palate 
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... the patients became aware of its movements and could 
control them voluntarily'' (p. 119). Five of their 11 dysarthric 
speakers reportedly established "intelligible" speech within 
three weeks. However, no supporting data were given. 

According to recent descriptions of the PTA [137, 
159, 160], the U-shaped loop is adjusted to touch the soft 
palate at rest without elevating it and the end of the loop is 
located at the point where maximal palatal elevation would 
be expected to occur. The PTA is generally worn at all times. 
Practice sessions with the VSA occur several times a day. 
Ongoing speech therapy teaches patients to use visual, 
auditory, tactile, and nasal airflow feedback; improve ar
ticulation accuracy and speed; discriminate between accu
rate and distorted productions; and alternate between old 
and new productions. 

Stuffins [160] summarized treatment results for 26 
patients whose hypernasality and audible nasal emission of 
air was related to palatal clefting, neurological disorders, or 
an unknoWn. etiology. These patients wore the PTA for 
periods ranging from 3 months to 3 1/2 years. Gradual 
withdrawal of the appliance was accomplished by increas
ing the amount of time per day that the patients did not wear 
their appliances. Forty-two percent of the patients report
edly developed "nonnal speech and resonance" and an 
additiona130% made "major improvements'' in speech. 

Recently, Selley et al. [137] spec.ted that the 
PTA may "reduc[ e] tongue humping" (p. 3 82), thus allow
ing oral airflow to increase and nasal airflow to decrease. 
Stuffins [160] conjectured that if the "posterior bunching 
movementofthepalatoglossusmuscle" (p. 113) is inhibited, 
the levatorpalatinimuscle would be better able to elevate the 
velum. 

Feedback treatments. Many fonns of feedback 
have been used in behavioral treatments of velopharyngeal 
impairment during Phase 3. Feedback is often provided by 
instruments for assessing velopharyngeal function that have 
been introduced in Phase 3. 

By the mid-1970s, clinicians were beginning to 
investigate howtheyideoendosccmic imaee couldbeusedas 
a fom of feedback in the effort to change velopharyngeal 
function. In 1966, Taub [162] first described the "oral 
panendoscope" for viewing the velopharyngeal system and 
in 1975 Shelton and his co-workers [148] successfully 
taught nonnal speakers to voluntarily produce closure on 
nonspeech tasks by having them view the velum through a 
video playback system linked to the panendoscope. How
ever, these authors were cautious about generalizing their 
results onnoimal speakers to speakers with velopharyngeal 
closure problems. In 1978, Sheltonandhiscolleagues [141] 
used video feedback provided by the panendoscope to teach 
two individuals with velopharyngeal impairment to "more 
frequently approximat[ e] complete closure" (p. 6) as they 
produced vowels and syllables. Shelton did not speculate on 
whether this type of training would be effective in improv-
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ing velopharyngeal closure in spontaneous speech. The oral 
endoscope could be used to pz:ovide feedback during pro
duction of only certain speech sounds because it interfered 
with speech articulation and because its view was limited to 
the oral surface of the velum. 

With the advent of rigid nasopharyngoscopy and 
then flexible fiberoptic nasopharyngoscopy, clinicians and 
researchers couldviewthevelopharyngealmechanism with
out interfering with speech. Since the mid-1970s, clinicians 
in Japan, Canada, Gemany, and the United States have 
reported using feedback of videonasendoscopic images in 
trea1mentstoimprovevelopharyngealfimction [17, 63, 115, 
194, 195, 198]. Many of these clinicians report success 
using tbls type of feedback with small numbers of patients 
but provide no quantitative data indicative ofvelopharyngeal 
function before, during, or after the course of treatment. 

The report that used the most subjects was that of 
Yamaoka, Matsuya, Miyazaki, Nishio, and lbuki [198] who 
treated 59 patients with repaired palatal clefts. These sub
jects attended hour-long sessions provided biweekly for one 
year. During each session, subjects received 
nasopharyngoscopic feedbackoftheirvelopharyngealmove
ments as they repeated the activities for which they had not 
reached complete velopharyngeal closure during the previ
ous session. Some subjects also received "ordinary speech 
therapy'' to correct articulation problems. Following treat
ment, 59 percent of the subjects demonstrated better 
velopharyngeal closure during vowels and consonants than 
was demonstrated before treatment. 

Some treatments to improve velopharyngeal func
tion during Phase 3 incorporate feedback ofnasal airflow as 
was also done before Phase 3. These treatments during 
Phase 3 generally use the See Scape (manufactured by PRO
ED) [49] or an oscilloscope to provide visual feedback of 
nasal airflow. Usually, this approach is used in combination 
with other trea1ment methods [e.g., 25, 112, 196]. The 
amount of nasal airflow is a function not only of 
velopharyngeal orifice size but also of nasal pathway resis
tance and respiratory effort [177, 181]; changes in nasal 
airflow may be controlled by changes in respiratory effort 
without changing velopharyngeal orifice size. Therefore, 
the presence or absence of nasal airflow can be used to 
indicate that the velopharynx is opened or closed but varia
tions in amount of nasal airflow cannot be used to indicate 
varying degrees ofvelopharyngeal closure. For this reason, 
feedback of nasal airflow must be interpreted carefully or 
accompanied by feedback of oral air pressure [e.g., 38]. 

Moller and his co-workers [103] experimented 
with use ofastrain gauee and associated instruments to track 
velar movement. They provided feedback on this move
ment to a pre-adolescent boy with a repaired palatal cleft, 
hypemasality, and evidence of a short velum. He reportedly 
learned to increase his velar movement during /ul, however, 
hishypemasality and velopharyngeal gap size did not change, 



possibly because adenoid involution occurred during the 
comse of his IS-session, five-week treatment. 

Two types of feedback treatment incorporating 
photoelectric detection of light associated with 
velopharyngeal function have been suggested Kiinzel [80] 
provided feedback of information obtained from a 
"velograph." His velograph consisted of a cold light source 
and photocell inserted transnasally and positioned above the 
velum; the photocell regiStered the amount oflightretlected 
off the elevated velum, thus indexing the extent of velar 
elevation. Kiinzel used feedback of velograph data in his 
treatment of four individuals with repaired cleft palates who 
had shown the ability to attain velopharyngeal closure "at 
least sometimes during speech" (p. 99) prior to treatment. 
He reported that these four subjects learned to "actively 
control their velopharyngeal mechanism under feedback 
conditions, two of them also undernonfeedback conditions" 
(p. 98). 

Dalston and Keefe [28] used a "photodetector'' to 
provide feedback related to size of the velopharyngeal 
opening. The photodetector [27] measures the amount of 
light transmitted throught the velopharynx by using a light 
source positioned below the velopharyngeal port and a light 
detector positioned above the port. Dalstonand Keefe stated 
that treatment incorporating photodetector feedback pro
vided by a microcomputer enabled a small group of normal 
speakers and speakers with repaired cleft palates to alter 
velopharyngeal movements. They also indicated that 
hypernasality and audible nasal emission of air was reduced 
or eliminated for the speakers with repaired clefts. How
ever, they provided no data to support these statements. 

Whistling-blowing technique. Shprintzen and his 
co-workers described a behavioral treatment that used nasal 
airflow feedback. In addition, they also incorporated use of 
multi view video fluoroscopy to provide a rationale for their 
procedure and to show that velopharyngeal closure had 
improved with treatment Usingmultiviewvideofluoroscopy, 
Shprintzen, Lencione, McCall, and Skolnick [153] observed 
that vtlopharyngeal closure patterns were similar for blow
ing, whistling, and speech. Subsequently, Shprintzen, 
McCall, and Skolnick [154] treated four individuals who 
initially achieved closure during blowing and whistling but 
not speech. Three of the subjects had a history of palatal 
clefting and the fourth had a history of hearing loss and 
velopharyngeal impairment secondary to adenoidectomy. 
All subjects were said to have frequent audible nasal emis
sion of air or nasal snorts and two were perceived to be 
severely hypernasal. To elicit velopharyngeal closure dur
ing vowel phonation, the subjects were instructed to blow or 
whistle and, as the blowing or whistling continued, to add 
simultaneous phonation of a vowel The "scape-scope" was 
used to inform the subjects whether nasal airflow was 
present during vowel production. Later treatment steps 
required productions of consonants, phrases, sentences, and 

spontaneous speech as the use of blowing or whistling was 
extinguished. 

Shprintzen and his associates presented what they 
deemed to be representative traces of multiview 
videotluoroscopic images before and after treatment to 
show that all subjects demonstrated greater palatal elevation 
and pharyngeal wall movement after treatment. In addition, 
they stated that clinical evaluations revealed that all sub
jects' speech improved during the treatment period. 
Shprintzen and his colleagues speculated that these speakers 
were able to improve velopharyngeal function with behav
ioral treatment because they had experienced velopharyngeal 
impairment as a result of an "error in learning." 

Shprintzen later [151] observed that speakers who 
achieved velopharyngeal closure during blowing or whis
tling also achieved closure during prolonged /s/ and Iff even 
though they did not achieve closure during Is/ and Iff in 
running speech. Therefore, he advocated using prolonged I 
sf or Iff as a starting point from which to shape use of 
appropriate velopharyngeal closure during production of 
these and other speech sounds. He claimed that this proce
dure was as effective as the use of blowing to shape im
proved velopharyngeal closure. 

Shaping improyed yel<mharvngeal closure from 
closure achieved on other pressure consonants This shap
ing approach has been recommended [e.g., 1, 53, 86, 87, 
112, 124, 129, 170] to elicit improved velopharyngeal 
function for individuals who achieve closure during some, 
but not all, pressure consonants prior to therapy. The 
individual begins by producing one of the speech sounds 
associated with relatively good velopharyngeal closure. 
Then, during the production of this sound, he or she makes 
tongue movements as directed by the clinician or researcher, 
and thereby changes this speech sound into a sound that had 
been produced with relatively poor velopharyngeal closure 
prior to treatment. The intent is to maintain the 
velopharyngeal posture reached for the first sound through
out the production of the second sound. 

Hall and Tomblin [53] used this approach to treat 
a first-grade student who consistently nasalized /s/ and /z/, 
but who orally produced all othernonnasal sounds including 
I fl, /9/, and /tl. They first instructed the child to produce 
If I and "slide" to the /sf while continuing the oral airstream. 
This failed to stimulate nonnasal production of Is/, as did 
attempts to "slide" from /9/ to Is/. Next, they told the boy. to 
produce aft/ and then release the tongue-palate contactofthe 
ltl into the fricative /s/. This elicited an /s/ produced without 
audible nasal emission of air, and presumably with 
velopharyngeal closure. They used a variety of articulation 
therapy techniques to help the child successfully establish 
nonnasal production of Is/ and generalize it to conversa
tional speech. 

Others [112, 194, 195] have presented case reports 
in which this approach was used to treat individuals with 
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velopharyngeal impairment secondary to a variety of condi
tions including palatal clefting. Feedback of nasal airflow 
information [53, 112] or videonasopharyngoscopic images 
[194, 195] was provided as part of these treatments. 

Articulation1herapy. Dming Phase3, anothertype 
of articulation therapy has been advocated to improve 
velopharyngeal closure. Hoch et al. [63] claimed that 
improved velopharyngeal function is sometimes associated 
with therapy to eliminate compensatory articulation errors 
such as glottal and pharyngeal substitutions. To support this 
claim, they summarized Shprintzen' sunpublished compari
son of pretreatment and posttreatment nasopharyngoscopic 
and multiview video fluoroscopic examinations of patients 
who received therapy to correct compensatory errors. Ofhis 
72 patients with "near or total absence of velar and lateral 
pharyngeal wall motion" before treatment, 34 showed 
"improve[ d) ... degree ofvelopharyngealmovement'' after 
treatment. 

Ysunza et al. [199] published results that were 
compatible with the clinical experience of Hoch et al. and 
Shprintzen. Y sunza and his co-workers studied 31 children 
with repaired palatal clefts who used compensatory substi
tutions and who were hypemasal. They gave these children 
6 to 15 months of speech therapy to replace glottal and 
pharyngeal substitutions with oral articulatory placements. 
They then examined the effects of this therapy on 
velopharyngeal function by comparing results of pretreat
ment and posUreatment videonasopharyngoscopic and 
multiview videofluoroscopic examinations. Ratios of velar 
movement and ratios of lateral pharyngeal wall movement1 

were significantly greater after treatment than before and 
velopharyngeal gap size was significantly smaller after 
treatment than before. Thirteen of the children achieved 
complete velopharyngeal closure dming the posttreatment 
examination. 

These reports suggest that the initial step in man
agement for speakers who use glottal stops and pharyngeal 
articulations should be speech therapy to replace these 
articulations with oral placements rather than surgery to 
correct a presmnably incompetent velopharyngeal port [1, 
63,167, 199]. Someofthosewhou8eglottalandpharyngeal 
places of articulationmaynot be closing the velopharyngeal 
port dming these sound productions not because they have 
an incompetent velopharyngeal mechanism but because 
velopharyngeal closure is not needed to produce these 
glottal and pharyngeal articulations. When the individual 
leams oral articulatory placements, velopharyngeal closure 
becomes necessary to achieve adequate intraoral air pres
sure for the sounds. lfvelopharyngeal function improves as 

1 larger ratios are consistent wrth greater movement of the velum or lateral 
pharyngeal walls. See Golding-Kushner et al. (50) for further explanation of these 
ratio measures. 
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the individual learns oral articulatory placements-that is, if 
the individual leanrs to use correctly a velopharyngeal 
mechanism that is anatomically and physiologically ad
equate-thenneithersurgerynorobturationisneeded Broen 
et al. [15] descn'bed how they used this type 9f articulation 
therapy to explore whether improved velopharyngeal func
tion was possible without surgery or obturation. 

Resistance training using Continuous Positive Air
waY Pressure CCPAP). An implicit assumption involved in 
the procedures descn'bed above is that the individual being 
treated possesses the inherent anatomic and physiologic 
capability to improvevelopharyngealfunctioning for speech. 
This view assumes that the individual can "leam"howtouse 
the mechanism in a more appropriate manner thereby im
proving functioning for speech. However, it is possible that 
there are physical limitations that must be overcome before 
additional modification in behavior can be achieved. An 
example of such a limitation might be insufficient muscle 
strength or endurance coupled with a threshold of fatigue 
that is relatively low. An obvious approach to alleviate such 
a problem is to increase muscle strength or endurance using 
a resistance exercise regimen focused on the muscles of the 
soft palate. Although this concept is not new dming Phase 
3, until recently, resistance exercise of the muscles of the 
velum was not applied in a practical or theoretically sound 
manner. 

In 1991, Kuehn [73] proposed a resistance type of 
treatment for strengthening the muscles of velopharyngeal 
closure that utilizes well-known principles of exercise physi
ology [13, 16, 97]. Resistance to the muscles is provided by 
delivering heightened air pressure to the nasal cavities using 
a commercially available device referred to generically as 
continuous positive airway pressure (CP AP). CP AP is used 
routinely to treat individuals with obstructive sleep apnea 
[136]. 

Major principles of the treatment proposed by 
Kuehn [73] include overloading, progressive resistance, and 
specificity of the exercise regimen, all of which are known 
to increase muscle strength. Muscles are subjected to a load 
greater than that they typically work against. This is called 
"overloading." Asthemusclespracticeworkingagainstthis 
load, they adapt to the load and strength is increased. The 
greater the overload that the muscles adapt to, the greater the 
strength gain achieved for the muscle or muscle group being 
exercised As the muscles adapt to a given load, the 
"intensity" of the exercise program is increased by increas
ing the size of the load, such as increasing the weight of an 
object lifted. Thus, the muscles are again overloaded. This 
process is repeated in gradually increasing increments; this 
gradual increase in exercise intensity is called "progressive 
resistancetraining." Suchanincreaseisnecessaryasmuscles 
adapt to each load bearing capacity. If progressive resis
tance does not occur, further increases in strength will not be 
achieved. 



Specificity involves exercising the particular 
muscles and, presumably, activating the corresponding motor 
nerve pathways that will be used during a given task. This 
is an important consideration with regard to the muscles of 
velopharyngeal closure because nonspeech activities, such 
as swallowing and blowing, have been used frequently in 
attempts to strengthen the muscles. However, it is known 
that nonspeech tasks, such as swallowing, involve very 
different velopharyngeal movement patterns compared to 
that for speech [102, 153]. Thus, it is advantageous to 
provide resistance to the muscles ofvelopharyngeal closure 
during speechratherthannonspeechactivities if increases in 
strength during speech are to be expected. 

The muscles of velopharyngeal closure appear to 
be vulnerable to fatigue because velar elevation during 
speech is a repetitive activity that may occur frequently 
within a relatively short amount of time. For individuals 
with a normal mechanism, levator veli palatini muscle 
activity for speech occurs at a fairly low level within its total 
operating range [76] and thus is not likely to be affected by 
fatigue. However, for individuals with surgically repaired 
cleft palate, levator activity for speech occurs at a relatively 
high level within its total operating range [77] and, presum
ably, is much more susceptible to the effects of fatigue. 

It is possible that individuals with marginal 
velopharyngeal impainnent, in particular, may tend to el
evate the velum to a position involving muscle activity that 
is just below the muscles' threshold of fatigue. This would 
tend to avoid a situation in which fatigue occurs and velar 
elevation becomes very difficult or impossible resulting in 
severe hypernasality. Unfortunately, the velar position 
achieved may not be sufficient for tight velopharyngeal 
closure and some degree ofhypemasality might result The 
degree of velopharyngeal impairment may vary for a given 
individual in relation to a muscle's momentary proximity to 
the threshold of fatigue which, in turn, could be influenced 
by such factors as the individual's general energy level. If 
fatigue effects are at issue, it appears that individuals with 
velopharyngeal impairment for speech would benefit from 
exercises that increase muscle endurance as well as strength. 
Endurance refers to a muscle's ability to maintaili a constant 
tension over prolonged or repeated contraction [2]. 

The CP AP procedure [73] could potentially in
crease both muscle strength as well as endurance because it 
overloads the levator veli palatini muscle [78] and involves 
a regimen with a large number of repetitions of velar 
elevation. The CP AP instnunentation consists of an air 
pressure generating source and a hose and mask assembly. 
The mask is placed over the subject' snose, and the increased 
air pressure is delivered directly to the nasal cavities. Spe
cially constructed speech utterances of the form VNCV, 
such as /insi/, are used for drill worlc. 1bese nonsense words 
are designed to lower the velum during the nasal consonant 
(N) followed by a rigorous elevation of the velum for the 

following pressure consonant (C) much like the power lift in 
weight training. The heightened air pressure in the nasal 
cavities provide the "weight" against which the muscles of 
velopharyngeal closure must work. 

Therapy sessions are conducted in the subject's 
home and involve one session per day, six sessions per week, 
with a total duration of eight weeks. The time of each session 
progresses from 10 minutes during the first week to 24 
minutes dming the eighth week. 1be air pressure delivered 
to the nasal cavities also increases in accordance with the 
principle of progressive resistance exercise such that·the 
lowest pressure is 4.0 em H20 during the first week and the 
highest pressure of8.5 em ~0 is reached during the eighth 
week. 

The efficacy of this therapy procedure currently is 
being tested. 

Treatments to Reduce Perceived Nasalization by Changing 
Respiratory, Laryngeal, or Oral Arti'culatory Behaviors 

During Phase 3, clinicians and researchers have 
continued to suggest methods for reducing perceived 
hypemasality and audlble nasal emission of air by altering 
respiratory, laryngeal, or oral articulatory behaviors without 
necessarily improving velopharyngeal function. Methods 
suggested during earlier phases are still recommended. 
These include using a greater range of oral motion [12, 25, 
91, 92, 100, 111, 112, 124, 158, 170, 174, 178, 179, 192], 
using light contacts for consonants [25, 91, 100, 127, 170, 
174], speaking at a slower rate [100, 111, 192], acquiring 
good oral articulation skills [54, 124, 158, 170, 192], and 
altering loudness and pitch [12, 25, 39, 91, 100, 112, 125, 
158, 192]. However,authorsduringthisphasehavewarned 
that increasing loudness or altering pitch might lead to 
phonation disorders [e.g., 100]. 

Although these methods have been suggested of
ten in the literature, Starr [158] recently pointed out that 
clinical researchers have yet to show that they effectively 
reduce perceived nasalization. In fact, research related to 
some of these procedures suggests that they may not yield 
the expected reductions in hypernasality for all hypernasal 
speakers. For example, studies pertaining to speaking rate 
and hypem.asality indicate that speakers with repaired pala
tal clefts are notnecessarilymore nasal when using speaking 
rates faster than their typical rate [ 67, 68]. Other investiga
tors found that normal speakers were judged to be more 
nasal when reading slowly, in word-by-word fashion, than 
when reading at their typical rate [23] and noted that some 
normal speakers occasionally opened the velopharyngeal 
port during nonnasal utterances produced at slow rates [20, 
163]. If this latter behavior is also present in those with 
velopharyngeal impainnent, speaking at a slow rate might 
increase hypernasality. Even increasing the range of oral 
motions may not decrease hypemasality for all who have 
velopharyngealimpainnent. Some authors [100, 122]have 
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warned that when speakers move the mandible and tongue 
downward to speak with a greater-than-typical oral opening, 
mechanical connections between those structures and the 
velum may cause the velopharyngeal port to open more, thus 
increasing hypernasality. 

During Phase 3, various types of feedback have 
been suggested for use in treatments toreducehypemasality. 
Such feedback includes vibrational data from nasal acceler
ometers or nasal/voice accelerometric ratios [64, 84, 114, 
128] and "feedback filtering" [19, 48]. However, 
Redenbaugh & Reich [128] cautioned that clinical use of 
vibrational data awaits further study of accelerometricratios 
in normal and hypemasal speakers. 

Probably the most popular device for providing 
feedback related to hypernasality is the updated version of 
TONAR. During Phase3, TONARhas been replaced by the 
Nasometer™ (Kay Elemetrics Corporation). The 
Nasometer™ uses a nasal microphone and an oral micro
phone separated from each other by a plate positioned above 
the upper lip. Like TONAR, the Nasometer™ measures 
nasalance and has been recommended to provide feedback 
in behavioral treatment to reduce hypemasality. Current 
research has addressed use of the Nasometer™' s nasalance 
as an index to speech nasality [29, 55]. Also, recently, 
several authors have emphasized that nasalance probably 
reflects not only extent of oral-nasal coupling, but also 
degree of oral opening, height of tongue carriage, respira
tory effort, patency of the nasal ainvay, or some combina
tion of these [41, 42, 55, 100]. Presumably, changes in one 
or more of these variables during treatment might induce 
reduced nasalance. Although there are no published studies 
of the effects of treatments using the Nasometer™ to provide 
nasalance feedback, Starr [158] described an unpublished 
study by K. Burrell who used this type of feedback in the 
treatment of two individuals with inconsistent mild 
hypemasality. She found that nasalance measured during 
sentence lists was less after treatment than before it and 
listener judgments indicated that hypernasality decreased. 
For one subject with a repaired cleft, neither lateral nor 
frontal videofluoroscopic images revealed change in 
velopharyngeal movements. However, for the other sub
ject, who had no history of clefting, lateral videofluoroscopic 
evaluation indicated no velar-pharyngeal wall contact 
pretherapy, but consistent contact after therapy. 

Overview of Current Opinions and Evidence Concerning 
Behavioral Treatments to Improve Velopharyngeal 
Function 

The above historical review indicates that behav
ioral treatments to improve velopharyngeal function are 
being studied and used today. Although much remains to be 
learned about which treatments are likely to be effective and 
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who these treatments might help, this section will summa
rize current opinion and evidence on these questions. 

Which treatments may be effective? 
Starr [157] concluded from his review that treat

ments consisting of speech activities are more likely to be 
effective than treatments consisting ofnonspeech activities. 
These treatments would have the most face validity [73]. 
Virtually all currently advocated treatments focus on im
proving velopbaryngeal function during speech activities. 
Some treatments that do include a nonspeech activity either 
combine nonspeech and speech behaviors [e.g., I 54] or use 
the nonspeech activities for only a short time early in 
.treatment to teach young clients the desired oral direction of 
airflow [e.g., 170]. 

Currently, the mostoftenadvocated treatment com
ponent is provision of instrumental feedback related to 
velopharyngeal function or movement [157]. By providing 
a speaker with such feedback, the clinician is supplementing 
the sensory information the speaker can receive via audition 
and somesthesis [3 2]. Because awareness ofvelopharyngeal 
position and kinesthesis appears to be poor [e.g., 13 8, 140], 
use of instrumental feedback may be a logical treatment 
approach. Results of studies incorporating feedback have 
been described as promising [100, 133, 157]; however, 
reviewers of this literature agree that additional research is 
needed to document the effectiveness of these procedures. 
In particular, future studies need to assess the relative 
effectiveness of various components of treatments incorpo
rating feedback. As Starr [ 158] pointed out, many individu
als receiving feedback as one treatment component have 
simultaneously received other types of therapy such as 
articulation therapy [e.g., 196, 198], shaping from blowing 
[e.g., 154], or shaping from other consonants produced with 
closure [e.g., 194]. Using two or more treatments simulta
neously complicates the interpretation of which treatment 
component contributed to change in velopbaryngeal func
tion. Using feedback alone would appear to be useful only 
if the patient reaches velopharyngeal clos~e in at least some 
contexts prior to treatment or quickly acquires the ability to 
reach closure in some contexts in the early stages of treat
ment. Furthermore, to successfully resolve speech prob
lems associated with velopharyngeal impairments, feed
back procedures must be combined with other procedures 
that develop skilled velopharyngeal movements during au-

. tomatic conversational speech [100]. 
McWilliams et al. [100] reviewed the literature 

describing muscle training, articulation therapy, obturator 
reduction, and biofeedback as methods of improving 
velopharyngeal function. They stated that obturator reduc
tion "appears to be a more promising technique of develop
ing velopharyngealmotion and incorporating it into speech" 
(p. 409) than the other three techniques they reviewed. 
However, they emphasized that more data are needed to 
support the effectiveness of this treatment. 



The therapy procedure involving muscle training 
using CP AP [73] had not been published yet at the time of 
the McWilliams et al. [100] review. Compared to other 
recently advocated procedures, the primary theoretical ad
vantage of the proposed resistance training using CP AP is 
thatitmayalleviatephysicallimitations of the velopharyngeal 
mechanism by increasing muscle strength, endurance, or 
both. An additional advantage is that the procedure can be 
conducted in the subject's home therebypennitting frequent 
and convenient treatment sessions. However, as for other 
currently advocated behavioral treatments to improve 
velopharyngeal function for speech, efficacy of the CP AP 
procedme must still be demonstrated. 

Who may profit from behavioral treatments? 
Clinicians and researchers interested in behavioral 

treatments to improve velopharyngeal function acknowl
edge that only some individuals with velopharyngeal im
pairment are likely to have the potential to profit from these 
treatments. Among those judged most likely to benefit are 
individuals with inconsistent or borderline velopharyngeal 
"competency" [22, 25, 63, 80, 100] or borderline 
velopharyngeal "adequacy'' [179], individuals with mild
to-moderate consistent velopharyngeal "dysfunction" [87], 
individuals who have recently received secondary palatal 
surgery [25, 170, 195], individuals with "phoneme-spe
cific" nasal emission of air [1, 121], and individuals who 
achieve velopharyngeal closure dming oral blowing prior to 
treatment [100, 154, 158, 166, 198]; However, being a 
member of any of these categories does not guarantee 
improvement of velopharyngeal function with behavioral 
treatment [74, 100, 170]. Anatomic or physiologic impair
ment of the mechanism may limit speakers' ability to profit 
from these treatments even for those who belong to one of 
the above categories. For example, if a palate is too short, 
velopharyngeal closure will not be achieved no matter how 
well the palate or pharyngeal walls move. 

Most clinicians and researchers using behavioral 
methods to improve velopharyngeal functionhave adminis
tered these treatments to speakers with repaired cleft palates 
[100, 132, 133, 157, 158]. Others have used these methods 
to treat velopharyngeal impairment and hypemasality ac
companying neurologic problems [e.g., 11, 79, 113, 169] or 
hearing loss [ 44], but reports of applications of the methods 
to velopharyngeal problems associated with these disorders 
are relatively infrequent. Often, the etiology of 
velopharyngeal impairments treated behaviorally is un
known [e.g., 85, 134]. 

Several authors claim that phoneme-specific nasal 
emission of air is usually relatively easy to resolve [e.g., 25, 
63, 166, 170]. However, others have written that this is 
"sometimes a difficult habit to break" [1] and may not 
change even after extensive traditional articulation therapy 
[121, 194]. Some children with phoneme-specific nasal 

emission of air learn to correct this problem when producing 
single words or sentences but continue to have difficulty 
reaching velopharyngeal closure for sibilant and fricative 
consonants in conversational speech [170]. 

Although both children and adults have been treated 
with behavioral procedures, most of the subjects of reported 
treatments have been children. In addition, based on expe
rience with a series of 125 patients, Weiss [183] stated that 
younger patients are more likely than older patients to 
experience successful obturator reduction and elimination. 

Why Continue to Search for Effective Behavioral Treat
ments ofVelopharyngeal Impairment? 

As is obvious from this review, much of what 
constitutes current thoughts on these treatments is still 
opinion, supported by little or no conclusive research. Con
sidering the number of years devoted to use and study of the 
procedures, there seems to be little hope of showing that 
these procedures are effective. Why, then, is it reasonable to 
continue to search for ways of behaviorally treating 
velopharyngealimpairment? There are three answers to this 
question: (a) there is a clinical need for noninvasive treat
ments, (b) the velopharyngeal musculature should be ame
nable to voluntary change, and (c) several studies describing 
the nature ofvelopharyngeal impairments suggest that cer
tain speakers may have the potential for improved closure 
without surgery. 

There is a Clinical Need for Noninvasive Treatments 
Apparently, many clinicians and researchers have 

continued to use and develop behavioral treatments because 
they have believed that some speakers with velopharyngeal 
impairment have speech disabilities needing management 
alternatives other than surgery or long-term use.ofpalatal 
prostheses [14, 122]. These speakers include those whose 
velopharyngeal-related speech disabilities are inconsistent 
or relatively mild, those who have pharyngeal flaps but still 
demonstrate nasalized speech, and those who have pho
neme-specific nasal emission of air. 

Physicians and speech-language clinicians may be 
uncertain whether some of these speakers have 
velopharyngeal mechanisms capable of supporting nonnal 
speech [56] and, therefore, they may be reluctant to recom
mend SlD'gery because it is a risky, costly, pennanent alter
native that may create other problems such as impaired nasal 
respiration. Even if surgery is recommended, the individual 
or his or her careproviders may be unwilling to agree to 
surgery as anappropriatetreatmentaltemative for a problem 
they consider to be relatively minor [100]. Therefore, for 
these speakers, surgery may be excessive treatment. 

In other cases, clinicians may judge that surgical or 
prosthetic treatment will not resolve the speech disability 
because it is related not to problems of velopharyngeal 
anatomy or physiology but to inappropriate learning [e.g., 
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100] or the persistence of behaviors learned earlier in life 
when problems of anatomy or physiology did exist [e.g., 
170]. For these speakers, surgery or long-term use of 
prostheses would be ineffective treatment of the 
velopharyngeal-related speech disability. 

Rather than recommend possibly excessive or inef
fective physical management for these individuals, clini
cians often recommend 1ria1 behavioral treatment to im
prove the ftmction of the velopharyngealmechanism during 
speech [25, 87, 100, 133, 136]. 

Velopharyngeal Movements Should Be Amenable to 
Voluntary Change 

The musculature of the velopharyngeal mecha
nism is of the skeletal type. Therefore, speakers should be 
able to voluntarily alter its movements and leamnew move
ment patterns [1 00]. It is known that at least some individu
als without velopharyngeal impairment can elevate the 
velum upon command apart from speech or vegetative 
activities [76, 144, 145]. Nonnal speakers have also been 
observed to modify speech-related velopharyngeal move
ments in certain experimental contexts [e.g., 105, 155]. 

Structural and physiologic characteristics of the 
velopharyngeal mechanism, as well as other variables such 
as intelligence and hearing sensitivity [158], may affect a 
person's ability to alter movements of the velopharyngeal 
mechanism. Speakers with impairments ofvelopharyngeal 
anatomy or physiology may not have as much ability to 
modifyvelopharyngealmovements as speakers withnonnal 
velopharyngeal mechanisms but they should be able to 
make modifications within the limits of their mechanisms 
[78, 100]. If an individual has not yet tried movements that 
the mechanism is capable of or has not yet learned to use 
specific movements in appropriate contexts, behavioral 
treatments may be a reasonable approach to improving 
velopharyngeal fimction [100]. 

There is Evidence Suggesting that Velopharyngeal Clo
sure May Improve Without Surgery 

While the studies to be considered here did not 
involve behavioral treatments to iinprove velopharyngeal 
fimction, they provided information compatible with the 
belief that some speakers with velopharyngeal impairments 
may have the potential to improve closure. They showed 
that individuals with speech disorders secondary to repaired 
palatal clefts may demonstrate substantially better 
velopharyngeal perfonnance under certain conditions. In 
addition, they revealed that some speakers with 
velopharyngeal impairments who have perceptually good 
ornonnal speech use atypical velopharyngeal behaviors that 
may have been acquired as compensatory behaviors. 
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Better Velopharyngeal Function Under Certain Conditions 
Research has shown that some individuals with 

speech disorders secondaryto repaired palatal clefts demon
strate substantially greater range of velopharyngeal move
ments and greater muscle activity during cerf:ain speech 
tasks than others. The circumstances under which these 
types of intrasubject variability occurred suggest that these 
individuals might be capable of acquiring improved 
velopharyngeal closure for speech without smgery. 

Henningsson and Isberg showed that some speak
ers with repaired clefts demonstrate large intraspeakervari
ability in velopharyngeal closure movements as viewed 
with cineradiography. In one study, they [60] found that 
speakers who used some glottal stops and some oral stops 
failed to close for the glottal stops but achieved closure, or 
more nearly approximated closure, for the oral stops. In 
another study, they found that speakers with fistulas failed 
to close completely for obstruents produced anterior to the 
fistulas but did achieve velopharyngeal closure forobstruents 
produced posterior to the fistulas [65]. Moreover, tempo
rary closure of the fistulas was associated with complete, or 
nearly complete, velopharyngeal movements for obstruents 
anterior to the fistula [65]. The better velopharyngeal 
closure observed during oral stops, obstruentS posterior to 
fistulas, or obstruents produced with the fistula covered was 
accomplished primarily by increased medial movement of 
the lateral pharyngeal walls and, to a lesser extent, by 
increased elevation of the velum. These studies demon
strated that absence of appropriate velopharyngeal move
ments dming a glottal stop or during an obstruent produced 
anterior to an open fistula does not necessarily indicate that 
the speaker is incapable of velopharyngeal closure in other 
contexts. 

Another study that showed intraspeakervariability 
ofvelopharyngeal behavior was that of Kuehn, Moon, and 
Folkins [78]. They recorded electromyographic (EMG) 
activity in the levator veli palatini muscle while continuous 
positive airway pressure (CP AP) was directed intranasally. 
They wanted to know whether the positive airway pressure 
was associated with increased activity in the levator muscle. 
Subjects in this study were four hypernasal speakers with 
repaired clefts and five normal speakers without clefts. 
Kuehn and his co-workers measured EMG activity in the 
levator muscle during speech produced when nasal pressure 
was equal to atmospheric pressure and when several levels 
of positive air pressure were introduced intranasally. They 
found that levator activity for both groups of subjects was 
significantly greater while the subjects were receiving the 
positive intranasal air pressure compared to the atmospheric 
pressure condition. This finding indicated that the levator 
muscles of even the hypemasal speakers had some reserve 
potential that they did not use under the normal speaking 
condition. 



If speakers such as those described in these studies 
can be helped to learn use of their optimal velopharyngeal 
behaviors, their speech might be improved. Anecdotal 
reports and research evidence described earlier in this chap
ter suggest that this might be possible. For some speakers, 
articulation therapy to eliminate glottal stops reportedly 
leads to improved velopharyngealmovements [e.g., 25, 51, 
63, 199]. Similarly, preliminarytestsofKuehn's [73] use of 
CP AP to provide resistance exercise of velopharyngeal 
closure muscles have suggested that velopharyngeal func
tion was improved for some speakers. Perhaps other behav
ioral treatment methods would also facilitate speakers' use 
of any untapped potential for improved velopharyngeal 
function. 

Compensatory Behaviors 
Some speakers with repaired clefts and perceptu

ally good or normal speech use velopharyngeal behaviors 
different from thosetypicallyused by speakers withrepaired 
clefts and nasalized speech or by normal speakers without 
clefts. These findings led investigators to speculate that 
some speakers acquire atypical velopharyngeal behaviors to 
compensate forvelopharyngealimpainnents, thereby avoid
ing I;tasalized speech. 

Karnell, Folkins, and Morris [71] observed 
velopharyngeal movement patterns of four adults who were 
judged to have ''touch closure in the midsagittal plane" 
during production of Is/ in a sentence context Two of the 
subjects were judged to be more nasal than the other two 
subjects who were perceived to have mild hypemasality. 
For these four subjects velopharyngeal ftmction during 
consonant-vowel-consonant (CVC) utterances composed 
of oral consonants was observed on cinefluorographic films. 
During the eve utterances, the two subjects judged to be 
most nasal showed a lower velar height during the vowel 
than during the consonants, which is the movement pattern 
typical of normal speakers. In contrast, the two subjects 
judged to be least nasal showed no decrease in velar height 
during the vowel; that is, they maintained a relatively high 
velar position throughout the syllable. 

One explanation offered by Kamell et al. was that 
"velopharyngeal movements nonnally expected in eve 
utterances may be avoided by some speakers with cleft 
palate in orderto minimize perceptible nasalization" (p. 63); 
that is, the two subjects who maintained a relatively high 
velar position may have developed compensations for ana
tomic or physiologic limitations imposed by their repaired 
clefts. This study offered no infonnation about how these 
speakers came to acquire the apparently compensatory 
behavior of keeping the velum elevated during the entire 
syllable. Nevertheless, Karnell et al. speculated that when 
these variations in movement patterns are better understood, 
''behavioral adjustments inmovementtiming" perhaps could 
be helpful to speakers demonstrating marginal 
velopharyngeal competence. 

Dalston, Warren, and Smith [30] compared the air 
pressure and nasal airflow patterns of two groups of adults 
as they spoke the word "hamper." One group had repaired 
cleft palates and the other group were normal speakers 
without clefts. None of the subjects in either group had 
perceptible hypernasality or nasal emission of air. All 
subjects' velopharyngeal closure met the respiratory re
quirements for speech; that is, their estimated velopharyngeal 
orifice areas were less than 5 mm2 [e.g., 180]. During 
"hamper'' the group of speakers with repaired clefts had 
larger mean velopharyngeal orifice areas butlessmeannasal 
airflow than did the group of speakers without clefts. Dalston 
et al. further analyzed some of their data to show that the 
presence ofless nasal airflow in the group of speakers with 
repaired clefts was not related to greater nasal pathway 
resistance in this group. Dalston and his co-workers rea
soned that these speakers may have used less nasal airflow 
during /m/ to avoid producing /p/ with audible nasal emis
sion. They also speculated that these speakers reduced nasal 
airflow either by using less respiratory effort or by opening 
the velopharyngeal port less for /m/ and closing it sooner for 
/pl. Thus, these authors, like Kamell and his colleagues, 
suggested that their subjects with repaired palatal clefts may 
have acquired some type of compensatory velopharyngeal 
behaviors that improved their speech. If these or other 
atypical velopharyngeal behaviors are acquired compensa
tory behaviors, perhaps behavioral treatments could be 
devised to facilitate acquisition of such behaviors in other 
speakerswithspeechdisabilitysecondarytovelopharyngeal 
impairment. 

Clinical and Research Considerations for Testing the 
Effectiveness of Behavioral Treatments 

Clearly, additional information is required to guide 
clinical use of behavioral treatments to improve 
velopharyngeal function. Clinicians and researchers need to 
systematically observe and describe the results of be~v
ioral procedures for modifying velopharyngeal closure 
movements and to identify the characteristics that distin
guish individuals for whom the procedures are successful 
and unsuccessful. Testing the effectiveness of these treat
ments is complicated by a variety of clinical and research 
considerations. 

Clinical Considerations Protecting Individuals from 
Long-Term Ineffective Treatments 

Because of the lack of conclusive research demon
strating that behavioral treatments of velopharyngeal im
pairment are effective for more than a few individuals, 
clinical use of these treatments should continue to be experi
mental at this time. Clinicians and researchers should insure 
that clients and subjects understand the nature of the experi
mental treatments, particularly that it is not known whether 
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the trea1ments are effective. In addition, they should explain 
other trea1ment alternatives that may be implemented in
stead of, or following, the experimental behavioral treat
ment [157]. 

Individuals agreeing to undergo behavioral treat
ments should be told the approximate duration of the treat
ment if no progress is made. Many authors [14, 22, 54, 87, 
100, 118] have recommended that these trea1ments should 
not be continued longer than three to six months if no 
progress occurs. However, some trea1ments may elicit 
progress in much less time-one or a few sessions [e.g., 12, 
63, 100, 108]-ifthey elicit progress at all. Morris [108] 
stated that if appropriate oral-nasal resonance does not begin 
to generalize to conversational speech in about 12 hours of 
therapy, then a physiologic deficit may be preventing 
progress; however, he indicated that more than 12 hours of 
therapy may be needed to bring about generalization in very 
young clients. Boone and McFarlane [12] expressed their 
belief that treatment forvelopharyngeal impairments should 
be relatively intensive-that is, there should be a minimum 
of three sessions per week. 

Developing Treatment Goals and Procedures to ~e Studied 
From a clinical perspective, successfultrea1ments 

of velopharyngeaf impairment must resolve, or at least 
alleviate, any velopharyngeal-related speech disability in 
spontaneous speech. Thus, neither improved velopharyngeal 
movements nor reduced nasalization during prolonged vow
els or sentences read aloud is a satisfactory clinical outcome 
by itself. Even improved velopharyngeal function during 
spontaneous speech is not a satisfactory outcome unless it is 
associated withreducednasaH:zationin spontaneous speech. 
Therefore, experimental behavioral trea1ments should ei
ther aim to change nasalization in conversational speech or 
subsequent studies will need to show how trea1ment out
comes other than this may eventually contribute to reduced 
nasalization in spontaneous speech. To ascertain whether 
trea1ments have made clinically significant improvements 
in speech, measures of perceived nasalization should be 
included as dependent variables. 

For many clients, successful therapy to reduce 
nasalization is likely to require combinations of treatments. 
This is expected because some currently advocated treat
ments are designed to facilitate improved velopharyngeal 
function only at certain stages of the therapy process and 
because clients differ in their ability to respond positively to 
thevarioustypesoftreatments. Forexample,evenifvarious 
kinds of feedback are shown to be useful in eliciting new 
velopharyngeal behaviors, other procedures such as nega
tive practice, listening training, or training in self-monitor
ing probably will be necessary to insure that the new behav
iors become automatic in daily conversational speech [e.g., 
12,39, 112,170, 192]. And,ifafterreceivingbehavioraland 
physical management to improve velopharyngeal function, 
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an individual's speech continues to be nasalized, treatments 
to change other speech mechanism behaviors-such as those 
controlling range of oral movements-may be tried in an 
attempt to further reduce listeners' perceptions ofnasality. 
Such clinical use of treatment combinations complicates 
efforts to study the effectiveness of various trea1ment com
ponents. However, at this time studies of individual treat
ment components (such as feedback procedures to elicit 
improved velopharyngeal movements during speech) and 
studies oftrea1ment combinations to resolve the communi
cation problem iB. spontaneous .speech would be useful 
additions to the literature. 

Research Considerations 
Treatment Effectiveness Studies 

Previous reviewers of this literature have pointed 
out that experimental, rather than descriptive, research de
signs are needed to show whether or not these behavioral 
trea1ments improve velopharyngeal functiol). Me Williams 
et al. [100] called for studies controlling variables poten
tially affecting trea1ment outcome and Witzel [193] noted 
that effectiveness studies should be "strictly controlled, 
randomized clinical trials" (p. 152). To our knowledge, no 
studies of these trea1ments have compared perfonnance of 
experimental and control groups [see also 193 ]. 

Group studies of these treatments are difficult to 
conduct primarily because of limited subject availability. 
The number of potential candidates for behavioral treat
ments seen by any one clinician or researcher is typically 
small. Moreover, the population of those with velopbaryngeal 
impairment is heterogeneous with respect to many variables 
that may influence trea1ment outcome (e.g., oral and 
velopharyngeal anatomy and physiology, hearing, and in
telligence). These problems significantly hinder research
ers' efforts to foun appropriate experimental and control 
groups. According to Van Demark and Hardin [170], 
treatment research "controlling all variables is essentially 
impossible to conduct" (p. 805). 

To address the problem of insufficient numbers of 
subjects, clinical researchers may study a series of subjects 
overtime, continuing until an adequate sample size has been 
studied [152]. Adequate sample sizes may be even more 
easily obtained if researchers ftom several institutions con
duct trea1ment studies collaboratively [152].2 Although 
these two strategiesmayincrease sample size, neither elimi
nates the problem of subject heterogeneity or the difficulty 

2 Kuehn and his co-workers from six cleft palate centsrs are currently using these 
strategies to obtain subjects for an investigation of the efficacy of the CPAP therapy 
described pr&Viously in this chapter. 



of controlling for a multitude of relevant subject variables. 
Nevertheless, strategies such as these may allow researchers 
to compare experimental and control groups with sufficient 
statistical power to enable certain conclusions to be drawn 
concerning treattnent outcomes. 

Because the need for data-based research regard
ing these treannents is so great, clinicians and researchers 
who have access to only small numbers of potential subjects 
with velopharyngeal impainnent should consider develop
ing studies of single subjects or small groups of subjects 
[116, 139, 158]. Experimental single-subject studies may 
use withdrawal and reinstatement oftreattn~nt, alternating 
treatments, changing performance criteria, or multiple 
baselines. These design features allow investigators to exert 
experimental control and make inferences about whether the 
treattnent actually caused improvement for the subject or 
subjects being studied. 

There have been at least two unpublished attempts 
to use experimental single-subject studies to examine be
havioral treatments of velopharyngeal impainnent. Leeper 
[82] mentioned using single-subject designs to demonstrate 
progress in treatment using the Nasometer to provide 
nasalance feedback. However, she did not provide subject 
data. Kuehn and Hinkle [75] cwrently are analyzing data 
within a single-subject design study in which five subjects 
with hypemasality were treated with CP AP. Each subject 
was emolled in the study for eight months. Audiotape 
recordings and measures of nasalance were obtained at the 
beginning of each month. Baseline measures were obtained 
followed by a two-month therapy period which, in tum, was 
followed by post-treatment measures. The time period 
within the eight-month interval during which treattnent was 
provided was staggered across subjects, making this study's 
design a variation of the multiple baselines across subjects· 
design. 

No experimental single-subject studies ofbehav
ioral treatments of velopharyngeal impairment have ap
peared in the literature. This is probably because applying 
single-subject designs to test the.se treatments involves sev
eral practical difficulties. These difficulties include the need 
to continuously measure velopharyngeal behavior during an 
experimental single-subject study, clinicians' hesitance to 
withdraw treatment if it appears to be successful, inability to 
reliably observe differences in slowly chatiging behavior 
with withdrawal or changing criterion designs, and cross
over effects between adjacent treatment phases. Despite 
these difficulties, development of innovative single-subject 
studies should be possible under some circumstances. 

Technically, a cause-and-effect relation between 
trea1ment and improved velopharyngeal function cannot be 
inferred unless an experimental design has been used and 
these designs should be employed whenever feasible. How
ever, because of the difficulties faced in both group and 
single-subject experimental studies, many investigations 

are likely to be nonexperimental case studies. Even some 
studies with relatively large sample sizes may not include 
experimental controls. For these nonexperimental studies, 
investigators should use procedures that would logically 
increase the internal validity of their conclusions even 
though experimental controls have not been used. Such 
procedures include: (a) describing changes in velopharyngeal 
behavior and speech quantitatively rather than only anec
dotally; (b) assessing velopharyngeal behaviors and speech 
at several points in time to describe the baseline and to 
obsetve the course of changes associated with treatment; 
and (c) reporting treattnent-associated changes observed in 
more than one subject because the more individuals show
ing changes with treattnent, the more unlikely an extraneous 
event is responsible for the changes [72, 157]. 

Prediction Studies 
Because behavioral treattnents are not likely to 

improve velopharyngeal function for all those with 
velopharyngeal impairment, clinical researchers should ex
plore how to predict who may profit from these treatments. 
When large numbers of subjects are available, multivariate 
statistical methods may be used to learn which subject 
variables distinguish individuals for whom the treattnents 
are successful and unsuccessful. When few subjects are 
available, investigators may address the prediction problem 
by describing in detail characteristics of subjects and then 
tentatively predicting that other individuals with similar 
characteristics would respond similarly to the same treat
ment [59]. 

The subject characteristic most often mentioned as 
possibly predictive of improved velopharyngeal closure 
with treatment is inconsistent velopharyngeal closure prior 
to treattnent [e.g., 22, 25, 63, 100, 118, 133, 154, 189]. To 
examinewhetherinconsistentclosureispredictiveofprogress 
with treattnent, pretreatment patterns of inconsistent closure 
during spontaneous speech should be precisely described. 
Subjects' ability to reach closure inconsistently also may be 
probed in contexts other than spontaneous speech by ob
serving whether velopharyngeal function improves under 
various stimulability conditions [e.g., 109, 127, 165]. The 
predictive value of various patterns of inconsistent 
velopharyngeal closure during both spontaneous speech 
and stimulability conditions are worthy of study. 

Although inconsistency of closure during pretreat
ment spontaneous speech and stimulability tasks may be 
related to potential to improve with treatment, it is unlikely 
that inconsistency alone would predict progress with high 
accmacy. Several authors [e.g., 100, 170] have warned that, 
in their clinical experience, occasional velopharyngeal clo
sure does not necessarily indicate that an individwll is 
capable of nonnal velopharyngeal closure. They believe 
that, for some individuals, limitations of anatomy or physi
ology preclude consistent velopharyngeal closure. For this 
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reason, the predictive value of subject variables such as 
palatal length, pharyngeal depth, and pretreatment velar and 
pharyngeal wall movement also deserves study. 

Velopharyngeal perfoiiilance early in treatment 
should also be considered as a possible predictor of response 
to continued treatment [cf. 3, 33]. That response early in 
treatment might contribute to predicting progress later in 
treatment is compatible with often-made clinical recom
mendations for trial therapy prior to making the final deci
sion for secondary surgery. 

A variety of other subject variables may also 
strengthen predictions about who may profit from these 
behavioral treatments. These variables include: etiology of 
velopharyngeal impairment, age at intervention, chrono
logical age, concomitant surgical or dental treatments, oral 
and velopharyngeal anatomy and physiology, hearing, and 
intelligence. 

Summary 
The literature supporting the effectiveness of be

havioral trea1ments of velopharyngeal im.painnent is a di
verse blend of clinical opinion and data-based studies. Some 
clinicians and investigators who develop and advocate these 
behavioral treatments give no quantitative results of their 
proposed treatments; most offer minimal pretreatment and 
posttreatment data. This literature constitutes, at best, very 
weak support for using behavioral methods to improve 
velopharyngeal function. 

Nevertheless, we believe that barring prohibitive 
anatomic or physiologic constraints, it should be possible, 
using appropriate behavioral procedures, to strengthen 
muscles of velopharyngeal closure, to increase range of 
velar and pharyngeal wall movement, to increase force of 
velopharyngeal closure, or perllaps to modify the timing or 
pattern of velopharyngeal closure. However, much more 
information is needed to develop and support such proce
dures and to match treatment approaches with individuals' 
detenninistic anatomic and physiologic limitations. · We 
needmore basic informationregardingthe detailed anatomy 
of the velopharyngealmechanism and physiologic capabili
ties and limitations given those structural characteristics. 
And, we need more quantitative data regarding the effec
tiveness of various behavioral treatments. 

Because of the current lack of research supporting 
these procedures, they should continue to be considered 
experimental. We encourage both clinicians and research
ers to pursue the best studies possible with their available 
resources. Experimental group designs should be used 
whenever feasible. When these designs are not practical, 
infoiiDation pertaining to the effectiveness of these treat
ments may be obtained from other research approaches such 
as single-subjectexperimentaldesignsand well-docmnented 
clinical case studies [cf. 4, 59]. Results of this research 
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should help clinicians select and provide appropriate treat
ments for those with speech problems associated with 
velopharyngeal impairment. 

References 
1. Albeey, L. Approaches to the Treatment of Speech Problems. 
In J. Stengelhofen (Ed.), Qeft Palate• The Nature and Remediation of 
Communication J)isordm· New York: Churchill Livingstone, 1989. 

2. Andenon, T., and Keamey, J. T. Effects of three resistance 
training programs on muscular strength and absolute and relative endur
ance. Research Quarterly Exercise Sport. 53:1, 1982. 

3. Amdt, W. B., Elbert, M., and Shelton, R. L. Prediction of 
articulation improvement with thempy from early lesson sound produc
tion task scores. Jownal ofSpeech and Hearing Research. 14:149, 1971. 

4. Bardach, J., and Kelly, K. M Reflections on research. ~ 
Palate-Cmniofacialloumal. 28:130, 1991.· 

5. Beuy, M. F. Coneetion of cleft-palate speech by phonetic 
instructiou. Quarterly Journal of Speech. 14:523, 1928. 

6. Beuy, M. F., and Eisenson, 1. Speech Disorders· Pxjncjples 
and Pmctic;ea of Therapy. New York: Appltton-Centtuy-Crofts, 1956. 

7. Blakeley, R. W. Tempomry speech prosthesis as an aid in 
speech training. Qeft Palate Bulletin 10:63, 1960. 

8. Blakeley, R. W. The complementaiy use of speech prostheses 
and pharyngeal flaps in palatal insufficiency. Cleft Palate Journal. 1: 194, 
1964. 

9. Blakeley, R. W. The rationale for a temporary speech prosthe
sis in palatal insufficiency. British Journal ofpjsordm gfCommuniep
Wm· 4:134, 1969. 

0. Blakeley,R. W. ThePractjc;egfSpeec:hPatholosv· ACiinjc;al 
Iliuv. Springfield, Dlinois: C. C. Thomas, 1972. 

11. Blakeley, R. W., and Porter, D. R. Unexpected reduction and 
removal of an obturator in a patient with palate paralysis. British Journal 
gfpj99Jdm o[Commupjc;atign. 6:33, 1971. 

12. Boone, D. R., and McFarlane, S.C. The voice and voice 
lllmimi· (4th ed.). Englewood Cliffs, New Jeney: Prentice-Hall, 1988. 

13. Bowers, R.W., and Fox, E.L Sports Physiolgsv (3rd ed.). 
Dubuque, Iowa: Wm. C. Brown, 1992. 

14. Bradley, D. P. Congenital and Acquired Veloplwyngeal 
Inadequacy. InK. R. Bzoch (Ed.), Communjcatiye pjsordea Related to 
Cleft Lin and Palate (3rd ed.). Boston, Massachusetts: College-Hill, 1989. 

15. Broen, P. A., Doyle, S. S., and Bacon, C. K. The 
velopharyngeally inadequate child: phonologic change with intervention. 
CJeft Palate-Cmniofaciallgurual. 30:500, 1993. 

16. Brooks, G.A., and Fahey, T.D. Fppdament&ls gf Human 
Perronnanc;e. New Yorlc Macmillan, 1987. 

17. Bnmner, M., Stellzig, A., Decker, W., Komposch, G., and 
W'uth, G. Cognitive, evaluative processes and resultant psychosocial 
effects in video feedback therapy with nasophatyngoscope. Presented at 
the 52nd annual meeting of the American Cleft Palate-Craniofacial 
Association, Tampa, Florida, 1995. 



18. Buck, M., and Hanington, R. Organized speech therapy for 
cleft palate rehabilitation. Journal of Speech and Hearing Research. 
14:43, 1949. 

19. Bwzynski. C., and Stan, C. D. Effectsoffeedbackfiltering on 
nasalization and self-perception of nasality. Journal of Speech and 
Hearing Research. 28:585, 1985. 

20. Bzoch, K. R. Variations in velopharyngeal valving: The factor 
of vowel changes. Cleft Palate Journal. 5:211, 1968. 

21. Cole, R. Cleft lip and palate: Problems and progieSS. ~ 
Medical School Ouarterly. Fall:129, 1966. 

22. Cole, R. Direct Muscle Training for the Improvement of 
Velopharyngeal Activity. InK. R. Bzoch (Ed.), Communicative pjsor
dm Related to Cleft Lip and Palate. Boston: Little, Brown, t979. 

23. Colton, R. H., and Cooker, H. S. Perceived nasality in the 
speech of the dea£ Journal of Soeech and Hearing Research. 11:553, 
1968. 

24. Cooper, H. K., Cooper, J. A., Mazaheri, M., and Millaid. R. T. 
Psychological, Orthodontic, and Prosthetic Approaches in Rehabilitation 
of the Cleft Palate Patient. In Dental CJinics ofNorth Amerjca Philadel· 
phia: W. B. Saunders, 1960. 

25. Coston, G. N. Therapeutic management of speech disorders 
associated with velopharyngeal incompeten«?e. Joumal of Childhood 
Communication Disorders. 10:75, 1986. 

26. Counihan, D. T., and Cullinan, W. L. Some relationships 
between vocal intensity and rated nasality. CJeft Palate Journal. 9:101, 
1972. 

27. Dalston, R. M. Photodetector assessment of velopharyngeal 
activity. Cleft Palate Journal. 19:1, 1982. 

28. Dalston, R. M., and Keefe, M. 1. The use of a microcomputer 
in monitoring and modifying velopharyngeal movements. Journal for 
Computer Useq in Speech and Hemjpg. 3:159, 1987. 

29. Dalston, R. M., Wa~~en, D. W., and Dalston, E. T. Use of 
nasometry as a diagnostic tool foridentifying patients with velopharyngeal 
impainnent. CJeft Palate-Cmniofacial Journal. 28:184, 1991. 

30. Dalston, R. M., Wa~~en, D. W., and Smith, L. A The aerody-
namic c~cteristics of speech produced by noonal speakers and cleft 
palate speakers with adequate velopharyngeal function. Qeft Palate 
lsmDW. 27:393, 1990. 

31. Daly, D. A, and Johnson, H. P. Instrumental modification of 
hypemasal voice quality in retarded children. Journal of Speech and 
Hearipg pjsordeq. 39:500, 1974. 

32. Davis, S. M., and Drichta, C. E. Biofeedback Theory and 
Application to Speech Pathology. In N. 1. Lass (Eel), Speech and 
Language· Advauces in Basic Research and Practice. New York: 
Academic Press, 1980. VoL 3. 

33. Diedrich, W. M., and Bangert, 1. Articulatiop Learning. 
Houston, Texas: College-Hill, 1980. 

34. Duxbury, J. T., and Graham, S. M. Palatal training aids for 
velopharyngeal insufficiency: An interdisciplinary approach. llW.l 
~. 12:609, 1985. 

35. Dworlcin, 1. P. Motor Speech pjsordm A Treatment Guide. 
Chicago: Mosby, 1991. 

36. Eisenson, J., and Ogilvie, M. Speech Coqection in the Schools 
(4th ed.). New York: Macmillan, 1977. 

37. Ellis, R. E., Flack, F. C., Curle, H. 1., and Selley, W. G. A 
system for the assessment of nasal airflow during speech. British Journal 
ofDisordeq of Communication, 13:31, 1978. 

38. Ericsson, G. Personal communication, 1994. 

39. Fisher, H. B. Irnpmyjpg voice apd Articulation. Boston: 
Houghton Mifllin, 1975. 

40. Fletcher, S. G. Contingencies for bioelectronic modification 
of nasality. Journal of Speech and Hearing Disorders· 37:329, 1972. 

41. Fletcher, S. G. pjagnosipg Sneecb Disorders from Cleft 
~. New York: Grone & Stratton, 1978. 

42. Fletcher, S. G., Adams, L. E., and McCutcheon, M. 1. Cleft 
Palate Speech Assessment Through Oral-Nasal Acoustic Measures. InK. 
R. Bzoch (Ed.), Communicative pjsonlers Related to CJeft Lip apd Palate 
(3rd ed.). Boston: College-Hill, 1989. 

43. Fletcher, S. G., Haskins, R., and Bosma, 1. A movable bulb 
appliance to assist in palatopharyngeal closure. Journal of Soeech and 
Hearipg pjsordep. 25:249, 1960. 

44. Fletcher, S. G., and Higgins, 1. M. Perfonnance of children 
with severe to profound auditory impairment in instnunentally guided 
reduction of nasal resonance. Journal of Speech and Hearipg Disorders· 
45:181, 1980. 

45. Flowers, C. R., and Morris, H. L. Oral-Pharyngeal Movements 
During Swallowing and Speech. Cleft Palate Journal 10:181, 1973. 

46. Froeschels, E. A contribution to pathology and therapy of 
dysarthria due to certain cerebral lesions. Journal of Speech and ftearipg 
Disoniers. 8:301, 1943. 

47. Froeschels, E., Kastein, S., and Weiss, D. A A method of 
therapy for paralytic conditions of the mechanisms of phonation, respira· 
tion, and glutination. Journal ofSneech apd Hearing Disordtm!. 20:365, 
1955. 

48. Gaiber, S., and Moller, K. T. The effects of feedback filtering 
on nasalization in nonnal and hypemasal speakers. lourpal of Speech and 
Heariug Research. 14:271, 1979. 

49. Glaser, E. R., and Shprintzen, R. J. Review of See-Scape: 
Instnunent and Manual by C. C. Publications, Tigaid. Oregon. Qeft 
Palate Jourpal. 16:213, 1979. 

SO. Golding-Kushner, K.J. (Working Group Coordinator). Stan
dardization for the reporting of nasopharyngoscopy and multiview 
videofluoroscopy: A report from an intemational working group. Qeft 
Palate Journal. 27:337, 1990. 

51. Golding-Kushner, K.J. Commentary on .. A cineradiographic 
study of velopharyngeal movements for deviant versus nondeviant articu
lation" by G. Henningsson and A Isbe~g. Cleft falate-Cmniofacial 
JmmW. 28:117, 1991. 

52. Greene, M. C. L. The Voice and Its pjsotders (3rd ed.). New 
York: Pitman Publishing Coxporation, 1972. 

NCVS Status and Progress Report • 175 



53. Hall,P.K.,andTomblin,J.B. Casestudy: Thempyprocedmes 
for remediation of a nasal lisp. Language Speech apd Hearing Seryjces 
in Schools. 6:29, 1975. 

54. Hardin, M. A. Intervention. Clinics in Communication 
Pisonlm. 1:12, 1991. 

55. Hardin, M. A., Van Demark, D. R., Monis, H. L, and Payne, 
M. M. Correspondence between nasalance scores and listener judgments 
of hypemasality and hyponasality ratings. CJeft Palate-Craniofacial 
1smmll. 29:346, 1992. 

56. Hardin, M. A., Moms, H. L, and Van Demark, D. R. A study 
of cleft palate speakers with marginal velopharyngeal competence. lsm1::: 
nal of Communication Djsorders. 19:461, 1986. 

57. Harkins, C., Harkins, W., and Harkins, J. Princjples of CJeft 
Palate Prosthesis. New York: Columbia University Press, 1960. 

58. Harkins, C. S., and Koepp-Balcer, H. Twenty-five years of cleft 
palate prosthesis. Journal of Speech and Heariog Disorders. 13:23, 1948. 

59. Hegde, M. N. Clinical Research ip Commupicative Disorders· 
Boston: College-Hill, 1987. 

60. Henningsson, G. E., and Isbetg, A.M. Velopharyngeal move
ment patterns in patients alternating between oral and glottal articulation: 
A clinical and cineradiogmphical study. Cleft Palate Journal 23:1, 1986. 

61. Hess, D. A. Pitch, intensity, and cleft palate voice quality. 
Joumal of Speech apd Heariog Reseprch. 2:113, 1959. 

62. Hixon, T. I., and Hanly, I. C. Restricted motility of the speech 
articulators in cerebral palsy. Journal of Speech and Heatjpg Qjsordem. 
29:294, 1964. 

63. Hoch, L., Golding-Kushner, K., Siegel-Sadewitz, V. L., and 
Shprintzen, R. I. Speech therapy. Semioan ip Speech apd l.aoguage. 
7:313, 1986. 

64. Horii, Y., and Monroe, N. Auditory and visual feedback of 
nasalization using a modified accelerometric method. Journal of Speech 
apd Heariog &esears;h. 26:472, 1983. 

65. lsberg, A., and Henningsson, G. Influence of palatal fistulas on 
velopharyngeal movements: A cineradiognphic study. Plastic and 
&econstructiye Surgery. 79:525, 1987. 

66. lstael, J. M., Cook, T. A., and Blakeley, R. W. The usc of a 
temponuy oral prosthesis to tteat speech in velopharyngeal incompetence. 
Facial Plastjc Surgerv. 9:206, 1993. . 

67. Jones, D. L, and Folkins, J. W. Effect of speaking rate on 
judgments of disordered spee<:h in children with cleft palate. Cleft Palate 
Ismmil. 22:246, 1985. 

68. Jones, D. L., Folkins, J. W., and Morris, H. L. Speech 
production time and judgments of disofdeted nasalization in speakers with 
cleft palate. Journal of Speech apd Hearjpg Research. 33:458, 1990. 

69. Kanter, C. E. Four devices in the treatment of rhinolalia aperta. 
Journal of Speech apd Heariog Diwdeg. 2:73, 1937. 

70. Kanter, C. E. The rationale of blowing ex.etcises for patients 
with repaired cleft palates. JompalgfSpeecb Disordm. 12:281, 1947. 

NCVS Status and Progress Report •176 

71. Kamell, M.P., Folkins, I. W., and Monis, H. L Relationships 
between the peteeption of nasalization and speech movements in speakers 
with cleft palate. Journal ofSJ?eech apd Hearing Research 28:63, 1985. 

72. Kazdin, A. B. Drawing valid inferences from case studies. In 
A. B. Kazdin (Ed.), Methodgl0sical issues and stmtegies ip clioical 
~.Washington, D.C.: American Psychological Association, 1992. 

73. Kuehn, D.P. New therapy for treating hypemasal speech using 
continuous positive airway pressure (CPAP). Plastic and RecgpstJuctive 
~- 88:959, 1991. 

74. Kuehn, D.P., and Dalston, R. M. Cleft palate and studies 
related to velopharyngeal function. In H. Winitz (Ed.), Humap commu
pjcatjgp apd its disorders· a review 1988. Norwood, New Jersey: Ablex. 
Publishing Co1p0ration, 1988. 

75. Kuehn, D.P., and Hinkle, K. Manuscript in preparation, 1995. 

76. Kuehn, D.P., and Moon, J.B. Levator veli palatini muscle 
activity in relation to intraoral air pressure variation. Journal gfSoeech apd 
Hearipg Reseprch. 37:1260, 1994. 

77. Kuehn, D.K., and Moon, J.B. Levator veli palatini muscle 
activity in relation to intraoral air pressure variation in cleft palate 
subjects. CJeft Palate-Craniofacial Journal. In press. 

78. Kuehn, D.P., Moon, J. B., and Folkins, J. W. Levator veli 
palatini muscle activity in relation to intranasal air pressure variation. 
CJeft Palate-Cmoigfacial JoUrpal. 30:361; 1993. 

79. Kuehn, D.P., and Wachtel, J. M. CPAP therapy for treating 
hypemasality following closed head injwy. In J. A. Ttll, K. M. Yorkston, 
and D. R. Beukelman (Eds.), Motgr Sneech J)jsordep· Advances ip 
Auessmept apd Trea.tmenL Baltimore: Paul H. Brookes Publishing Co, 
1994. 

80. Kiinzel, H. ]. First application of a biofeedback device for the 
therapy ofvelopharyngeal incompetence. Folia Phgniatrica. 34:92, 1982. 

81. Lange, B. R., and Kipfm.ueller, L. J. Treating velopharyngeal 
inadequacy with the palatal lift concept. Plastic apd Rec:oostmctiye 
~- 43:467, 1969. 

82. Leeper, L. H. Nasometer applications in a clinical training 
program. Nasgmeter NoteiJ. · Pine Brook, New Jersey: Kay Elemetrics 
Cos:p. Undated. 

83. Lindblom, B. E. F., and Sundberg, J. B. F. Acoustical conse
quences of lip, tongue, jaw, and lacynx movement. Journal of the 
Acoustjgl Society gfAmetjca. 50:1166, 1971. 

84. Lippmann, R. Detecting nasalization using low cost acceler· 
ometer. Jgumal gfSneech apd Hemjpg Research. 14:314, 1981. 

85. Lotz, W. K. Personal communication, 1990. 

86. Lotz, W. K., and Netsell, R. Behavioral treatment of 
velopharyngeal function. Paper presented at the meeting of the Nebraska 
Speech-Language-Hearing Association, Omaha, Nebraska, 1986. 

87. Lotz, W. K., and Netsell, R. Treatment of velopharyngeal 
dysfunction. Paper presented at the American Speech-Language-Hearing 
Convention, New Odoans, Louisiana, 1987. 

88. Lubit, B. C., and Larsen, R. E. The Lubit palatal exerciser: A 
preliminary report. CJeft Palate Joumal. 6:120, 1969. 



89. Lubit, E. C., and Larsen, R. E. A speech aid forvelophacyngeal 
incompetency. Journal of Speech and Hearing Pisonlers. 36:61, 1971. 

90. Luchsinger, R., and Amold, G. Voice. Speech and Language· 
Clinical Communicology. Belmont, Califomia: Wadsworth Publishing 
Co., 1965. 

91. Mason, R. M., and Helmick, J. W. Residual hypemasality in 
repaired cleft palate. JoumalofCommupjcation Pisorsiers. 12:431,1979. 

92. Massengill, R., and Phillips, P. P. CJeft PaiBte and Associated 
Speech Chamcterjstics. Lincoln, Nebraska: Cliffs Notes, Inc., 1975. 

93. Massengill, R., Jr., Quinn, G. W., and Pickerell, K. L. The use 
of a palatal stinmlatorto decrease velophaeyngeal gap. Annals ofOtology 
Rhinology and Larvngology. 80:135, 1971. 

94. Massengill, R., Jr., Quinn. G. W ., Pickerell, K. L., and Levinson, 
C. Thempeutic exercise and velophatyngeal gap. Cleft Palate Journal. 
5:44, 1968. 

95. Mazaheri, M., and Mazaheri, E. H. Prosthodontic a~ts of 
palatal elevation and palatophacyngeal stimulation. Jourpal of Prosthetic 
llmlim· 35:319, 1976. 

96. McDonald, E. T., and Koepp-Baker, H. Cleft palate speech: 
An integration of resean:h and clinical observation. Journal of Speech and 
Hearing Disorders· 16:9, 1951. 

97. McGlynn, G. Dvnamics ofpjtness (2nd ed.). Dubuque, Iowa: 
Wm. C. Brown, 1990. 

98. McGrath, C. 0., and Anderson, M. W. Prosthetic treatment of 
velopharyngeal incompetence. In J. Bardach and H. L. Monis (Eds.), 
Multidisciplinarv Management of Cleft Lip and Palate. Philadelphia: W. 
B. Saunders, 1990. 

99. McWilliams, B. J., and Bradley, D. Ratings ofvelophatyngeal 
closwe dumg blowing and speech. Clef\ Palate Journal. 2:46, 1965. 

100. McWilliams, B. J., Monis, H. L., and Shelton, R. L. ,CWl 
Palate Speech (2nd ed.). Toronto: B. C. Decker, 1990. 

101. Millard, R. T. Training for Optimal Use of the Prosthetic 
Speech Appliance. In W. C. Grabb, S. W. Rosenstein, and K. R. Bzoch 
(Eds.), Cleft Lip and Palate· Sumical Dental and Speech Aspect§. 
Bo~ton: Little, Brown, 1971. 

102. Moll, K. L. A ~nefluorographic study of velophacyngcal 
function in normals during various activities. Qeft Palate Journal. 2:112, 
1965. 

103. Moller, K. T., Path, M., Werth, L. J., and Christiansen, R. L. 
The modification of velar movemenL Jourpal of Speech and Hearing 
Pisordm. 38:323, 1973. 

104. Moncur, J.P., and Brackett, L P. Modimng vocal Behavior. 
New York: Ha.Iper & Row, 1974. 

lOS. Moon, J. B., and Jones, D. L. Motorcontrolofveloplwyngeal 
stiUctures during vowel production. Cleft Palate-Cmniofacial Joumal. 
28:267, 1990. 

106. Morley, M. E. CJeft Palate and Speech (1st ed.). Baltimore: 
Williams and Wilkins, 1945. 

107. Morley, M. E. Cleft Palate and Soeech (7th ed.). Baltimore: 
W'tlliams and W'tlkins, 1970. 

108. Manis, H. L. Somequestionsandanswersabout velopharyngcal 
dysfunction during speech. American Journal of Speech-Language Pa· 
~. 1:26, 1992. 

109. Morris, H. L., and Smith. J. K. A multiple approach for 
evaluating velopharyngeal competency. Journal of Speech and Hearing 
Disorders. 27:218, 1962. 

110. Moser, H. Diagnostic and clinical procedures in rhinolalia. 
Journal ofSpeech l)jsorders. 7:1, 1942. 

111. Mysak, E. D. Patbolosies of Speech Svstems. Baltimore: 
Williams and Wilkins, 1976. 

112. Netsell, R. W., and Lotz, W. K. Evaluation and treatment of 
children with speech and voice disorders. Workshop presented at the 
University of Arizona, Tucson, Arizona, 1991. 

113. Netsell, R., and Rosenbek, J. Treating the Dysarthrias. In R. 
Netsell, A Neurobiologic View of Speech Prpduction and the pysarthrias. 
San Diego, California: College-Hill Press, 1986. 

114. Nickerson, R., Kalikow, D., and Stevens, K. Computer-aided 
speech training for the deaf. Joumal of Soeecb and Hearing l)jsonfm. 
41:120, 1976. 

115. Nishio, J., Yamaoka, M., Matsuya, T., and Miyazaki, T. How 
toexercisethevelophacyngealmovementbythevelophaeyngeal fiberscope. 
Jaoanese Journal of Oml Surgery. 20:450, 1974. (abstract from Qd 
Palate Journal. 13:310, 1976) 

116. Noll, J. D. Remediation of Impaired Resonance Among 
Persons with Neuropathologies of Speech. InN. Lass, L. McReynolds, J. 
Northern, and D. Yoder (Eds.), Soeech Lapguage and Hearing· Patholo
gies of Speech apd Lapguage. Philadelphia: W. B. Saunders, 1982. Vol. 
m. 

117. Nylen, B. 0. Cleft palate and speech: A surgical study 
including observation on velophaeyngeal closure during connected speech, 
using synchronized cineradiogmph and sound spectrography. Acta Radiol. 
Suppl 203, 1961. 

118. Pannbacker, M. Speech therapy for cleft palate speakers. 
Language Speech and Heariog Services in the Schools. 4:157, 1973. 

119. Peterson, S. J. Velopharyngeal closure: Some important 
differences. Journal of Soeech apd Hearing Disorders. 38:89, 1973. 

120. Peterson, S. J. Electrical stimulation of the soft palate. ~ 
Palate Journal. 11:72, 197 4. 

121. Peterson, S. J. Nasal emission as a component of the 
misarticulation of sibilants and affricates. Joumal of Speech apd Hearipg 
Disorders. 40:106, 1975. 

122. Peterson-Falzone, S. J. Resonance Disorders in Structural 
Defects. InN. J. Lass, L. V. McReynolds, J. L. Northem, and D. E. Yoder 
(Eds.) Speech Language and Heariog. Philadelphia: W. B. Saunders, 
1982. Vol. 2. 

123. Peterson-Falzone, S. J. Speech Disorders Related to Craniofa
cial Structural Defects: Part 1. InN. 1. Lass, L. V. McReynolds, J. L. 
Northem, and D. E. Yoder(Eds.) HandbooJc ofSoeech·Language Patbol
Qgy apd Audiology. Philadelphia: B. C. Decker, 1988. 

NCVS Status and Progress Report •1n 



124. PeteiSon-Falzone, S.J. Speech DisoideiS Related to Cmniofa· 
cial Stmctural Defects: Part 2. In N. 1. Lass, L. V. McReynolds, J. L. 
Northem, and D. E. Yoder (Eds.} Handbook of Speech-Language Pathol
ogy and Audiolosv. Philadelphia: B. C. Decker, 1988. 

12S. Powers, G. L. CJeft Palate. Austin, Texas: PRO-ED, 1986. 

126. Powers, G. L., and Stair, C. D. The effects of muscle exereises 
on velopharyngeal gap and nasality. CJeft Palate Jompal. 11:28, 1974. 

127. Rampp, D. L., Pannbacker, M., and Kinnebiew, M. C. Yll 
Velonbarvngeal mcompetenccy. A Practical Guide for Eyaluatiop and 
Management. Tulsa: Modem Education Cotp., 1984. 

128. Redenbaugh, M. A., and Reich, A. R. Coaespondence be· 
tween an ac:celerometrlc nasal/voice amplitude ratio and listeners' diiect 
magnitude estimations of hypemasality. Journal of Speech and Hearing 
~- 28:273, 198S. 

129. Riski, 1. E. Functional Velopharyngeal Incompetence: Diag
nosis and Management. In H. Wmitz (Ed.}, Treating Articulation Djsor
dm· For CJiniciaps By Clinicians. Austin, Texas: PRO-ED, 1984. 

130. Rosen, M.S., and Bzoch, K. R. The prosthetic speech appli
ance in rehabilitation of patients with cleft palate. Journal of the Americap 
Dental Association. 57:103, 1958. 

131. Rosenbeck, 1. C., and LaPointe, L. L. The Dysarthrias: 
Description, Diagnosis, and Treatment. In D. F. Johns (Ed.), CJiniW 
Mapagemept of Negrogenic Commumcatjye Disonfers. Boston: Little, 
Brown and Co., 1978. 

132. Ruscello, D. M. A selected review of palatal training proce-
dures. CJeft Palate Journal. 19:181, 1982. 

13 3. Ruscello, D. M. Modifying Velopharyngeal Closure Through 
Tmining Procedures. InK. R. Bzoch (Ed.), Communicative Djsonlea 
Related to Cleft Lip and Palate (3Id ed.). Boston: College-Hill, 1989. 

134. Ruscello, D. M., Shuster, L. L, and Sandwisch, A. Modifica
tion of context-specific nasal emission. Journal of SQeech and Hearing 
~- 34:27, 1991. 

13S. Schmidt-Nowam, W. W. Continuous positive airway pressme 
for long-term treatment of sleep apnea. American Joumal ofDjsases of 
wm. 138:82, 1984. 

136. Schneider, E., and Shprintzen, R. J. A SUIVey of speech 
pathologists: Cuaent trends in the management of velopharyngeal 
insufficiency. Cleft Palate Journal. 17:249, 1980. 

137. Selley, W. G., Zananiri, M.-C., Ellis, R. E., and Flack, F. C. 
The effect of tongue position on division of airllow in the presence of 
velopharyngeal defects. British Joumal ofPJastjc Surgery. 40:377, 1987. 

138. Shelton, R. L. Therapeutic exercise and speech pathology. 
ASHA. 5:8SS, 1963. 

139. Shelton, R. L. Modification of Oml-Facial Function During 
Speech. In ASHA Report No. 5, Speech apd the Pentofacial Complex· 
The State oftheh Art. Washington, D. C.: American Speech and Hearing 
Association, 1970. 

140. Shelton, R. L. 0181 Sensocy Function in Speech Production 
and Remediation. In K. R. Bzoch (Ed.}. Communjcation Djsoniea 
&elated to CJeftLip and Palate (3Ided.). Boston, Massachusetts: College
Hill, 1989. 

NCVS Status and Progress Report •178 

141. Shelton, R. L., Beaumont, K., Trier, W. C., and Furr, M. L. 
Videoendoscopic feedback in training velopharyngeal closure. ~ 
Palate Jourpal. I :6, 1978. 

142. Shelton, R. L., Chisum, L., Youngstrom, K. A., Arndt, W. B .• 
and Elbert, M. Effect of articulation thempy on palatopharyngeal closure, 
movement of the pharyngeal wall, and tongue posture. Cleft Palate 
Ismm!l. 6:440, 1969. 

143. Shelton, R. L., Hahn, E., and Monis, H. L. Diagnosis and 
Thetapy. In D. R. SpriesteiSbach and D. Sherman (Eds.), Cleft Palate and 
Communication. New Yorlc Academic Press, 1968. 

144. Shelton, R. L., Hauis, K., Sholes, G., and Dooley, P. A Study 
ofNonspeec:h Voluntary Palate Movements by Scaling and Electromyo
graphic Techniques. In J. Bosma (Ed.), Sec;opd Svmposjum on Oml 
Sensation and Perception. Springfield, Illinois: C. C. Thomas, 1970. 

14S. Shelton, R. L., Knox, A. W., Elbert, M., and Johnson, T. S. 
Palate Awareness and Nonspeech Voluntaty Palate Movement. In 1. 
Bosma (Ed.), Second Svrnposium on Oml Sensation and Perception. 
Springfield, Dlinois: C. C. Thomas, 1970. 

146. Shelton, R. L., Lindquist, A. F., Arndt, W. B., Elbert, M., and 
Youngstrom, K. A. Effect of speech bulb reduction on movement of the 
posterior wall of the phacynx and posture of the tongue. CJeft Palate 
ImmW. 8:10, 1971. 

147. Shelton, R. L., Lindquist, A. F., Knox, A. W., Wright, V. L., 
Arndt, W. B., Elbert, M., and Youngstrom, K. A. The relationship between 
pharyngeal wall movements and exchangeable speech appliance sections. 
Cleft Palate Journal. 8:145, 1971. 

148. Shelton, R. L., Paesani, A., McClelland, and Bradfield, S. S. 
Panendoscopic feedback in the study of voluntacy velopharyngeal move
ments. Journal ofSpeech apd Hering pjsorsleq. 40:232, 197S. 

149. Sherman, D., and Hall, P. K. Nasality and precision of 
articulation. Perceptual apd Motor Skills. 46: 11S, 1978. 

ISO. Shprintzen, R. J. Nasopharyngoscopy. InK. R. Bzoch (Ed.). 
Communicative Djsordm Related to CJeft Lin and Palate (3Id ed.). 
Boston, Massachusetts: ~ollege-Hill, 1989. 

1Sl. Shprintzen, R. 1. Research revisited. Qeft Palate Journal. 
26:148, 1989. 

1S2. Shprintzen, R. 1. Fallibility of clinical research. CJeft Palate· 
Craniofacial Journal. 28:136, 1991. 

IS3. Sbprintzen, R. J., Len clone, R. M., McCall, G. N., and Skolnick, 
M. L. A three dimensional cinefluoroscopic analysis of velopharyngeal 
closure during speech and nonspeech activities in nonnals. CJeft Palate 
hmmBI. 11:412, 1974. 

154. Sbprintzen, R., McCall, G. M., and Skolnick, L. A new 
therapeutic technique for the treatment of velopharyngeal incompetence. 
Ioumal of Speech and Hearing Disorders. 40:69, 1975. 

ISS. Siegel-Sadewitz, V. L., and Shprintzen, R. J. 
Nasopharyngoscopy of the nonnal velopharyngeal sphincter. An experi
ment of biofeedback. Cleft blate loumal. 19:194, 1982. 

IS6. Spriestersbach, D. C., Dickson, D. R., Fraser, F. C., Horowitz, 
S. L., McWtlliams, B. I., P8I8dise, 1. L., and Randall, P. Clinical research 
in cleft lip and palate: The state ofthe art. CJeft Palate Journal. 10:113, 
1973. 



157. Starr, C. D. Treatment byThempeutic Exeteises. In I. Bardach 
and H. L. Morris (Eds.), Multidisciplinary Management ofCJeft Lin and 
~- Philadelphia: W. B. Saunders, 1990. 

158. Starr, C. D. Behavioml Approaches to Treating Velopharyngeal 
Closure and Nasality. InK. T. Moller and C. D. Starr (Eds.), Cleft Palate· 
Ipterdjscjplinarv Issues and Treatment--For Clinicians By Clinicians. 
Austin, Texas: PRO-ED, 1993. 

159. Stengelhofen, I. Working with Cleft Palate. Great Britain: 
Wmslow Press, 1990. 

160. Stuffins, G. M. The Use of Appliances in the Treatment of 
Speech Problems in Cleft Palate. In J. Stengelhofen (Ed.), Cleft Pilate· 
The Nature and Remediation of Commupjcation Problems. New York: 
Chun:hill Livingstone, 1989. 

161. Tash, E. L., Shelton, R. L., Knox, A. W., and Michel, I. F. 
Tmining voluntary pharyngeal wall movements in children with noiDlBI 
and inadequate velopharyngeal.closure. Cleft Palate Joumal. 8:277, 
1971. 

162. Taub, S. TheTaubomlpanendoscope: Anew technique.~ 
Palate Journal. 3:328, 1966. 

163. Thompson,A.E.,andHixon, T.J. NasalairflowduringnoiDlBl 
speech production. CJeft Pilate Journal. 16:412, 1979. 

164. Thompson, R. P. J., Ferguson, I. W., and Barton, M. The role 
of removable orthodontic appliances in the investigation and management 
of patients with hypernasal speech. British ]oyrnal of Orthod9ntics. 
12:70, 1985. 

165. Tomes, L. A Velonbarvngea! Orifice Areas Duripg Tasks 
Used Clinically to Stimulate Impmyeti Velopharvngeal Closure. Disser
tation, University of Arizona, Tucson, 1994. 

166. Trost-Cardamone, J. E. Effects of velopharyngeal incompe
tence on speech. Journal ofChlldboo4 Communjcation Disorders. 10:31, 
1986. 

167. Trost-Cardamone, J. E., and Bemthal, J. E. Articulation 
Assessment Procedures and Treatment Decisions. In K. T. Moller and C. 
D. Starr (Eds.), Cleft Palate· Interdjscjp1inarv Issues and Twatmept-for 
Clinicians By Clinicians. Austin, Texas: PRO-ED, 1993. 

168. Tucker, L. J. Attjculatorv Variations in Nonnal Speakers wjtb 
Chapges in vocal Pitch apd Effort. Master's Thesis, University of Iowa, 
Iowa City, 1963. 

169. Tudor, C., and Selley, W. G. A palatal tmining appliance and 
visual aid for use in the treatment of hypemasal speech. British Journal 
ofDisontm of Communication. 9:117, 1974. 

170. Van Demark, D. R., and Hardin, M. A. Speech Thempy for the 
Child with Cleft Lip and Palate. In J. Batdach and H. L. Morris (Eds. ), 
Multidiscip'inarv Management of Cleft Up and Palate. Philadelphia: W. 
B. Saunders, 1990. 

171. Van Hattum, R. J. Communication Therapy for Problems 
Associated with Cleft Palate. In S. Dickson (Ed.), Communication 
Disonlm Remedial Principles apd Practices. Glenview, Illinois: Scott, 
Foresman & Co., 1974. 

172. Van Riper, C. Soeech Correction· Prlnciples and Methods. 
New Yorlc Prentice-Hall, 1947. 

173. Van Riper, C. Speech Coaectjon· Principles and Methods (4th 
ed.). New York: Prentice-Hall, 1963. 

174. VanRiper, C. SpeechCoaectjon· PrlnciplesandMethods(6th 
ed.). Englewood Cliffs, New Jersey: Prentice-Hall, 1978. 

175. Van Ripet; C., and hwin, J. V. voice and Articulation. 
Englewood Cliffs, New Jersey: Prentice-Hall, 1958. 

176. Warren, D. W. A physiologic approach to cleft palate prosthe-
sis. Jollmal of Prosthetic Pentistrv. 15:770, 1965. 

177. Warren, D. W. Nasal emission of air and velopharyngeal 
function. Cleft Pilate Journal. 4:148, 1967. 

178. Warren, D. W. The determination ofvelopharyngeal incompe
tency by aerodynamic and acoustical techniques. Clinics in Plastic 
~· 2:299, 1975. 

179. Warren, D. W. Perci: A method for mting palatal efficiency. 
Cleft Palate Journal. 16:279, 1979. 

180. Warren, D. W. Assessment of aerodynamic velopharyngeal 
perfonnance. In K. R. Bzoch (Ed.), Communicative Pisonlm Related to 
Cleft Lin apd Palate (3rd ed.). Boston: College-Hill, 1989. 

181. Warren, D. W., and Ryon, W. E. Oml port constriction, nasal 
resistance, and respimtory aspects of cleft palate speech. CJeft Pilate 
lsmm!l. 4:38, 1967. 

182. Weber, J., Jr., Jobe, R. P., and Chase, R. A. Evaluation of 
muscle stimulation in the rehabilitation of patients with hypemasal 
speech. Plastic apd Reconstructive Sumrv. 46: 173 1970. 

183. Weiss, C. E. Successofanobtumtorreductionprogram. ~ 
Palate Journal. 8:291, 1971. 

184. Weiss, C. E. The significance of Passavant's pad in post-
obturator patients. Folia Phonjatrica. 24:51, 1972. 

185. Wells, C. Improving the spee<:h of the cleft palate child. 
Jourpal of Speech Qisonlea. 10:162, 1945. 

186. Wells, C. Pmctical techniques for speech training for cleft 
palate cases. Jourpal of Speech apd Hearing Disorders· 13:71, 1948. 

187. Wells, C. C. Cleft Palate and Its Assocjated Soeech Pisonfers. 
SL Louis: McGmw-Hill, 1971. 

188. West, R., Ansberry, M., and Carr, A. The &ehahilit&tiop of 
~. New York: Harper, 1957. 

189. Westlake, H. Speech Learning in Cleft Palate Children. In R. 
Lencione (Ed.) CJeft Palate Babilitatjon. Syracuse: Syracuse University 
Press, 1968. 

190. Westlake, H., and Rutherford, D. Cleft nalate. Englewood 
Cliffs, New Jersey: Prentice-Hall, 1966. 

191. Wilson, D. K. voice Problems of Children· Baltimore, 
Macyland: Williams & Wilkins, 1972. 

192. Wilson, D. K. 'Vojce Problems of Children (3rd ed.). Balti-
more, Maryland: Williams & Wilkins, 1987. 

193. Witzel, M.A. Cmniofacial anomalies. Seminars in Speech apd 
Language. 11:145, 1990. 

NCVS Status ·and Progress Report •179 



194. Witzel, M. A., Tobe, J., and Salyer, K. Tho use of 
nasopharyngoscopy biofeedback therapy in the conection of inconsistent 
velopharyngeal closure. International Journal of Pediatric 
Otorhinolarvngology. 15:137, 1988. 

195. Witzel, M. A., Tobe, J., and Salyer, K. E. The use of 
videonasopharyngoscopy for biofeedback thempy in adults after pharyn
geal flap surgery. Cleft Palate Joumat. 26:129, 1989. 

196. Wolfaaidt, J. F., Wtlson, F. B., Rochet, A., and McPhee, L. An 
appliance based approach to the management of palatopharyngeal incom
petency: A clinical pilot project. Joumal ofPmstbetjc Depti:rtry. 69: 186, 
1993. 

197. Wong, L. P., and Weiss, C. E. A clinical assessment of 
obturator-wearing cleft palate patients. Journal of Ptpstbetjc Dentistrv. 
27:632, 1972. 

198. Yamaoka, M., Matsuya, T., Miyazaki, T., Nishio, J., and lbuki, 
K. Visual training for velopharyngeal closure in cleft palate patients; a 
fiberscopic procedure (preliminary report). Journal of Maxillofacial 
~- 11:191, 1983. 

199. Ysunza, A., Pamplona, C., and Toledo, E. Change in 
velopharyngeal valving after speech therapy in cleft palate patients. A 
videonasopharyngoscopic and multi-view videofluoroscopic study. ID.: 
ternational Journal of Pedjatrjc Qtorbinolarvngology. 24:45, 1992. 

200. Yules, R. B., and Chase, R. A. A training method forteduction 
of bypemasality in speech. Plastic and &econstmctiye Sumery. 43:180, 
1969. 

201. Zimmetman, J.D., and Canfield, W. H. Language, Speech, and 
Hearing Therapy. In R. B. Stark (Ed.), Qeft. Palate A Multidiscjpline 

Approach. New York: HaipCr & Row, 1968. 

NCVS Status and Progress Report • 180 


