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Foreword 
The following essay points out the importance of quality of life issues with regard to voice and how our research 

can help address these issues. This piece originally appeared in the Recurrent Respiratory Papillomatosis Newsletter 
(Volume 5 No.2) and is reprinted with the permission of its author. 

-Ingo R. Titze, NCVS Director 

By Andrea Behr 

As I began to think about writing my college essays, it soon became clear to me what my topic should be. There 
is something about me that has shaped my entire life but can only be described through an essay. I have had a rare disease 
called laryngeal papillomas, since I was four months old, and because of the nature of the disease (small bumps on my throat 
and vocal cords), I have whispered all my life. 

For seventeen years I have found myself forgetting that I am different from other people in one very specific and 
obvious way - they have a voice and I do not. My small elementary school was primarily responsible for this because it 
provided me with an environment in which no one ever questioned my ability to do something just as well as others. For 
instance, in eighth grade I had a speaking part in our class play, something that today seems more unusual than it did back 
then. Like most people who begin the college admissions process, I was forced to review my failures and accomplishments 
more closely than ever. As I did this, I found myself wishing that I could have sung in the recent holiday assembly, or acted 
in the fall play along with many of my friends. I realize, however, that for all of these things I might have done, there are 
many other aspects about me that can substitute for these losses. I am just as talkative as my friends, I ask just as many 
questions in class as other students, and I am just as optimistic about my future as anyone else with a voice. 

My condition has forced me to undergo approximately sixty operations at The Children's Hospital of Philadelphia. 
My friends and family have always been supportive during and after these operations, but I am the only one that can 
understand the awful feeling in the pit of my stomach as I enter the hospital. Although I have always dreaded my own visits 
to the hospital, which are now less frequent, I am surprisingly interested in the many functions and responsibilities involved 
with the hospital, including the lives of physicians, nurses, and administration. To satisfy this interest, I decided to volunteer 
last summer at my hospital. No one understood why I would want to return to a place I had unwillingly been so many times, 
but I felt a need to be on the other side-a care giver instead of a patient. I worked with babies in the Infant Transitional 
Unit of the building, holding and feeding them, and cheerfully talking to their parents. Indeed, this experience did not quell 
my interest in children and hospital, it actually opened the door further. 

When I frrst meet someone, I always hope that he or she would listen to what I am saying and not comment upon 
my whisper so that I will not have to explain my voice. Of course this never happens, but I have learned that a person I end 
up liking is the person who immediately accepts me as I am and for whom I am. People are often surprised, frrst, that I do 
not have laryngitis and second, that I like to talk, but I am glad that the people who eventually get to know me seem to forget 
about my voice. Now that I am older, I am often asked what I want to do when I get out of college. I have learned to recognize 
that my life has been and will be forever affected by my handicap and that because of this my career options may be different 
from others, but I have also recognized that if I continue to expect as much from myself as I can (and always have), my 
life may not be all that different. 
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Vocal Fold Extracellular Matrix and Its Biomechanical Intluence 
Part 1: The Fibrous Proteins 

Steven D. Gray, M.D. 
Department of Surgery-Division of Otolaryngology Head and Neck Surgery, The University ofUtah School of Medicine 
lngo R. Titze, Ph.D. 
FariborzAlipour,Ph.D. 
DepartmentofSpeechPathology and Audiology, The University oflowa 
Thomas H. Hammond, B.S. 
The University ofUtah School ofMedicine 

Abstract 
This state of the art article is the first of two that 

discusses the molecular composition of the vocal fold and 
the relation of these molecules to the biomechanical and 
physiological performance of the tissue. The components of 
the extracellular matrix may be divided into fibrous proteins 
and interstitial proteins. The fibrous proteins, consisting of 
the collagens and elastins, are the focus of this report. Elastin 
concentration varies by tissue depth in the vocal folds. 
Variation of elastin by age is reported but some controversy 
exists. The biomechanical terms of stress and strain (and 
stress-strain curves of human vocal folds) are related to the 
fibrous proteins of the vocal folds. The fibrous proteins, 
their role in stress, and their effect on the dynamic range of 
vocal pitch is presented. 

The lamina propria (LP) of the vocal fold has 
received considerable attention from laryngologists over the 
last two decades. Although some interest in this tissue was 
present before that time, it was Hirano's histologic work, 
coupled with the introduction of the cover-body theory of 
phonation, which propelled a basic understanding oftheLP 
to the laryngologist. His work was unique in that his research 
group not only identified histologic differences in various 
regions of the LP, but it also related those findings to vocal 
fold physiology with clinical implications. 

The purpose of this present work is two fold: 
1) To present a current concept of the composition of 

the extracellular matrix of the lamina propria as it relates to 
the vocal folds. 

2) To discuss and relate biomechanical concepts of 
vocal fold physiology to the relevant molecular structure. If 
this work succeeds in its stated purpose, a third goal will be 
accomplished: to help students and teachers of laryngology 
care for the normal and abnormal voice. 

Introduction 
Hirano found that the lamina propria (LP) of the 

vocal fold are functionally three layers. 3•1 The most super
ficial layer of the LP (SLLP) was characterized histologi
cally by loose tissue with few collagen or elastin fibers. The 
middle or intermediate layer of the LP (MLLP) was found 
to have an increased number of elastin fibers and the deep 
layer of the LP (DLLP) had an increased number of col
lagen fibers. (Figure 1; following page) The more superfi
cial tissue was termed the cover and the deeper tissue was 
called the body.2 

The notion of a cover and body fit well with studies 
of vocal fold vibration showing not only medial to lateral 
motion of tissue, but also vertical motion of tissue., The 
physiologic concept of the theory is that the more medial 
and superficial tissue slides, glides and moves over a more 
rigid body of tissue. Specifically a wave of "mucosal 
upheaval", which starts in the immediate infrafold area and 
then travels superiority, had been identified on high-speed 
cinematography., This is referred to as the mucosal wave. 
It was recognized that for the superficial tissue, freedom of 
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Figure 1. This figure shows the tissue of the vocal fold and its division into 
layers based on anatomic,functional, or biomechanical differences.( Gray, 
et al., 1993). [Reprint courtesy: Singular Publishing Group, 1nc. (800) 
521-8545,401 West "A" Street. #325 San Diego, CA 92101-7904.} 

movement in all directions was critical. The cover-body 
theory of phonation met that criteria and the studies of the 
LP provided histologic evidence that the superficial tissues 
allowed freedom of movement while the deeper tissues were 
more tightly integrated or bound. 

The cover of the vocal fold was described as the 
epithelium, the SLLP, while the DLLP and vocalis muscle 
were assigned to the body. The MLLP was appropriately 
characterized as a transitional layer. Since the amount of 
tissue in vibration would depend upon intensity and pitch, 
the cover would appear, at times, to be thicker and would 
extend to include more of the intermediate layer.32 Addi
tionally, the normal thickness of the SLLP and MLLP 
probably varies somewhat according to age and this would 
affect what layers and how much of the MLLP is involved 
in the cover.9 

Titze gave mathematical proof that self-sustained 
oscillation of the vocal folds was a direct result of a propa
gating mucosal wave.10 The energy transfer mechanism 
from aerodynamics to tissue movement was shown to be in 
the form of a negative persistence in the nonlinear differen
tial equation for the notion of the body and cover. The 
mucosa wave velocity in the cover was responsible for the 
negative resistance. It needs to be remembered that the 
cover-body concept is one of the simplest physiologic 
divisions of the anatomic correlates. Another concept, the 
mucosa-ligament-body involves three functional layers. The 
vocal ligament was described by Hirano as the MLLP and 
the DLLP. The elastin and collagen fibers making up the 
ligament are arranged in a longitudinal fashion so that they 
are relatively parallel to the thyroarytenoid muscle. In this 
arrangement they can respond to longitudinal stress when 
influenced by the intrinsic muscles of the larynx. Although 
the fine motor control of phonation and the registers of voice 
(falsetto, chest) are determined by the intrinsic laryngeal 
musculature, the ligament helps to balance the tensions in 
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adjacent layers, to set the geometrical shape of the tissue to 
be oscillated, and to be a major bearer of stress in more 
intense and high pitched phonation. 32 

Extracellular Matrix 
Tissue can be divided into cellular and extracellu

lar tissue. This division is particularly useful for the vocal 
folds since the vast majority of the cover tissue is extracel
lular, but the majority of body tissue is cellular (muscle). The 
extracellular tissue is actually a matrix of proteins, carbohy
drates, and lipids (Table 1). Although the lipids and 
carbohydrates are undoubtedly important, they are very 
difficult to study since we do not have good specific histo
logical ways of identifying lipids or carbohydrates. The 
proteins are much easier to identify and studies of the 
extracellular matrix (ECM) have divided the proteins into 
fibrous and interstitial proteins. 

Fibrous Proteins 

Collagens 

Elastins 

Table 1. 
Extracellular Matrix 

Interstitial Proteins 

Proteoglycans 

Glycoproteins 

other 
Molecules 
Upids 

Carbohydrates 

Fibrous proteins are the collagens and elastins.11 

The interstitial proteins are the proteins located in the space 
between the fibrous proteins. They are proteoglycans and 
glycoproteins. 12 Both the interstitial and fibrous proteins 
have properties that are important to human vocal fold 
physiology. The fibrous proteins are important for shape, 
form and are designed to handle stress (a precise biome
chanical term discussed later}. The interstitial proteins ap
pear to control tissue viscosity, water content, tissue size, 
and size and density of collagen fibers. 

Fibrous Proteins 
Elastin 

Various types of collagens and elastins are found in 
the lamina propria of the human vocal fold. Elastin material 
occurs in three types, dependent on the amount of amor
phous to fibrillar elastin. The three types areelaunin, oxytalan, 
and elastin fibers. 9 Oxytalan is composed of microfibrils 10-
12mm in diameter. Elaunin has these microfibrils and a 
small amorphous component. Elastin fibers have a larger 
amorphous component as a core with the microfibrils sur
rounding the core. The elastin fibers are sometimes referred 
to as mature elastin, since of the three types, the elastin fibers 
are the most elastic (biomechanically referring to the ability 
to be stretched roughly two times their length and then return 



to the normal length). 13 Elaunin and oxytalan are less 
stretchable and are found in tissue where stress is higher, 
such as the superficial layer of tendons and in cartilage.14 

These two types are also common in fetal and perinatal tissue 
and consequently were initially thought to be immature 
forms of elastin fibers. That concept is no longer accepted as 
elaunin and oxytalan have been found in many tissues in 
mature humans. tJ. tJ.ts 

Differentiating elastin types is significant to laryn
gology in that there is a significant amount of elastin proteins 
throughout the lamina propria, some of it not in elastin fiber 
form, but in elaunin and oxytalan form. This is especially 
true in the SLLP. It is important to note that o f the three 
types of elastin material, only the elastin fiber form is stained 
by most of the histology stains for elastin. 16 Elaunin and 
oxytalan forms of elastin are not stained well, consequently 
these are not often visualized and at the present state of 
technology can only be fully identified with electron mi
croscopy. 

The amount of elastin material in all layers of the 
LP can be easily appreciated by the following simple experi
ment. Elastin material (all forms) does autofluoresce when 
stained with hematoxylin and eosin, and when the lamina 
propria is made fluorescent, all layers of the lamina propria 
show much elastin. 

Figure 2 shows such a vocal fold LP being made 
fluorescent. The yellow color is all elastin material, and note 
that the immediate SLLP is brightly shining showing abun-

Figure 2. This vocal fold tissue lws been stained with hematoxylin and 
eosin and then made fluorescen t. The elastin molecule becomesfluorescem. 
The picture demonstrates the tissue between the basement membrane zone 
and the vocalis muscle. This is done on f resh .frozen tissue. which accounts 
for the gaps or dark spaces in between the fluorescent tissue. The dark 
spaces are therefore artifactual and due to the technique. This picture, 
which indicates that elastin protein is present in considerable abundance 
throughout all layers of the lamina propria. is in contrast to Figure 3, 
showing that the elastin fiber component is more predominant in the 
middle and deep layers. 

dant elastin is present in the SLLP. This figure shows that 
the entire LP contains a lot of elastin. However, when the 
Verhoeffs elastin stain is used to identify only the elastin 
fibers, few elastin fibers are found in the SLLP indicating 
the elastin in theSLLP is not in elastin fiber form. It was the 
elastin stain that was used to originally identify the three 
layers of the LP. Figure 3 shows the LP stained for elastin 
fibers. 

A dotted oval is placed around the elastin fibers 
located in the MLLP and DLLP. 

Elastin Fiber Distribution in the Lamina Propria 
Using elastin staining and an image analysis sys

tem, the concentration of elastin fibers in the SLLP to the 
vocalis muscle in 20 middle-aged, cadaveric, adults (age 25-
50) vocal folds can be assessed. All vocal folds were ob
tained within 24 hours of death. Vocal folds were removed 
and cut vertically, perpendicular to the free edge of the vocal 
cord. A facing midsection was fixed in Carson's Fixative 
and embedded in paraffin using routine histologic meth
ods.17 

Four micron-thick sections of normal vocal fold 
were stained to detect their elastic tissue content using 
Verhoeffs elastin tissue stain. 18 This stain uses ferric 
chloride and iodine to detect elastin and acid fuchsin as a 
counterstain. The slides were analyzed using an image 
analysis system specially configured for histological and 
cytological studies. The image analysis system and method
ology has been described previous studies.9

·
20

·
18 

Figure 3. This figure demonstrates vocal fold material stained for elastin 
fibers. There is a preponderance of elastin fibers in the intermediate and 
deep layer. This picture uses an elastin Verlwejf's stain. Based on figure 
2 and 3, one can see why the entire lamina propria has elastin qualities 
whereas the vocal ligament portion lws biomeclwnical properties for 
stress and strain as described later in the text. 
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Figure 4. This figure demonstrates the ewstin amount in relative units 
p/oued by depth from the basemem membrane zone 10 the vocalis muscle. 
Oo/o percem is the basement membrane zone whereas 100% represems the 
start of the vocalis muscle. Elastin fiber concentration peaks at around 
60-80% depth in the lamina propria. This slide represe111s a composite of 
20 middle-aged adults (Hammond. et a/ .. in press). [Reprint courtesy: 
Mosby Year Book. Inc. Owlaryngology Head and Neck Surgery Journal./ 

A summary graph of the elastin fiber concentration 
by depth of the LP is presented (Figure 4). This study 
demonstrates the magnitude of the difference in concentra
tion of elastin fibers between the SLLP and the vocal 
ligament. It also shows the depth theSLLP extends into the 
lamina propria. This may be important in guiding us towards 
issues of replacement therapy of the LP. It is felt by some 
that an elastin mixture would be the best biomechanicalLP 
substitute. As you can see from the graph, the slope of elastin 
fiber concentration starts increasing at about 25% depth and 
begins to level off at about 45% depth into the LP. It 
continues to stay high until the last 15-20%. From these data 
it appears that the SLLP consists of about 25-35% of the 
initial depth of the LP, with the MLLP making up the next 
45-55%. (Figure 5) Although our initial tendency was to 
call the last 20% theDLLP, that is not entirely accurate since 
the study did not assess collagen fiber density. No gender 
difference in the amount of elastin fibers across the LP was 
identified.16 

Elastin Fiber Across Age Groups 
Using similar methodology, elastin fiber concen

tration in infants, middle age, and geriatric specimens has 
been studied.9 (Figure 6) The main objective of this earlier 
study was to identify the concentration of elastin fibers 
between ages using quantitative methodology. The num
bers were small, but no gender differences were found. 
Elastin concentration was much higher in the geriatric 
samples and lowest in the infants. It was noted that the 
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Figure 5. This is a schematic oft he estimated width oft he lamina propria 
wyers based upon elastin fiber concemrarion. 

Elastin Distribution in the Lamina Propria 
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Figure 6. This graph shows increasing elastin fiber concemration by age. 
Note t/Ult even in the superficial layer, the elastin contem is quite a bit 
higher in geriatric folds than what younger adults experience. 

increase in the elastin fiber concentration occurs more 
superficially in the SLLP as we get older, and the thickness 
of the SLLP, measured by this histologic method, becomes 
considerably thinner in the geriatric patient. Three represen
tative photos are shown to illustrate these two points: the 
thinning of the SLLP and the increasing elastin fiber con
centration. These figures received a Verhoeff elastin stain 
that stains elastin fibers black. The elastin fibers appear as 
tiny black dots in theLP. Figure 7 A is from an infant larynx; 
note that minimal elastin is present. Figure 7B is a middle
aged male. Note that theMLLP shows moderate staining of 
black elastin fibers. Figure 7C is a geriatric male larynx and 
the abundant black staining is apparent almost right up to the 
epithelium. 



4 Month Old Male 43 Year Old Male 69 Year Old Male 

Supraglottis 

Figure 7. Using a Verlweffs elastin stain that stains elastin fibers black. 3 ages are examined. 7A is a four momh old male, 78 is a 43 year old male, 
and 7C is a 69 year old male. Note the cominued shrinkage of the superficial layer and the more predominant the black color becomes in the illlermediate 
Layer. Also note that the fullness or total width of the intermediate layer is nm only large at the leading edge. bm remains of substantial width slightly 
below the leading edge in the immediate infrafold portion. 

If one believes that limiting surgery to the SLLP 
avoids scarring, then this study would indicate that the 
patients at risk for scarring are in the geriatric population. 
Clinically, this concept may not bear out, as it seems from 
clinical experience that geriatric patients are not more pre
disposed to iatrogenic laryngeal injury. It may be that it is 
not the collagens and elastins of the ECM that detennine 
limits of surgical safety, but rather the presence or amount of 
decorin or hyaluronic acid in the SLLP that leads to the 
ability to operate on the SLLP without inducing scar. 
Decorin and hyaluronic acid are discussed in part two of this 
report. If concentration in decorin or hyaluronic acid in the 
SLLP is low then even minor surgical intervention could 
potentially lead to scar fonnation in theSLLP, despite great 
surgical skill. However, this thinning of the SLLP may have 
relevance to fonnation of a sulcus or contribute to some 
cases of bowed vocal folds. 

Collagen 
Collagen Type I, II, and ill have all been identified 

in the LP.19 Collagen Type IV and VII are located in the 
basement membrane zone.20

·
21

·
22

·
23Collagen studies are some

what more difficult to do because within 24 hours of death, 
collagens lose their antigenicity, making collagen specific 
studies unreliable even when done within a few hours post
mortem. We don ' t have quantitative studies of how the 
collagens are distributed across the LP. The biologic func
tion of collagens is fai rly singular: to provide strength. 

Collagens don' t stretch well. They do hold things together 
well. Their general spatial orientation is directed longitudi
nally, from anterior to posterior, which is similar to the 
elastin fibers. This orientation allows them to bear the stress 
of intrinsic laryngeal muscles. 

Fibrous Proteins and Senescence 
The finding of increased elastin in the LP with 

aging is consistent with other studies of connective tissue. 
As we age, we tend to accumulate both collagen and elastin 
fibers in our extracellular matrix because the body breaks 
down and turns over less of these fibrous proteins. Kohn 
repeatedly pointed out that age-related changes in most 
organ systems are more expressed in the extracellular matrix 
than in the actual cellsY This is demonstrated by tendons 
becoming more resistant to heat denaturation and less soluble 
and digestible by collagenase as we age.25 The elastic 
modulus of the lung becomes stiffer and decreases linearly 
with age.26 Myocardium becomes stiffer and arteries 
become less elastic with age.27

•
2

K These are functions of the 
components of the extracellular matrix. More elastin or 
collagen does not necessarily reflect better elasticity or 
function of the tissue, since most of the elastin and collagen 
in the aged tissue is less functional due to cross-linking.29 

Vocal Fold Lamina Propria and Senescence 
These findings are not in complete agreement with 

other LP studies of elastin. Sato showed cross-linking of 
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elastin fibers in the geriatric specimens, but reported that the 
elastin fibers seem to become less numerous than in younger 
adul ts.30 Hirano's earlier studies also reflected a decrease in 
elastin fibers between normal and geriatric vocal folds. 31 We 
do not know how to explain these differences with 
Hammond's findings. 9 Similar confusion has been found in 
other literature where elastin content has been reported to 
increase, decrease or remain the same through senescence. 
Although both groups employed elastin stains, the method
ology used was quite different. Hammond et al. used a 
quantitative image analysis system and fewer specimens, 
while the other two reports used more specimens and quali
tative visual assessment. Both methods have some advan
tages and disadvantages. Perhaps racial differences could 
be present. 

These studies help define how the rnicroarchitecture 
of the vocal fold change as we age. Clinically, the knowl
edge of increased or decreased elastin fibers in theLP is not 
very useful without knowledge of how that finding may 
effect vocal performance, which at this time is Jacking. The 
finding of the shift to the left for the steep portion of the 
elas tin curve in geriatric specimens has several possible 
implications. Is theSLLP shrinking (atrophy) oris it simply 
being invaded (conversion) by elastin? Whatever the mecha
nism, the result is a proportional increase in the total width 
of the MLLP and decrease in the width of the SLLP. This 
decreases the amount of cover in relation to the body of the 
vocal fold as we age. In the infant, this scenario is reversed 
with a very large cover to body ratio. ' 

Although we do not have a knowledge of what 
these vocal folds looked like in vivo, occasional specimens 
have been found that appeared to have a sulcus vergeture, 
and in these specimens it seems as though the SLLP is 
lacking, with theMLLP andDLLP being relatively normal. 
The MLLP's superficial border seems to be nearly the 
basement membrane zone in severe sulcus cases. This could 
explain the profound effect a sulcus may have on the voice. 
By loss of the SLLP, they have lost most of their functional 
cover of tissue. Instead, their epithelium really is attached 
directly to a transitional layer and body of the vocal fold. 
Anecdotally, we have not seen any cases where atrophy of 
the MLLP seems to occur. From our observations, it also 
appears that some conversion of SLLP to MLLP is occur
ring. This concept would be supported by general theories of 
aging in which it has been reported that as we age the elastin 
content of the ECM in some tissues slowly increases.25·35 It 
is likely that aging may produce both atrophy of the SLLP 
and some conversion (infiltration) of the SLLP by MLLP 
proteins. We need to reemphasize that we do not know how 
these folds appeared and performed when in vivo, and these 
are strictly histologic observations. 
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Figure 8. This is a computer rendering performed on Animation Master. 
a sofnvare package of 3D modeling and rendering produced by HASH. 
Inc. The rope like structures are ro represent collagen fibers and the 
spring like structures are to represent elastin fibers. The picture 
de~on:trates the fibrous proteins only of tire vocal fold. Please compare 
tillS 1~11h other computer renderings done similarly in parr 2 of this report 
shmvmg other extracellular matrix molecules. 

Building the Lamina Propria (Fibrous Proteins) 
The extracellular matrix is conceptually built as 

shown in Figure 8. Thus far we have discussed only the 
fibrous proteins of the ECM, the collagens and the elastins. 
We have reviewed the distribution of elastin fibers throuoh 

0 

the lamina propria and as it relates to age. Note that there 
are more collagen fibers deeper in the fold. Note also that the 
overall arrangement of the fibrous proteins is parallel to the 
edge, although individual fiber molecules may not be so 
directed. Recall that elastin material is present throughout 
all layers although the elastin fi ber form is most concen
trated in the MLLP. 

Biomechanics of the Fibrous Proteins 
Biomechanically, stress-strain curves are frequently 

used to describe properties of fibrous materials. 32 Stress can 
be defined as the amount of force per unit area applied to a 
substance to induce a physical, morphologic change. Strain 
is defined as corresponding deformation (the change in 
length- original length). Studies on the vocal ligament have 
measured how much stress leads to a certain level of strain. 33.34 

Figure 9 (stress-strain) iiJustrates this relationship. These 
stress-strain curves were obtained according to standard 
methodology .34 

Figure 9A is a stress-strain curve of a 60 year old 
man. Figure 9B is the same curve but with lines drawn in to 
show linear approximations to the collagen and elastin fiber 
responses. The last stress-strain curve is from a younger 31 
year old man for comparison. (See Figure 9B) Note that the 
two curves are not exactly similar. The stress-strain curve of 
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the 61 year old man shows a steeper slope in the col~age 
portion (increased stiffness) and less area .betw~en the hoes 
indicating less tissue creep (increased v1scos1ty) as com
pared to the 31 year old male. 

By applying stress longitudinally to the fibers of 
the vocal ligament, the ligament stretches to a longer length. 
Note from the stress-strain curves that the vocal ligament 
stretches easily at low level of stress, but upon reaching a 
longer length the stress required for further lengthening 
increases remarkably. This type of nonlinear response is 
attributed to the mix of collagen and elastin fibers. 35 The 
resistance to stretch due to elastin alone, making the first part 
of the stress-strain curve fairly linear (spring-like) charac
terizes the initial part of the stress-strain curve in the human 
vocal ligament. The early part of the stress-strain curve 
mirrors elastin fiber performance. After a certain amount of 
strain has occurred (about 30% ), the stress-strain curve takes 
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Figure 9. These are stress-strain curves of human vocal ligaments. 9A 
(upper left) is a 61 year old male. 9B (left) is the same 61 year old male 
with functions of elastin and collagen drawn in. 9C (above) is a 31 year 
old male for comparison with the 61 year old male. 

a noticeable upward slope. In stress-strain relationships of 
ligaments and tendons, the point at which the upward slop~ 
occurs is often referred to as the "break-point", because It 
represents the place ofligament strain where collagen fibers 
are being recruited to resist further strain. 36 Once the break
point area is reached, further stress does not result in much 
more length change within the vocal ligament. The late part 
of the stress-strain curve is similar to collagen fiber perfor
mance. Note that in the 61 year old male, the part of the curve 
corresponding to collagen fiber performance is more steep 
than in the 31 year old. This likely indicates increased 
stiffness in the collagen fibers of the older man, a common 
findina as we age. Also note the area within the 31 year old 
curve is greater than that of the 61 year old. The area within 
the curve is an indirect indication of viscosity. The 31 year 
old vocal ligament likely has lower viscosity and more tissue 
creep than that of the 61 year old male. 

The steeper part of the stress-strain curve is de
simed to resist strain. The particular composition of the 
v:calligament varies individually and with age. With re
spect to vocal performance, it is interesting to reflect on how 
the response of elastin is meshed with the response of 
collagen to make the stress-strain curve of the vocal liga
ment The interaction between elastin fiber performance 
and the collagen fiber performance may be influenced by 
proteoglycans. 

Dynamic Range Properties/Fibrous Proteins 
For speaking pitches, the more functional part of 

the stress-strain curve, the part of the curve that most of us 
vocally use daily is dominated by elastin fiber performance. 
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For singing at high pitches, however, the contribution of 
collagen to the stress-strain curve may be significant. To 
understand this, we appeal to the formula for the frequency 
of a vibrating string: 

F _!_To 
2L p 

where a is stress, p is tissue density andL is the length of the 
string. 32 The authors recognize that the vocal folds cannot be 
adequately described as vibrating strings. But the math
ematical relationships described by this equation do have 
some merit in helping us understand biomechanical rela
tionships in phonation. As can be seen from the equation, 
length has an inverse relationship to frequency. That is, 
although the vocal folds get longer as our pitch goes up, the 
longer vocal folds should vibrate at a lower frequency. To 
raise the frequency, we have to overcome the increase in 
vocal fold length by increased stress. Tissue density is 
nearly a constant ( 1.0-1.05 g/cm3). By increasing tissue 
stress by a factor of four, we double the frequency (note the 
square root relation). But this rise is diminished by the 
length increase, giving us less than a doubling of frequency 
for a four-fold increase in stress. Now it is apparent why the 
stress-strain curve is so relevant to vocal production. It is 
critical that we easily generate high levels of tissue stress 
without much increase in length. This ability to easily 
generate high levels of tissue stress is a product of the 
collagenous part of the vocal ligament and is a main mecha
nism of providing humans with a large dynamic pitch range. 

Summary 
In summary, the proteins of the extracellular ma

trix of the vocal folds are classified into fibrous and intersti
tial vocal folds. The collagens and elastins comprise the 
fibrous proteins and influence stress-strain properties of the 
vocal folds. Collagens are proteins that bear stress and 
contribute strength to the tissue, whereas elastins are pro
teins that allow the tissue to deform and return to its original 
shape. These are key properties for proper function of the 
vocal folds. Tissue stress, the ability to carefully control it 
and precisely generate it, is important for dynamic pitch 
range in humans. 
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This is the second part of a two part series to 
describe the extracellular matrix of the human vocal fold 
and associated biomechanical concepts. The key tissue 
element of the vibratory portion of the vocal folds is the 
extracellular matrix. Although the fibrous components of 
that matrix have been described for two decades, the re
maining portions of the extracellular matrix are not well 
understood. This article discusses the interstitial proteins 
of the lamina propria, their location in the vocal fold, and 
their biologic and biomechanical effects. Just as part 1 
discussed stress-strain relationships and dynamic vocal 
range with respect to the fibrous proteins, this paper dis
cusses viscosity, and its effect on "phonatory threshold 
pressure" and "energy expended due to phonation" as it 
relates to the interstitial proteins. The role of hyaluronic 
acid in determining tissue viscosity is presented. The small 
chain proteoglycans, decorin and fibromodulin are intro
duced. Computer generated schematics of the extracellular 
matrix are presented. 

Introduction 
This is the second part of a discussion on the 

extracellular matrix proteins of the lamina propria of the 
vocal folds and the biomechanical properties. The first part 

of the discussion dealt with the fibrous proteins: the 
collagens and elastins. The fibrous proteins have received 
a lot of attention. It is interesting, and not unexpected, that 
some of the interstitial proteins also have a layered orien
tation in the vocal folds. Their mechanical properties 
determine many of the oscillatory characteristics of the 
vocal folds. They likely affect viscosity, fluid content, 
thickness of the lamina propria layers, and even collagen 
fiber population density and size (See Table of 
Proteoglycans following page).The interstitial proteins 
include the proteoglycans and the glycoproteins. 

Proteoglycans 
The proteoglycans consist of a protein core that 

uses a linkage protein to attach to the core other proteins, 
carbohydrates and lipids.10 This allows the proteoglycans to 
carry a variety of structural molecules with various biologic 
activities, including water, or simple linear sugars, to the 
most highly sulfated polysaccharide found in nature: hep
arin.11·10·12·13 In this way the extracellular matrix (ECM) can 
regulate concentrations of some carbohydrate, protein and 
lipid molecules. These attached chains of molecules to the 
protein core are termed glycosaminoglycan chains and 
determine a wide range of biologic activity. 1° For instance, 
a component of the chain in hyaluronic acid creates a 
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Proteoglycans 

Hyaluronic Acid 

Decorin 

Fibromodulin 

Versican 

Heparan Sulfate 
Proteoglycan 

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

Table 1. 
Proteoglycans Found in Human Vocal Folds17 

Function 

Creates and is the means 
for control of tissue 
viscosity, effects tissue flow 
resistance and tissue 
osmosis, provides space 
filling and space occupying 
molecules, probably help 
determines lamina propria 
layer thickness41

'
1

'
2 

Binds to coll~gen fibers 
resulting in delayed fibril 
formation and thinner fibril 
formation3

'
4

, may help 
reduce fibrosis and scar 
following injury 

Binds to collagen fibers 
resulting in delayed and 
thinner collagen fibers 41

•
42

, 

both decorin and 
fibromodulin may effect 
ligament performance 

Has ability like hyaluronic 
acid to fill space, bind and 
organize water molecules7 

Binds to fibronectin, collagen 
IV, and laminin8

'
9

, may play 
a role in tissue 
morphogenesis 46

'
47 

Localization in Vocal 
Folds 

Found throughout the 
ECM of the lamina propria, 
slightly more intense in.the 
intermediate layer of the 
LP, found in rhacrophages 
and fibroblasts of the LP, 
evidence suggests gender 
specificity. Males> females 

Found in the ECM of the 
lamina propria, may be 
more concentrated in the 
SLLP 

Found in the ECM of the 
lamina propria, found 
mainly in the intermediate 
and deep layers of the LP, 
seems to be concentrated 
around ·the vocal 
ligament5•

6 

Found being manufactured 
by the fibroblasts and 
macrophages in the LP 

Found in the basement 
membrane zone of the 
vocal folds, found in the 
fibroblasts and 
macrophages of the LP 

ECM-extracellular matrix, LP-Iamina propria, SLLP-superficiallayer of the lamina propria 
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polarity which seems to be particularly suited for binding 
of water molecules, thereby increasing water and ion con
tent of the ECM as well as increasing the total volume or 
space the molecule occupies. ID.4I Another example is the 
glycosaminoglycan chain in decorin and fibromodulin 
which has a strong affinity for binding to collagen fibers, 
thus helping to regulate collagen fiber thickness and mor
phology. 41.42 

Proteoglycans have reached remarkable levels of 
sophistication and multifunctional roles. They provide growth 
supportive or suppressive function, modulate wound repair, 
bind and deliver growth factors, act as major biologic filters, 
surround and likely influence ECM communication with 
the fibroblast, and have major adhesive properties.41

•
10.3·13 

Importantly, proteoglycans seem to have the tools to help or 
regulate the biologic performance of other ECM proteins. 

Proteoglycans do not occur often in isolation. They 
are usually in a mixture of other ECM molecules and their 
concentrations effectECM molecules in different ways. 14

•
13 

Proteoglycans are divided into groups based on similarities 
between the protein cores and their glycosaminoglycan 
chains and consequently their biologic activities. 10•13 One 
group consists of large proteoglycans, which tend to aggre
gate: these are aggregan and versican. Hyaluronic acid 
differs from these proteoglycans in that it is not covalently 
attached to proteins and therefore is usually considered in a 
unique, separate group of proteoglycans. 13 But because it is 
large, aggregating, and a major determinant in tissue viscos
ity (like aggregan and versican) we will include hyaluronic 
acid in this group of large chain proteoglycans. Aggregan is 
a major constituent of cartilage. 15

'
16 

The large proteoglycans affect tissue viscosity and 
are space occupying. These large proteoglycan molecules 
are self-repeating and can be huge, thereby filling up lots of 
space in a gel-like arrangement. As mentioned, they have an 
affinity toward water molecules and when possible create a 
strongly hydrated gel. Because of these properties, their 
concentration levels can have profound effects on tissue 
flow resistance and tissue osmosis.17•11•1o.13•

41
•42 Large chain 

proteoglycans are found wherever the body is concerned 
about functions such as shock absorption (cartilage
aggregan), viscosity and fluid movement (synovial fluid
hyaluronic acid), and space filling (vitreous humor of the 
eye- hyaluronic acid). Since the same biologic needs are 
relevant in the vocal folds, large chain proteoglycans likely 
play an important role. 

Small chain proteoglycans are another group of 
proteoglycans and are characterized by a leucine-rich pro
tein core and a small, compact molecular size. 11•10 These 
small proteoglycans are many but we are mostly concerned 
with decorin, fibromodulin and to a less extent, biglycan. All 
these small proteoglycans bind to collagen Type I, although 

not necessarily at the same site. Studies have shown that 
collagen synthesis in the presence of decorin and 
fibromodulin yields smaller and thinner fibrils.41

•
42 Con

centration levels of these proteoglycans have been found 
to be higher out in the ECM than closer to the regulating 
cells for the matrix and it has been suggested that these 
regulating cells ( chondrocytes for cartilage and fibro
blasts for the vocal folds) use these small proteoglycans as 
factors to regulate collagen assembly. An important corol
lary exists that a decrease in tissue concentration of 
fibromodulin or decorin results in more collagen synthesis 
with bigger fibers. Biglycan will only be mentioned briefly 
here, because its role in normal vocal folds is likely mini
mal. Biglycan also regulates collagen synthesis but unlike 
decorin seems to promote ongoing fibrosis. 

Hyaluronic Acid 
Hyaluronic acid (HA) can have marked effects on 

tissue viscosity, tissue flow, tissue osmosis, tissue dampen
ing(shockabsorption)andspacefilling.41 Partofthemecha
nism that allows this to happen is the configuration or shape 
of the HA molecule. It is estimated that an BA molecule 
takes a 1 ,000 times in space or volume beyond what would 
be expected based on molecular composition and weight.41 

Unlike the fibrous proteins of the vocal folds (collagen and 
elastin), which fibers can be arranged linearly and stacked 
compactly into tendinous or ligamentous structures, HA 
likes to be porous, loosely folded and globular. 41

•
18 Remem

bering that these molecules have the propensity and ability 
to aggregate, it is apparent why these molecules can influ
ence tissue size by essentially filling up a tissue space. 
Similarly, this ability to fill up space consisting of loosely 
arranged molecules makes this molecule appropriate for 
shock absorption. Their large, voluminous size, but porous 
quality combined with a high water content makes this 
proteoglycan biomechanically ideal for enduring the pound
ing and vibratory collision to which vocal folds are subject. 

Identification of Hyaluronic Acid 
Hyaluronic acid (HA) in vocal folds can be studied 

through two common methods. The most common method 
is using an acid mucopolysaccharide stain (AMP) with and 
without enzymatic treatment by testicular hyaluronidase.19 

To perform this stain, two consecutive four-micron-thick 
sections of human vocal folds are taken (in our work this is 
usually done with a vertical orientation through the mid
portion of the membranous vocal fold). One section is 
treated first with the enzyme testicular hyaluronidase, which 
removes the HA from the tissue specimen. Controls can be 
any tissue that contains HA such as cartilage, skin, and liver. 
Following removal of the HA with hyaluronidase, that 
tissue section is stained at the same time and solution with 
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(A) With Hyaluronic Acid (B) Without Hyaluronic Acid 
(Removed by hyaluronic 

enzymetrically) 

Figure 1. This figure shows consecutive slices through the mid-membranous 
portion of a human vocal fold stained with acid mucopolysaccharide 
stain. Part A shows the stain with the hyaluronic acid prese111 and Part 
B shows the tissue with the hyaluronic acid removed enzymatically. The 
difference between the blue intensity in A and B is the hyaluronic acid 
present in Part A blll removed in Part B. Note that in Part B tlwtthere was 
still a greenish-blue color, which represents other proteoglycans or 
carbohydrates present in the lamina propria of the vocal folds. 

the other section (the one not enzymatically exposed) for 
acid mucopolysaccharides (proteoglycans and mucopolysac
charides). Acid mucopolysaccharides are usually stained a 
dark blue, sometimes green tinged color. The difference 
between the blue intensity of the two stains should be the 
HA present in the tissue section not enzymatically removed 
as compared to the lack of the blue color present in the 
enzymatically treated one. 

The remaining faint blue-green color in the tissue 
section which had the HA removed reminds us that other 
acid mucopolysaccharides (some of which are probably 
other proteoglycans but can include carbohydrates) are 
present in normal human vocal folds. An example of this 
stain and the amount ofHA present in human vocal folds is 
shown in Figure 1. Notice that there is a fair amount of 
intense blue staining in the middle layer oftheLP (MLLP); 
theMLLP is the layer that is probably the thickest of the 
three LP layers. Of interest, note that the HA seems to be 
slightly more intense in the immediate infrafold area as 
opposed to the concentration at the exact leading edge of the 
vocal fold. Although not quantified yet, it has been our 
observation of over 100 histologically stained larynges that 
many of them (though not all) have this propensity for a 
slight increase in HA amount in the immediate infrafold 
area. This area corresponds to the region where the mucosal 
wave begins in its vertical travel upward. 

A second method to study HA is performed by 
using immunocytochemical techniques which utilized anti
bodies to cen ain HA receptors. Pawlak used this technique 
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Figure 2. This shows a graph of hyaluronic acid by gender from 10 males 
and 8females. Concemration of hyaluronic acid is in relative value units. 
Note that even though the average male has about three times of 
hyaluronic acid tlwn the average f emale, there are some f enwle vocal 
folds with greater hyaluronic acid concentration than some male vocal 
folds. 

in her identification of HA in human vocal folds. 17 The 
advantage of this latter technique is that it may be much 
more specific. This approach does not directly measure 
HA. The disadvantage is that some immunocytochemical 
techniques are more difficult to perform and sometimes 
much more difficult to quantitate with image analysis sys
tems. On the other hand, the AMP stain described before 
is much easier to use quantitatively for image analysis 
systems. Unfortunately the AMP stain approach does not 
give information about specific types of HA. 

Hyaluronic Acid and Gender 
By using theAMP staining method to identify HA, 

Hammond quantified the amount of HA in males and 
females.20 He analyzed the mid-section of 18 (10 males, 8 
females, 20 to 60 year-old) membranous folds and found 
that despite moderate individual variation in theHA content 
per area, males haveabout3: 1 moreHA than females. Using 
his data we have generated the following graph showing the 
gender difference in HA. (See Figure 2) 

Since a quantitative gender difference has not been 
found with the fibrous proteins, this genderdifferenceinHA 
is provocative.21 This may offer insights as to male: female 
vocal differences in normal voice production and patholo
gies when one considers the biomechanical functions ofHA 
and the consequences of having moreHA in the vocal fold. 
Notice from the graph that even though males tend to have 
more HA, there is overlap among the gender such that some 
females have considerableHA and in some cases more than 
males. In Part I: The Fibrous Proteins, of this ECM 
discussion we presented a schematic of the fibrous proteins, 
now we add HA. Because of molecular configuration and 
biologic effect we have chosen a large voluminous shape for 
HA molecules. Additionally, please note that the addition of 
the molecules has expanded the ECM and filled up more 
space. (see Figure 3A and 3B; following page) 



Figure 3: This figure represents a computer generated schematic using 
Animation Master by HASH. Inc. which is useful in generating 3-D 
animation. Figure 3A (top) represents the extracellular matrix with 
fibrous proteins only. As in Part I. the rope like structures represenr 
collagen fibers and the spring like structures represem elastin fibers. The 
large blue molecules represent hyaluronic acid. Note that beMeenfigure 
3A and figure 38 (bottom), the extracellular matrix is a larger and more 
expanded space due to the addition of the proteoglycan-hyaluronic acid. 

Small-Chain Proteoglycans 
Decorin 

The small proteoglycans have been described to be 
predominantly layer specific, with decorin being in the 
SLLP and fibromodulin in the MLLP and DLLP17 . As 
shown in the chart on proteoglycans, both fibromodulin and 
decorin bind to and have influence on the fibrous proteins of 
the ECM (See Table of Proteoglycans) Both have been 
shown to regulate collagen fibril rate of formation and 
thickness. Decorin appears to be found more in the SLLP 
based on Pawlak' s17 studies using immunocytochemical 
techniques. Although the function is speculative it is cer
tainly possible that its presence may be the reason why the 
SLLP is sparsely populated with collagen fibers as opposed 
to the deeper layers of the LP. 

Figure 4. This represents the addition of decorin to the schematic model. 
Decorin is represented using green squiggles since that is how they 
actually appear using immunofluorescent techniques for identification. It 
is found predominantly in the superficial layer of the lamina protein and 
affects collagen fiber formation and densiry. 

In our schematic model of the lamina propria 
(Figure 4), we will add in decorin, which is predominantly 
in the SLLP and functions to decrease collagen fiber size 
and density as well as having an ameliorating effect on tissue 
injury and healing. 

Decorin and Scarring 
Decorin may have substantial effects upon fibro

blastic response to tissue injury. A study regarding pulmo
nary fibrosis was performed using decorin as an indepen
dent variable and measures of fibrosis as the outcome.22 In 
this model bleomycin was instilled into rat lungs leading to 
severe interstitial fibrosis; the experimental group was in
fused with decorin in the post inj ury period . The group with 
dec orin infusion had scar measurements (such as fibronectin 
deposition) that were similar to normal lungs rather than the 
non-infused fibrosis group. Again it is speculative, but the 
presence of dec orin may be one of the reasons surgeons can 
operate on the SLLP without incurring significant fibrosis, 
whereas surgery to the deeper layers of the LP often results 
in fibrosis and scarring. 

Biglycan 
Biglycan is a small chain proteoglycan that will be 

only briefly discussed here. Studies thus far have not looked 
for biglycan in vocal folds. It is a proteoglycan more 
commonly found in scar tissue. It is mentioned only to point 
out a relationship to decorin. The presence of biglycan 
usually is associated with a decrease in decorin concentra
tion . Frequently these two proteoglycan's presence and 
distributions are inversely related23 (negatively correlated). 
Biglycan concentrations are high ( decorin concentration 
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Fibromodulin 

Figure 5. This figure shows a histologic slide of the distribution of 
fibromodulin IISed by Pawlak. Fibromodulin identification requires fresh 
frozen tissue to be used because amigenicity is lost with other techniques. 
The jibromodulin molecule is detected by the golden brown color. The 
remaining tissue looks shredded because of the necessity of peiforming 
the stain on frozen (othen vise unfu:ed) tissue. Thejibromodulin is located 
in the same area as the vocal ligamellt. Note that the majority of the 
protein is again in the immediate infrafold region. 

low) in hypertropruc scars and immature scars, with decorin 
concentrations being high in normal skin and normal mature 
scars. A similar study of burns demonstrated high levels of 
biglycan in immature scars, with more normal levels of 
decorin and low levels ofbiglycan found in the more mature 
scars.24 Again normal to high levels of decorin in the ECM 
resulted in less scarring. 

Fibromodulin 
Although fibromodulin is structurally similar to 

decorin, it has not been associated with the same biologic 
properties on wound repair as decorin. Fibromodulin ap
pears to be found more in association with tendons and 
ligaments. It is believed that fibromodulin influences as
pects ofligament and tendon performance, although conclu
sive studies are lacking. In the vocal folds , fibromodulin has 
a unique distribution that surrounds the area of the vocal 
ligament (See Figures 5&6). Figure 5 shows a histologic 
slide of the distribution of fibromodulin used by Pawlak. 
Fibromodulin identification requires fresh frozen tissue to 
be used because antigenicity is lost with other techniques. 

NCVS Status and Progress Report • 16 

Figure 6. This represents a computer schematic of the jibromodulin as 
small blue oil droplets since it is likely that the function is to grease the 
collagen and elastin fibers of the vocal ligament to enhance tissue 
ligament peiformance for specific vocal needs. 

The technique in tills stain uses an antibody directed against 
fibromodulin and an avidin-biotin immunoperoxidase 
method with diaminobenzidine as a substrate. Therefore the 
fibromodulin molecule is detected by the golden brown 
color. The remaining tissue looks shredded because of the 
necessity of performing the stain on frozen (otherwise 
unfixed) tissue. Note the location of the fibromodulin with 
respect to the remaining, although hard to identify vocal fold 
LP. The fibromodulin is located in the same area as the vocal 
ligament. Note that the majority of the protein is again in the 
immediate infrafold region. Fibromodulin in figure 6 is 
represented by small blue oil droplets since it is likely that 
the function is to "grease" the collagen and elastin fibers of 
the vocal ligament to enhance tissue ligament performance 
for specific vocal needs. 

Glycoproteins (Fibronectin), Carbohydrates & Lipids 
These are all molecular components of the ECM. 

At this time few of these have received any investigation 
because of a variety of reasons, not the least is that carbohy
drates and lipids (not being proteins and therefore not 
antigenic) are very difficult to study and require unique 
research training to do so. This does not mean they are not 
important. Chan and Titze's finding37 that fat is similar to 
the viscosity of normal vocal folds underscores the concept 
that in our quest for understanding the biomechanical effects 
of the ECM we may yet be corning back to lipids and 
carbohydrates. 

Fibronectin, the most common of the glycopro
teins in theECM, is somewhat ubiquitous in vocal foldLP.25 

Its functions are varied and still not fully described. It serves 
to help bind proteins together and provide molecular strength 
and adhesion between molecules. We do know that 
fibronectin plays an important role in wound healing and 



these have been described with respect to laryngology. 26.27 

Fibronectin is present in normal vocal folds and it seems to 
be in greater concentration in some disease states such as 
nodules and probably scarring.26.2B 

VIScosity 
Viscosity is a measure of how poorly a substance 

flows. In the cgs system of measurements, the unit of 
viscosity is the poise ( dyn-s/cm2). In the mks system, the 
unit is the pascal-second (Pa-s). Viscosity of vocal fold 
tissue is critical in certain aspects of vocal fold oscillation. 
Among those aspects are a) phonation threshold pressure 
and b) power or energy used by keeping the vocal folds 
oscillating. 29.30,31.32 

Phonation Threshold Pressure 
Phonation threshold pressure (PTP) is defined as 

the minimum subglottic pressure required to produce vocal 
fold oscillation.33·34 It is a measurable quantity that is an 
objective indicator of how easy the vocal folds can begin to 
oscillate. Titze described an equation that predicts PTP for 
a rectangular glottis: 

PT =VDWIT 
where Vis the mucosal wave velocity (which is proportional 
to shear elasticity), D is the tissue-damping coefficient 
(which is proportional to tissue viscosity), W is the 
prephonatory glottal width and T is the thickness of the 
vocal folds. 33 Notice that these are four factors that influ
ence and define how easy it is for us to get phonation started. 
When disease effects the vocal folds and a lot of effort is 
required to get their voice started, it is likely that one of the 
above factors has been changed enough that the PTP has 
increased. In severe cases PTP can increase enough so that 
vocal fold oscillation becomes virtually unobtainable. To 
lower PfP, and consequently make it easier for us to 
produce sound we have essential four options available: a) 
decrease mucosal wave velocity, b) decrease the 
prephonatory glottal width, c) increase the thickness of the 
vibrating portion of vocal fold, and d) decrease the tissue 
viscosity. 

In view of this, it becomes apparent that patholo
gies that lower PTP usually either decrease tissue viscosity 
or increase the thickness of the vocal fold. An example is 
Rheinke' s edema, in which often both viscosity is lowered 
and thickness of the vibrating portion of the vocal folds is 
increased. Of course tissue viscosity in Rheinke edema can 
vary dramatically, in some cases being less than that of 
normal tissue while in others being greater than that of 
normal tissue. Rheinke' s edema may represent a disorder in 
which relative proportions of the proteoglycans of the vocal 
folds are altered. The problem with this disorder is not 

getting the vocal folds to oscillate, but to maintain a stability 
of oscillation with the extra fluids and proteins. As can be 
seen from the equation for PTP, tissue viscosity has a linear 
relationship with PTP. 

Although not a subject of this paper, it is worth 
noting that PTP is proportional to the prephonatory glottal 
width. This may also have clinical importance. 35 A more in 
depth discussion of PTP and its factors with more accurate 
and less simplified equations is provided by Titze. 33 

Energy Required To Sustain Phonation 
Sustaining phonation requires a constant supply of 

energy. The energy is provided by pressure and flow 
delivered from the lung. Energy is lost during phonation 
because frictional forces need to be overcome when viscous 
tissue is set into oscillation. The energy is lost in the form of 
heat. Theoretically it is possible to measure how much 
energy each individual uses to sustain vocal fold oscillation 
by measuring the heat produced in the tissue, but this is 
difficult in practice. A quantitative relationship has been 
derived from basic principles to estimate the energy dissi
pated by vocal fold oscillation36: 

E=(LTI D)17ro2~2 

where E is the energy dissipated, L, T, D are the length, 
thickness and depth of the vocal folds respectively, 11 is the 
tissue viscosity, ea> is the angular frequency of oscillation 
(21tFo) and ~is the vibrational amplitude. To decrease this 
energy dissipation in sustaining oscillation (or in other 
words, the amount of effort it requires for us to keep talking) 
we have the following options: 

A) Decrease length and thickness of the vocal folds, 
increase depth of the vocal folds or decrease frequency of 
oscillation. These items have been grouped together be
ca~se they all describe what happens to vocal fold configu
ration when pitch changes, meaning that elements of vocal 
fold configuration associated with higher frequency oscilla
tion lead to more energy lost. As described by Titze, " ... this 
is simply because higher frequencies are associated with 
more rapid movement of the tissue, which in tum produces 
more friction." 36 

B) Decrease vibrational amplitude by decreasing loud
ness of our voice. This equation shows that increasing vocal 
loudness, which is the result of increasing vibrational ampli
tude, leads to more energy loss since greater tissue move
ment results in greater frictional loss. 

C) Lower tissue viscosity. 
Fundamentally this equation shows that to expend 

less energy for continued vocal fold oscillation, you should 
keep your voicemfi, atlowerpitch or lower tissue viscosity. 
This equation helps us understand why voice therapy is 
useful treating certain voice disorders, and why surgeons 
often asked patients to reduce pitch and loudness while 
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vocal folds are healing since doing so requires the least 
amount of energy (and consequently less tissue friction) 
for vocal production. For purposes of this paper, this 
equation describes the critical importance of tissue viscos
ity for vocal production. An increase in tissue viscosity 
results in greater energy loss for sound production. This 
has ramifications in people with symptoms of vocal fa
tigue, a common symptom of voice disorders. In many of 
those voice disorders, beside speech therapy options deal
ing with the above items of loudness and pitch, the only real 
option that will be curative is changing the tissue viscosizy. 

HyaluronicAcidAndVocal Fold VIScosity 
Viscosity and Various Tissues 

As we have seen, hyaluronic acid (HA) is a major 
component of the ECM in the vocal folds, and HA is 
probably the major determinant of tissue viscosity. To look 
at other substances and the viscous properties associated 
with them, Chan and Titze investigated Gelatin, GAX 
collagen, non-cross-linked collagen, abdominal fat and vo
cal fold mucosa in two specimens.37 Figure 7 shows their 
results. The graph is arranged to show dynamic viscosity, 
which describes the viscous property as the substance is 
oscillated at different frequencies. As the graph shows, the 
viscosity goes down as frequency increases. Note that both 
axies are logarithmic displays, not linear. Chan and Titze 
found that collagen substances were much more viscous 
than normal vocal folds. It can be seen that the viscosities of 
the vocal fold mucosa at 10Hz measured around 1-3 Pa-s 
(Pascal second, which is 10-30 poise) while abdominal fat 
was similar. Collagen substances measured around 8 to 12 
Pa-s. Generally the viscosity measurements of HA have 
been measured at 0.4 Pa-s at 10Hz38

•
39

• Although not mea
sured in their experiment, HA viscosity can be varied to 
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Figure 7. This graph shows the dynamic relationships of various 
implantable biomaterials. The graph is logarithmic and not linear. 
Reprint Permission of the above graph granted by Lippincott-Raven 
Publishers, 1997. 
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almost any degree by changing the side chains attached to 
the protein core or by increasing the concentration of the 
HA.40 An increasing concentration ofHA leads to increas
ing tissue viscosity in nearly an exponential function until a 
maximum concentration is reached (about 1 gram/dl).41A2 

At that level, the HA molecules are essentially packed 
together resulting in a very viscous gel. 

Effect of Hyaluronic Acid on Vocal Fold Viscosity 
In order to determine the effect ofHA on vocal fold 

viscosity, the following experiment was performed: samples 
of the cover of the vocal fold from two human specimens 
were removed microscopically using ear dissection instru
ments and an operating microscope. The epithelium and 
superficial layer of the lamina propria were included. The 
vocal ligament area was not included. The samples were 
then placed in a Bohlin Controlled Stress (CS-50) Rheom
eter using the same methodology previously described by 
Chan and Titze. 37 

Following determination of the dynamic viscosity 
for the two specimens, both specimens were bathed in 
testicular hyaluronidase solution, mixed according to the 
manufacturer. Testicular hyaluronidase is specific for enzy
matically digestingHA. The specimens were bathed for one 
hour at a temperature controlled at 37 degrees C. The 
specimens were then removed from the bath and rinsed 
twice with a physiologic saline solution. Noticeable change 
in the cover was apparent with a much more white color 
(similar to the fibrous protein collagen color). The two 
specimens were then placed back in the Rheometer and 
dynamic viscosities were again measured. 

Results 
The results from the two specimens are shown in 

Figure 8. Since two samples are obviously too few in 
number, individual variation cannot be interpreted reliably. 
But we know from the above discussion and Hammond's 
data that the amount of HA in each person's vocal fold is 
individual. Also, most of theHA is found in the intermediate 
layer, which is not part of the dissected cover in this experi
ment. Therefore, this experiment on the cover may not show 
the magnitude of change possibly expected if the intermedi
ate layer were to be included. Nevertheless, the purpose of 
the experiment was to determine the dynamic viscosity 
change of the cover associated with the removal of HA in 
order to test the hypothesis that HA does influence vocal 
fold viscosity. From the data it appears that dynamic 
viscosity is affected by HA and that the removal ofHA leads 
to increased tissue viscosity. Note that in specimen 2611 the 
viscosity increased nearly 3 to 4 fold, whereas in the other 
specimen the increase was a factor of two to three. On a 
logarithmic scale this may not seem much, but PTP and 
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Figure 8. With dynamic viscosity ploned on a logarithmic scale to they
axis and frequency being placed on the x-axis, this figure demonstrates 
two human vocal fold samples before and after the removal of hyaluronic 
acid. Figure BA (top) shows that the viscosity increased following the 
removal of hyaluronic acid. Figure BB (bottom) demonstrates similar 
results. The differences become more apparent at higher frequencies. 
The current instrumentation only allows us to go up to 10 hertz. whereas 
vocal folds vibrate at much higher frequencies. At 10 hertz. an increase 
in viscosity of 3-4 fold is already apparent following the removal of 
hyaluronic acid. 

energy required for sustained phonation have linear rela
tionships with vocal fold viscosity, in which case a factor of 
2 or 3 is substantial. 

Future 
Dynamic vocal range was discussed in the Fibrous 

Proteins: Part I. The key to a large dynamic vocal range is 
being able to generate tissue stress easily, but the present 
discussion underscores that low energy dissipation is also 
important. For easy phonation we would ideally have a very 
loose, very pliable, low viscosity tissue in the mucosa. But 
to have dynamic range, we need highly stressed tissue in the 
ligament of the muscle. In some ways, these are opposing 
concepts that have been dealt with wonderfully by the 

human body and the vocal folds. Otolaryngologists are 
challenged to recreate a similar structure surgically when it 
is lost due to disease. Simply creating a nice low viscous 
mucosal layer would improve ease of phonation, but may 
result in significant loss of dynamic range if too much of the 
natural properties of the ligament are compromised. 

One of the intents of this paper was to provide a 
discussion of the ECM of the lamina propria and its related 
biomechanical properties. In the future, we hope to learn how to 
manipulate tissue viscosity, since it is the one biomechanical 
item that potentially could lead to better restoration of vocal 
function. Proteoglycans appear to be key molecules in this 
regard, particularly HA. Fortunately, laryngology is not alone 
in this research arena and HA research is a big enterprise. HA 
research has significant interest in synovial fluid diseases, such 
as arthritis or the area of synthetic cartilage substitutes. Re
searchers have learned that viscosity of hyaluronic acid is 
determined by the size of the protein, carbohydrate or lipid chain 
attached to the protein core. Larger chains (molecules) create a 
more viscous environment whereas small chains lead to lower 
tissue viscosity. On the other hand, increased concentration of 
HA also raises tissue viscosity. These molecular chains attached 
to hyaluronic acid may be hydrophobic or hydrophilic, which 
may affect matrix interactions and water content of the ECM . 
In the future both chain size andHA concentration will be used 
to manipulate tissue viscosity. Matrix interaction with the HA 
will likely be modulated by attaching different pharmacologic 
side chains. Various drugs, including cortisone, and lipids can 
be attached to these side chains, giving us further methods to 
influence matrix interactions (like scarring or inflammation) 
and effect tissue viscosity. 

Conclusion 
The vocal fold lamina propria is composed of a 

number of proteins, which make up a matrix in the lamina 
propria. This matrix determines the biomechanical proper
ties of the lamina propria. Most of the proteins show some 
layer association, meaning the deposition of that protein 
varies according to the lamina propria layer. Collagens and 
elastins are important fibrous proteins of the extracellular 
matrix and help determine certain aspects of vocal perfor
mance. Particular stress-strain properties of the vocal liga
ment are likely reflective of collagen and elastin fiber 
interaction. 

Interstitial proteins such as the proteoglycans fill in 
between the fibrous proteins and therefore probably have a 
strong effect on biomechanical performance. Tissue viscos
ity is an important determinant of properties for tissue 
oscillation. Hyaluronic acid has been shown to be a key 
molecule influencing tissue viscosity. Hyaluronic acid 
deposition shows gender specificity, with men having more 
HA than women. Manipulation of some of these ECM 
components, particularly HA, may be valuable therapeutic 
tools in the future. 
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Abstract 
A standard method for the empirical rheological 

characterization of viscoelastic materials was adopted to 
measure the viscoelastic shear properties of human vocal 
fold mucosal tissues (the superficial layer of lamina pro
pria). A parallel-plate rotational rheometer was employed to 
measure shear deformation of viscoelastic tissue samples, 
which were deformed between two rigid circular plates 
rotating in small-amplitude sinusoidal oscillations. Elastic 
and viscous shear moduli of the samples were then quanti
fied as a function of oscillation frequency (0.01 Hz to 15Hz) 
based on shear stresses and strains recorded by the rheom
eter. Data were obtained from 15 excised human larynges 
( 10 male and 5 female). Results showed that the elastic shear 
modulus J1 and the damping ratio (of human vocal fold 
mucosa were relatively constant across the range of frequen
cies observed, while the dynamic viscosity 17 decreased 
monotonically with frequency (i.e., shear-thinning). 
lntersubject differences in f.1 and 17 as large as an order of 
magnitude were observed, part of which may reflect age
related and gender-related differences. Some molecular 
interpretations of the findings are discussed. 

Introduction 
Mechanical properties of vocal fold tissues are 

important in the study of the acoustics and biomechanics of 
v~ice p~oduction. This has been demonstrated by computer 
s1mulatlon of speech and voice, where knowledge of tissue 
mechanical properties is required to predict tissue forces and 
d:formation (through constitutive equations). For example, 
T1tze ( 1976) and Titze and Talkin ( 1979) assumed trans
verse isotropy in a linear, elastic continuum to model vocal 
fold tissues, which in principle requires five independent 

tissue mechanical constants for the constitutive equations. 
These elastic constants include the longitudinal Young's 
modulus E' (an indication of tensile elasticity or stiffness 
along the direction of tissue fibers), the transverse and the 
longitudinal Poisson's ratios (v and v', respectively, as 
indications of tissue compressibility or the amount of tissue 
volume change upon deformation), and the transverse and 
the longitudinal shear moduli (J1 and f.J', respectively, as 
indications of tangential elasticity or stiffness). Berry and 
Titze ( 1996) later showed that the two shear moduli were 
sufficient if tissue is assumed to be incompressible (such 
that the Poisson's ratios are known a priori) and there is no 
vibration in the direction of tissue fibers (such that E' does 
not enter the equations of motion). 

Among the different layers of vocal fold tissues, 
the vocal ligament and the thyroarytenoid muscle may be 
assumed to be transversely isotropic, where tissue mechani
cal properties are independent of the orientation of deforma
tion in the plane transverse to the essentially parallel tissue 
fibers, but different in the (longitudinal) direction of the 
fibers. On the other hand, the superficial layer of lamina 
propria (mucosa) can be assumed to be isotropic, where 
tissue properties are independent of the orientation of defor
mation in all planes, because of the basically random orien
tation of macromolecules in the lamina propria extracellular 
matrix (Hirano, 1981; Matsuo et al., 1984; Pawlak et al., 
1996; Hammond et al., 1997). Hence only one shear modu
lus is needed for the superficial layer, as the transverse and 
the longitudinal shear moduli become identical. A fair 
amount of empirical data on tissue fiber tension (for liga
ment and muscle) has been gathered (e.g., Alipour-Haghighi 
and Titze, 1991; Min et al., 1995). This tension can be 
related to p'. However, little is known about p, neither for 
the isotropic mucosa nor the transversely isotropic ligament 
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and muscle. The present study is directed toward this defi
ciency in the knowledge of vocal fold tissue properties. In 
fact, shear properties of other oro facial tissues necessary for 
solving the mechanics of other speech production models 
are also lacking (e.g., finite element models of the tongue 
and the velum, Wilhelms-Tricarico, 1995; Berry et al., 
1998). 

Knowledge of the mechanical properties of vocal 
fold tissues is also important clinically for biomechanical 
implants. The effect of tissue properties on vocal fold 
oscillation should be considered in the surgical management 
of vocal fold disorders (phonosurgery }, where various types 
of synthetic or biological substitute materials have been 
used as surgical implants to replace or augment natural 
tissues in pathological vocal folds. In the management of 
vocal fold mucosal defects, e.g., scarring and atrophy, 
biomaterials such as collagen and fat are implanted close to 
or directly into the vocal fold mucosa as a filler substance, 
so as to repair focal defects, to smooth the vocal fold margin, 
and to soften any stiffened scar tissue (Benninger et al., 
1996; Ford et al., 1992; Sataloff et aL, 1991; Shaw et al., 
1997). It is obvious that the introduction of these implant
able biomaterials into the vocal fold can change its mechani
cal properties and alter the mechanics of vocal fold oscilla
tion, which could make phonation either easier or more 
difficult. This is particularly true when the vocal fold mu
cosa is directly involved in repair, because the mucosa is the 
major vibratory portion of the vocal fold, especially in 
small-amplitude oscillations like phonation onset and offset 
(Hirano, 1975; Saitoetal., 1985; Fukudaetal., 1991).Shear 
properties of vocal fold tissues and implantable bi~ma~erials 
are the most relevant in this context, because oscillation of 
the mucosa involves the propagation of a surface mucosal 
wave, which is a shear wave (Baer, 1975; Hirano, 1975). 
Therefore, shear properties become important factors in the 
choice of optimal biomaterials for mucosal repair (Chan, 
1998; Chan and Titze, 1998a). In other situations, like the 
management of unilateral vocal fold paralysis, where the 
main objective of surgery is to restore glottal competence by 
medializing and augmenting the paralyzed vocal fold, the 
properties of biomaterials like Teflon and gelatin are less 
important because they are usually implanted lateral to the 
vibratory portion of the vocal fold (Arnold, 1963; Schramm 
et al., 1978). 

Given the lack of information on the shear proper
ties of vocal fold tissues in the literature, this paper attempts 
to provide some empirical data on the shear properties of 
human vocal fold mucosal tissues. A standard method 
commonly used in rheology (see definition below) was 
adopted to characterize the shear properties of human vocal 
fold mucosa, namely sinusoidal oscillatory shear deforma
tion. Details of this in vitro method for the empirical mea
surement of shear properties are described below, and the 
linear viscoelastic theory behind the method is reviewed. 
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Empirical data obtained with oscillatory shear experiments 
are interpreted in terms of some molecular findings on vocal 
fold tissues and other extracellular connective tissues in the 
biomedical literature. Theoretical modeling of viscoelastic 
shear properties, helpful for data extrapolation and paramet
ric descriptions of vocal fold tissues, will be addressed in a 
forthcoming paper (Chan and Titze, 1998b ). 

Measurement ofVIScoelastic Shear Properties 
In material science, ideal solids are described as 

"Hookean elastic" and ideal fluids as "Newtonian viscous". 
Many materials, however, are viscoelastic, exhibiting both 
elastic and viscous properties. The behaviors of viscoelastic 
materials depend on the rate of deformation, in addition to 
thermodynamic (temperature and pressure) influences (Ferry, 
1970; Fung, 1993). Rheology, defined by the Society of 
Rheology as the scientific study of the deformation and flow 
of matter, is related to the study of viscoelasticity, particu
larly viscoelastic shear properties. Standard rheological 
techniques can be employed to empirically determine the 
shear properties of viscoelastic materials (Ferry, 1970; Bird 
etal., 1977;Whorlow, 1980;BarnesetaL, 1989). Two such 
standard methods are discussed below: steady shear defor
mation and oscillatory shear deformation. 

Steady Shear Deformation 
Under steady shear (i.e., continuous, uniform and 

non-oscillatory shear) deformation, the viscosity (steady
shear viscosity) of a purely viscous (Newtonian) fluid is 
defined as follows: 

(1) 

where t'is shear stress (in Pa), 1]
5 
is steady-shear viscosity (in 

Pascal-second, Pa-s), yis shear strain and i' is strain rate (in 
s·l). The "dot over'' notation represents a time-derivative. 
The SI unit Pascal-second is ten times larger than the 
somewhat more commonly used unit Poise (P). Water has a 
steady-shear viscosity of 0.001Pa-s, or 0.?1P. _Fo~ a 
Newtonian fluid like water, the steady-shear vtscostty IS a 
constant independent of strain rate (but dependent on tem
perature). For non-Newtonian flui~s ~includin~ most pol~
meric materials), however, viscosity IS a function of stram 
rate and there can also be an elastic component not de
scribed by Eq. (1). Hence steady shear deformation alone is 
not the condition sufficient to characterize the rheological or 
shearproperties of viscoelastic materials (Ferry, 1970; Bird 
et al., 1977; Fung, 1993). 

Biological tissues and materials are all viscoelastic 
(Fung, 1993). Their elastic and viscou~ she~prope~es are 
revealed when they are subject to smus01dal oscillatory 
shear deformation, which is summarized next. 



Oscillatory Shear Deformation 
Viscoelastic shear properties are quantified by the 

complex shear modulus (or dynamic shear modulus), which 
includes an elastic component, the elastic shear modulus, 
and a viscous component, the dynamic viscosity. These 
components are additive for viscoelastic materials, accord
ing to the theory of linear viscoelasticity (Ferry, 1970; 
Whorlow, 1980; Barnes et al., 1989; Fung, 1993). There
fore, for a viscoelastic material, the general linear constitu
tive equation relating shear stress with shear strain and strain 
rate is 

(2) 

where J1 is elastic shear modulus or storage shear modulus 
(in Pa) and f}is dynamic viscosity (in Pa-s) of the viscoelas
tic material. Consider the application of a sinusoidal oscilla
tory shear strain (with a given amplitude and frequency) to 
a sample of the material. According to the constitutive 
equation, it can be shown that steady-state conditions of 
oscillation will be reached for small-amplitude oscillations, 
for which the sinusoidal shear strain (input) will result in a 
sinusoidal shear stress (output) of the material at the same 
frequency of oscillation. The resulting shear stress will have 
an amplitude proportional to the strain amplitude, and a 
phase lag independent of stress or strain amplitude (Ferry, 
1970; Whorl ow, 1980; Fung, 1993 ). The same linear theory 
also applies when a sinusoidal shear stress is being applied, 
resulting in a sinusoidal shear strain. Using complex number 
notations, the shear strain and shear stress can be represented 
as: 

(3) 

(4) 

where r* is complex shear strain (the asterisk superscript 
represents complex number notation), y

0 
is shear strain 

amplitude, t* is complex shear stress, 'Z"
0 

is shear stress 
amplitude, i is the imaginary number J -1, tu is angular 
frequency of oscillation, t is time, and o is the phase shift 
(lead) of shear stress relative to shear strain. The ratio of the 

shear amplitudes ( t:J y J and the phase shift (~are related to 
the elastic shear modulus J.1 and the dynamic viscosity fJ, 
which are functions of the frequency of oscillation and 
thermodynamic variables like temperature and pressure. 

By time differentiation of the complex shear strain, 
the complex strain rate is 

'f =imro e ,(I, (5) 

According to the constitutive equation [Eq. (2)], 
application of the sinusoidal shear strain [Eq. (3)] on the 
viscoelastic material sample yields a shear stress of 

'f• = J.L roe iO>r +im11ro e iOH . 

=(J.L+i m71)ro e iO>I (6) 

=J.L·r· 

where f./* is the complex shear modulus (also called the 
dynamic shear modulus or the modulus of rigidity; Fung, 
1993): 

(7) 

It is clear from Eq. (6) that the complex shear 
modulus can also be defined as the ratio of complex shear 
stress to complex shear strain. Using a polar coordinate 
representation, f./* can be expressed in terms of its magni
tude lf../*1 and phase angle 0, which is just the phase shift 
between stress and strain (Ferry, 1970; Fung, 1993): 

(8) 

where 

(9) 

and 

(10) 

Expressing the complex shear stress in terms oflf../*1 
and 6 according to Eqs. (6) and (8), 

(11) 

Thus the application of a sinusoidal shear strain on 
a viscoelastic material described by the linear constitutive 
equation does result in a sinusoidal shear stress at the same 
frequency of oscillation ( tu). The resulting shear stress is 
expressed exactly in the form shown in Eq. (4), with 

(12) 

Note that the shear stress amplitude ~ is propor
tional to the shear strain amplitude y

0
, with the proportion

ality constant being the magnitude of the complex shear 
modulus If./* I. In other words, the magnitude of the complex 
shear modulus turns out to be the ratio of the shear ampli
tudes (~I y

0
). 
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The elastic shear modulus J1 and the dynamic 
viscosity I] can also be expressed in terms of the shear 
amplitudes and the phase shift measurable by oscillatory 
shear deformation. According to Eq. (12) and Euler's rela
tion, the polar form of the complex shear modulus [Eq. (8)] 
can be expanded as 

• 1'0 cos8 . 1'0 sin8 
Jl = +' (13) ro ro 

which yields the following expressions for its real part and 
imaginary part [ c.f. Eq. (7)]: 

-r0 coso 
J.L=-=---

ro 
_ -r0 sino 

71 - Cc>Yo 

(14) 

(15) 

The elastic shear modulus J1 is proportional to the 
elastically stored strain energy (or internal energy) in the 
viscoelastic material over one . cycle of oscillation. The 
dynamic viscosity!], on the other hand, is proportional to the 
energy dissipated or lost in the viscoelastic material, typi
cally as heat. It characterizes the mechanical opposition to 
(shear) flow in the material and is often a monotonically 
decreasing function of frequency for viscoelastic and poly
meric materials. 

In the rheology and viscoelasticity literature (Ferry, 
1970; Birdetal., 1977; Whorlow, 1980; Barnesetal., 1989; 
Fung, 1993 ), these viscoelastic shear properties have been 
commonly represented using the symbol G: 

a·= G' + iG" (16) 

whereG* =11"' ,G' =f.JandG" =CtJfJ. G" iscalledtheviscous 
shear modulus or loss shear modulus, defined as the product 
of angular frequency and dynamic viscosity. The dynamic 
viscosity !]is commonly represented by!]' because it can be 
defined as the real part of the complex dynamic viscosity rr. 
Using the symbol G in polar form, 

(17) 

The magnitude of the complex shear modulus has 
been used as an indication of the overall shear elasticity, 
stiffness, or rigidity of a viscoelastic material, while the 
phase shift is an indication of the amount of energy loss 
relative to the amount of energy stored in the material. The 
damping ratio ((also called loss tangent or loss factor) can 
be defined as the tangent of the phase shift: 

'=tano= t»J1 
Jl 

(18) 

A material is purely elastic if ( = 0 (when I]= 0), 
purely viscous if (=co (when Jl= 0), and viscoelastic if (lies 
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somewhere in between (when 0° < O< 90°, i.e., when there 
are both viscous and elastic components). In the context of 
oscillation, a system is underdamped if ( < 1.0, critically 
damped if(= 1.0, and overdamped if(> 1.0. The typical 
values of damping ratio for human vocal fold tissues have 
been reported to be on the order of 0.1-0.2 at 30-40 Hz 
(Kaneko et al., 1972) or 0.2-0.4 at 130Hz (lsshiki, 1977). 
Vocal folds of excised human larynges were perturbed with 
mechanical impulses and their damped oscillations were 
measured in those studies. Accordingly, in the two-mass 
model of vocal fold oscillation, Ishizaka and Flanagan 
( 1972) used a damping ratio ofO.l for the lower mass and 0.6 
for the upper mass (an equivalent value of 0.16 for the bulk 
of the vocal fold) to simulate self-sustained oscillation at a 
reasonable range of model parameters (e.g., sub glottal pres
sure, vocal fold length, mass, and spring constants). How
ever, these data on damping ratio were based on damped 
oscillations of whole vocal folds, not individual tissue lay
ers. No data is available on the damping ratios of different 
vocal fold tissue layers, particularly the vocal fold mucosa 
which is the major vibratory portion in small-amplitude 
oscillations. Also, it is known that damping ratio is a func
tion of frequency (albeit a weak function for most biological 
soft tissues; c.f. Fung, 1993), yet data are only available at a 
few frequencies. Therefore the present study attempts to 
provide a more comprehensive set of data on the damping 
ratio of vocal fold mucosal tissues, as well as their elastic 
shear modulus and dynamic viscosity. 

Method 
Vocal Fold Tissue Samples 

A rheometer was used to measure the complex 
shear modulus of human vocal fold mucosal tissues. Tissue 
samples were obtained from two sources, 1) fresh excised 
larynges from the University of Iowa Hospitals and Clinics 
(UIHC) autopsy unit within 24 hours post-mortem; and 2) 
quick-frozen excised larynges shipped from the University 
of Utah (courtesy Dr. Steven Gray). Most of the larynges 
from um:c autopsy were obtained within 18 to 20 hours 
post-mortem. All of the larynges from Utah were quick
frozen with liquid nitrogen within 18 hours post-mortem 
and stored at a temperature below -200C. Larynges were 
harvested from ten male and five female cadaver subjects. 
None of them had a history of laryngeal pathology, laryn
geal intubation or smoking. Table 1 summarizes the subject 
information. 

Since it was recognized that post-mortem changes 
and/or freezing might have introduced significant differ
ences in the mechanical properties of the vocal fold mucosal 
tissues, an experiment was done to compare the shear 
properties of fresh canine vocal fold tissues with those of 
frozen tissues (Chan, 1998). Canine tissues were used be
cause they could be obtained immediately post-mortem 



Table 1 

Characlerislics of Human Cadaver Subjecls 

Subject Sex Race Age Source 
Number 

I M Polynesian 28 Utah 
2 M white 30 Utah 
3 M white 31 Utah 
4 M n.a. 34 UIHC autopsy 
5 M white 36 Utah 
6 M white 50 UlHC autopsy 
7 M white 59 UlHC autopsy 
8 M white 60 UIHC autopsy 
9 M n.a. 62 UIHC autopsy 
10 M n.a. 72 UIHC autopsy 
II F white/Hispanic 25 UIHC autopsy 
12 F n.a. 55 UIHC autopsy 
13 F n.a. 55 UlHC autopsy 
14 F white 71 U1HC autopsy 
15 F n.a. 86 U1HC autopsy 

Note: n.a. = race information not available 

from cardiovascular laboratories in the UIHC, while it was 
not feasible to obtain fresh enough human larynges from 
UIHC autopsy. Results showed that up to 24 hours of post
mortem changes at room temperature and up to one month 
of freezing storage following quick freezing of mucosal 
tissues (using liquid nitrogen) did not affect tissue shear 
properties significantly. 

For each excised larynx, the vocal fold epithelium 
and the superficial layer of lamina propria were carefully 
dissected. A small incision on the superior surface of the 
vocal fold epithelium, just above the boundary between the 
superficial layer of lamina propria and the vocal ligament, 
was made by a surgical blade (No. 15). A fine tissue grasping 
forcep was used to slightly lift up the mucosa. The superfi
cial layer of the lamina propria was separated from the 
intermediate layer (the vocal ligament) by a Bouchayer 
spatula for blunt dissection. The dissection process was 
similar to the lateral microflap technique in phonosurgery 
(Co~rey and Ossoff, 1995). Under this procedure, the epi
thelium always remained attached to the superficial layer 
during dissection, as well as during the rheometric experi
ments. Its purpose was to serve as a natural boundary of 
attachment between the rheometer and the superficial layer 
of lamina propria. 

Except for some frozen hemilarynoes from Utah "' ' two samples of mucosal tissues were obtained from each 
larynx, one from the left and the other from the rioht vocal 
fold. Symmetry in shear properties between two v;cal folds 
of the same larynx was assessed in a few subjects. The 
volume of each tissue sample was approximately 0.1 cc, and 

Figure I. Phoro of the Bohlin CS-50 Rheometer. 

the gap size between the two plates of the rheometer was 
adjusted to fit this sample volume (see below). 

Instrumentation and Rheometric Measurements 
The Rheometer 

A computer controlled rheometer (Bohlin CS-50, 
Bohlin Instruments Inc., Cranbury, NJ) was used for data 
acquisition and analysis (Fig. I). A parallel-plate (plate-on
plate) testing geometry was used, consisting of a stationary 
lower plate and a rotating upper plate (diameter= 20 mm). 
With this geometry, the sample volume required to fill the 
gap between the two plates could be as small as 0.1 cc when 
a gap size of 0.3 mm was used. Since the sample volume of 
vocal fold mucosa obtained from one single vocal fold was 
typically on the order of 0.1 cc, the gap size of 0.3 mm was 
appropriate (Fig. 2; following page). 

In the rheometer, the sample was subject to a 
precisely controlled sinusoidal torque from the upper plate, 
dnven by a drag cup motor with a torque range of 0.001 to 
10 mNm (milli Newton-meter) and a resolution of 0.0002 
mNm. The resulting angular displacement and anoular ve
locity of the upper plate were monitored by a ~ensitive 
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Sinusoidal oscillation 

Rotating 
upper plate 

~~----------------~ 

20mm 

Figure 2. Schematic showing a tissue sample between the two plates of the 
rheometer (cross-sectional view not to scale). 

transducer (with a fully linear angular deflection range, 
and a resolution of 2 x I 0·5 rad) as functions of time. 
Sinusoidally varying shear stress, shear strain and strain 
rate were calculated from the prescribed torque and the 
measured angular velocity by the computer, based on con
version constants of the testing system geometry in use. For 
the parallel-plate geometry with a diameter of20 mm and a 
gap size of 0.3 mm, the shear stress-torque conversion 
constant was 477,465 Pa/Nm. The strain rate-angular ve
locity conversion constant was 25 s·1/rad s·•. The rotational 
moment of inertia of the upper plate about the long axis was 
2.2 x I 07 kgm2• From the shear stress and strain functions, 

the shear amplitudes ( 't'"0 and r o> and phase shift ( ~ were 
measured by the controlling software. From these, the 
elastic shear modulus, the dynamic viscosity and the damp
ing ratio were computed according to the analytical expres
sions discussed in the previous section. The software used 
a window of approximately 20 cycles of oscillation for the 
calculations. 

Oscillatory Shear Experiments 
Measurements of shear properties were made at a 

frequency range of O.OIHz to 15Hz, covering 32 frequen
cies over three decades. Testing at higher frequencies was 
not meaningful, because linearity of oscillations could not 
be ensured when rotor (upper plate) and sample inertial 
effects became significant at high frequency (see below). 
Both upward and downward frequency sweeps were ~r
fonned for a few samples in order to check for possible 
differences between the two. No significant differences 
were observed between them (Chan, 1998). Hence, in order 
to be efficient, only upward frequency sweeps were per
formed for all measurements. 

Calibration of the rheometer was done by the 
manufacturer and was double checked by measuring the 
steady-shear viscosities of (1) standard Newtonian sill-
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Figure 3. Calibration of rheometer with silicone ( standilrd viscosity = 1 
Pa-s at 2~C). 

cone (polydimethylsiloxane) solutions (Dow Corning 360 
Medical Fluids, Dow Corning Company, Midland, Ml) with 
known viscosities ofO.l, 0.35, 1, and 12.5 Pa-s at 200C; (2) 
standard fluid asphalt (also Newtonian) supplied by the 
manufacturer (Bohlin Instruments Inc.) with a known vis
cosity of 35 Pa-s at 20°C. The measured viscosities showed 
only a small deviation from the stated viscosities ( < 6%) in 
all cases. Fig. 3 shows the typical results for silicone (with a 
standard viscosity of I Pa-s). 

Throughout the experiments, samples in the rhe
ometer were maintained at a temperature of 37°C ± 0.1 oc by 
a Bohlin Temperature Control Unit which circulated dis
tilled water into the mounting of the lower plate. Hydration 
levels of vocal fold tissue samples were also kept relatively 
constant by bathing them in physiological (0.9%) saline 
solution during the experiments. 

Linearity of Oscillation 
In order to ensure stress-strain linearity, small

amplitude oscillation was maintained by setting the shear 
strain amplitude ( r o> at a value small enough for the Iin~ar 
constitutive equation [Eq. (2)] to hold. Recall from Section 
II that linearity is characterized by a proportionality between 
the shear amplitudes, and a phase shift being independent of 
the shear amplitudes (Ferry, 1970; Whorl ow, 1980; Fung, 
1993). That is, viscoelastic shear properties are independent 
of the strain amplitude in the linear region, when shear strain 
is small. The target shear strain amplitude was located by 
strain sweep tests done prior to frequency sweep experi
ments, where the amplitude of shear strain was slow~y varied 
and the viscoelastic responses (JJ and f]) were obtained as a 
function of strain amplitude at selected frequencies. 

Fig. 4 shows typical results of a strain sweep test on 
a sample of human vocal fold mucosa (from Subject 8~. It 
can be seen that the elastic shear modulus JJ was fmrly 
independent of the shear strain amplitude Yo at small strain, 
up to an amplitude of around 0.01-0.05 rad. Therefore a 
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Figure 4. Elastic shear modulus p of human vocal fold mucosa as a 
function of shear strain amplitude y0 (60 y.o. male); frequency = I Hz. 

target strain amplitude of 0.01 rad was set for all small
amplitude frequency sweep experiments. It was maintained 
by the controlling software through automatic adjustments 
of the shear stress amplitude at each oscillation frequency. 

Another feature of the software that helped to 
ensure linearity was its automatic introduction of delay 
time periods up to 100 seconds prior to the calculations of 
shear stress and strain rate functions at each frequency of 
oscillation. This delay period guaranteed that measure
ments were made from steady-state sinusoidal oscillations, 
rather than from onset transients. 

Sample Inertia 
An assumption underlying the linear viscoelastic 

theory is that the inertia of the sample is negligible in 
oscillatory shear deformation. It requires that the sample 
thickness be small compared with the wavelength of shear 
waves propagated through the medium at the frequency of 
oscillation (Ferry, 1970). This is called the "gap loading" 
condition, as the driving upper plate would "feel" like 
loading an empty gap with no sample inertia. This condi
tion is achieved when there are negligible inertial forces in 
the sample during oscillation. According to Ferry (1970), 
inertial forces are small when 

h llf1) << --
PI 

(19) 

where h is sample thickness (in m), p is density of the 
sample (in kg/m3), andfis frequency of oscillation (in Hz). 
Thus a thick sample (a large gap size), a low sample 
viscosity, or a high frequency oscillation could all invali
date the assumption of negligible sample inertial effects. 
Assuming a sample dynamic viscosity of 0.5 Pa-s, which 
was approximately the smallest viscosity value observed 
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for the average vocal fold mucosa, a sample density of 1100 
kg/m3 (vocal fold tissue density reported by Perlman, 1985), 
and an oscillation frequency of 15Hz (close to the highest 
possible frequency allowed by the rheometer), the sample 
thickness (h) should be much smaller than 13.8 mmin order 
for inertial effects to become negligible. For the 0.3-mm 
gap size of the rheometer, it was about 46 times smaller than 
13.8 mm. In order not to significantly violate the assump
tion of negligible inertial effects, it was arbitrarily decided 
that the cut-off ratio would be 50 times. With this cut-off, 
meaningful measurements were obtainable at frequencies 
up to I 0 Hz, with measurements at 15 Hz considered as 
marginally acceptable. 

Estimation of Experimental Error 
Experimental error associated with the rheologi

cal experimental procedure was estimated by mounting 
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and testing similar material samples for more than one trial. 
Figs. 5-6 show the elastic shear modulus and the dynamic 
viscosity, respectively, of three similar samples of Teflon 
(polytetrafluoroethylene) as a function of oscillation fre
quency, plotted on a log-log scale. Because the Teflon 
samples came from the same source (the same tube ready for 
vocal fold injection, from Mentor Inc., Hingham, MA), 
discrepancies in results between the samples reflected an 
estimation of the repeatability or experimental error of the 
oscillatory shear experiments. Possible sources of errors 
included differences in the process of sample mounting 
(e.g., incomplete sample filling between the plates, exces
sive removal of excess sample material) and errors of the 
rheometer (e.g., inertia of the rotating plate and the sample, 
errors in rotor torque output, errors in measurement of 
angular velocity). According to the largest magnitude of 
differences observed in Figs. 5-6, experimental error asso-
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ciated with the measurement procedure was estimated to be 
within 10% of the measured viscoelastic data values across 
all frequencies. 

Repeated trials of experiments were also performed 
on samples of human vocal fold mucosa. Any differences in 
shear properties between the trials would partly reflect the 
above experimental error, and partly reflect the effect of the 
rheological testing procedure itself on shear properties of 
tissue samples. Following exactly the same experimental 
procedure as described above, two trials of measurements 
were made on each of several samples of human vocal fold 
mucosa, separated by a duration of30 minutes during which 
the tissue samples were kept in saline solution at room 
temperature. Figs. 7-8 show the effect of this repeated 
testing on the elastic shear modulus and the dynamic viscos
ity, respectively, of a mucosal tissue sample from Subject 
15. It is clear that shear properties of the sample remained 
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basically the same in the two trials, with differences be
tween the trials falling within the range of experimental 
error at most frequencies. This finding was also consis
tently observed with other test samples. Hence the experi
mental procedure itself did not significantly affect the 
shear properties of the tissue samples. 

Results and Discussion 
Symmetry in Shear Properties 

Figures 9-10 show the elastic shear modulus J.l and 
the dynamic viscosity fJ, respectively, of human vocal fold 
mucosal tissue samples obtained from the left and the right 
vocal folds of the same larynx (from Subject 14), as a 
function of oscillation frequency on a log-log scale. Loga
rithmic scales are used so that decades of changes in shear 
properties and in frequency could be clearly shown. Results 
showed that very similar values of J.1 and fJ were obtained for 
the samples from the two vocal folds. The same finding was 
also observed in other subjects, where measurements were 
made on both vocal folds. Hence it was concluded that there 
were no indications of mechanical asymmetry in the shear 
properties between mucosal tissues of contralateral vocal 
folds. This finding was not surprising, given that symmetric 
or near-symmetric vocal fold vibration is commonly ob
served in normal human subjects, and that not much asym
metry in vocal fold histology and molecular constituents has 
been observed in the literature. 

Shear Properties of Human Vocal Fold Mucosa 
Figures 11 to 16 show the viscoelastic shear prop

erties of human vocal fold mucosal tissues from all subjects, 
including the elastic shear modulus J.l (Figs. 11-12), the 
dynamic viscosity fJ{Figs. 13-14), and the damping ratio ( 
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(Figs. 15-16). Data for male and female subjects are shown 
in separate figures, and they are again plotted as a function 
of oscillation frequency on a log-log scale. 

The elastic shear modulus J.1 was a relatively flat 
function of frequency and showed a very similar pattern of 
slope changes across the frequency range observed (Figs. 
11-12). For male subjects, it remained basically constant at 
low frequency but increased slowly with frequency at higher 
frequencies (> 1 Hz) (Fig. 11). An exception was the 72-
year-old male, whose J1 was increasing with frequency 
across the entire frequency range and thus had a slightly 
greater overall slope. Another exception was the 30-year
old male, who did not show the slow increase in p at 
frequencies above 1 Hz. For females, pwas relatively flat at 
low frequency(< I Hz) (although it was less flat than the 
male data), but again it was increasing slowly with fre
quency at higher frequencies (Fig. 12). Despite these simi
larities across different subjects, there were huge intersubject 
differences in the magnitude or numerical value of the 
elastic shear modulus, where differences were sometimes as 
large as one or two orders of magnitude. For instance, the 
male data ranged from approximately 10 to 100 Pa at low 
frequency and from approximately 40 to I 000 Pa at rela
tively high frequency (15Hz) (Fig. 11), while for female 
subjects they ranged from approximately 3 to 20 Pa at low 
frequency and from approximately 10 to 40 Pa at high 
frequency (15 Hz) (Fig. 12). A closer look at these data 
showed thatin general the male vocal fold mucosa was more 
elastic (stiffer) than the female vocal fold mucosa, and that 
older subjects seemed to have a more elastic vocal fold 
mucosa than younger subjects (see next section for further 
discussion). 

The dynamic viscosity fJ was a monotonically 
decreasing function of frequency for all subjects (Figs. 13-
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14), a shear thinning effect commonly observed in biologi
cal soft tissues and polymeric materials (Ferry, 1970; Fung, 
1993). The decrease with frequency was approximately 
linear on the log-log scale, which indicated that the relation
ship between dynamic viscosity and frequency could be 
modeled by a power law: 

TJ = kf" (20) 
or 

log 71 = log k + n 1ogf (21) 

where/is frequency in Hz,k andn are constants. Data were 
averaged across male and female subjects and then fitted to 
Eq. (21) by simple linear least-squares regression. Results 
are summarized in Table 2, where values of the coefficient 
k and the exponential indexn of the power law are given. The 
square of the correlation coefficient r (the coefficient of 
determination) is also given as an estimate of the goodness
of-fit. It can be seen that data are very well matched by the 
regression equation, yielding correlation coefficients above 
0.99. Dynamic viscosity decreased with frequency at ap-

Table 2. 
Results of Linear Least-Squares Regression 

Curve-Fitting for the Dynamic Viscosity (I"J) of Human 
Vocal Fold Mucosa According to Eq. (21). 

Tissue k n 

Male vocal fold mucosa (N=IO) 3.1440 -0.8755 0.999 

Female vocal fold mucosa (N=5) 0.7038 -0.8345 0.996 
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proximately the same rate for different subjects (with simi
lar values of the slope n), but there was considerable 
difference between the subjects in vertical separation be
tween the curves (Figs. 13-14 ). Similar top, huge intersubject 
differences in fJ as large as an order of magnitude were 
again evident for most subjects, with older and/or male 
subjects generally showing a more viscous vocal fold 
mucosa than younger and/or female subjects. 

The damping ratio (was basically a relatively flat 
function of frequency for most subjects (Figs. 15-16), which 
has been commonly observed in other biological soft tissues 
as well (Fung, 1993). Most subjects showed a consistent 
pattern of changes in damping ratio across the frequency 
range, with (decreasing very slightly with frequency at low 
frequencies (< 0.1 Hz), remaining constant or increasing 
very slightly with frequency at intermediate frequencies 
(0.1 to 3-5 Hz), and decreasing more rapidly at relatively 
high frequency (> 3-5 Hz). Two exceptions to this pattern 
were the 72-year-old male, whose (was basically a mono
tonically decreasing function with a slightly more negative 
overall slope (Fig. 15), and the 86-year-old female, whose ( 
was slightly increasing with frequency across most of the 
frequency range (Fig. 16). Regarding intersubject differ
ences, it was interesting to note that there was an apparent 
"convergence" of the data or a relatively small range of (for 
different subjects, despite huge (orders of magnitude) dif
ferences observed in the other shear properties {jJ and f/). 
Comparing to the data of J1 and fJ, (was within a very small 
range of values for most subjects, approximately 0.2-0.5 at 
low frequency and 0.1-0.3 at higher frequencies (10-15Hz) 
(except the 72-year-old male and the 86-year-old female). 
These damping ratio values were close to those reported 
previously by Kaneko et al. (1972) and Isshiki (1977), 
whose measurements were based on whole vocal folds 
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excited quite differently (by mechanical impulses) at quite 
different frequencies (30-40Hz and 130Hz). These results 
suggested that vocal fold oscillation would remain 
underdamped ( ( < 1.0) for most subjects despite the fact that 
their vocal fold mucosal tissues were often very different in 
elasticity and viscosity. 

The Effects of Age and Sex 
Some of the large intersubject differences in the 

elastic shear modulus and the dynamic viscosity of human 
vocal fold mucosa may be attributed to the effects of subject 
age and sex. On any given figure, subjects at the upper end 
of the range often showed a shear property three or four 
times, or even an order of magnitude larger than those at the 
lower end of the range. For example, at higher frequencies 
(10-15Hz) where extrapolations to audio frequencies might 
be possible, the 60-year-old male and the 50-year-old male 
had an elastic shear modulus f.1 approximately three times 
larger than that of the 31-year-old and the 59-year-old (Fig. 
11 ), while f.1 was an order of magnitude above for the 72-
year-old and the 62-year-old. Comparably large differences 
were also observed for 1J and in female subjects. 

Part of these intersubject differences may simply 
be normal intersubject variability, but part of them may also 
reflect an apparent age effect. For males, older subjects 
generally showed larger f.1 and f] than younger subjects at 
higher frequencies (10-15Hz), especially when ages at or 
above 50 were compared with ages below 50 (Figs. 11 and 
13). An obvious exception to this trend was the 59-year-old 
male, who often showed the smallest J1 and 1J among all 
male subjects. For females, there was also a rather clear age 
effect for f](except one of the 55-year-old female), but the 
trend was less clear for p(Figs. 12 and 14). 
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In summary, it appeared that the viscoelastic shear 
properties of human vocal fold mucosa generally increased 
with age. Older subjects seemed to show a more elastic 
(stiffer) and more viscous vocal fold mucosa, especially for 
male subjects. The few exceptions to this trend could reflect 
the dependence of tissue shear properties on physiological 
age rather than chronological age of the subjects. This is 
only speculative, however, as data on physiological fitness 
and general health of the subjects were not collected (e.g., 
cardiovascular and pulmonary data). 

There was also an apparent sex difference. The 
values for J1 and f] at higher frequencies (10-15Hz), as well 
as theiraverage data across frequencies for males were often 
three to five times larger than those for females at compa
rable ages (Figs. 11-14 ). Sometimes the difference between 
the average female and subjects at the upper end of the male 
range became as large as an order of magnitude. For ex
ample, at relatively high frequency (> 1 Hz), J1 of the 72-
year-old male and the 62-year-old male was an order of 
magnitude above those of the female subjects (Figs. 11-12). 
For 1J there was a comparably large difference across the 
entire frequency range. 

Rheologists generally believe that viscoelastic shear 
properties are macroscopic reflections and realizations of 
microscopic and molecular events (Ferry, 1970; Bird et al., 
1977; Whorlow, 1980; Barnes et al., 1989). Therefore, an 
interpretation of the above empirical findings with a mo
lecular approach is given next. 

Molecular Interpretations of Tissue Shear Properties 
Recall that for a viscoelastic material, the elastic 

shear modulus f.l is a quantification of the energy storage in 
the material. A highly elastic material is capable of near-
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complete storage and recovery of internal energy during 
deformation. The dynamic viscosity f}, on the other hand, is 
associated with dissipation of internal energy, typically as 
heat. A highly viscous material flows slowly and dissipates 
more energy in the flow process. 

At the microscopic level, shear elasticity and vis
cosity of a material depend on the ease of relative displace
ment and slippage between (or within) molecules, which is 
determined by the number and strength of different kinds of 
intramolecular and intermolecular interactions. Some of 
the most significant molecular interactions include physical 
entanglement, electrostatic forces (e.g., H bond), hydro
philic and hydrophobic interactions (of polar and nonpolar 
chemical functional groups), and other physio-chemical 
interactions (e.g., covalent cross-link formation) (Birdet aL, 
1977; Barnes et aL, 1989; Lehninger et aL, 1993). The more 
frequent and the stronger the molecular interactions, the 
more resistant the molecules are to relative displacement 
and slippage, and the higher the elasticity and viscosity. 

These interactions are especially important in poly
meric materials, where long chains of macromolecules 
occupy a large space relative to their atomic dimensions. For 
example, more densely packed polymeric chains have a 
higher probability of physical overlap and entanglements, 
chemical cross-link formation, and hence stronger electro
static, hydrophilic and hydrophobic interactions. Longer 
and more highly charged polymeric chains are also more 
likely to have physical entanglements, chemical cross-links, 
and more significant electrostatic interactions. Therefore 
concentration, molecular weight and molecular structure of 
the macromolecules are all important in dictating molecular 
interactions and subsequently material elasticity and viscos
ity (Ferry, 1970; Barnes et al., 1989). As a variety of 
biomacromolecules are found in the vocal fold lamina 
propria, possible differences at these molecular levels could 
account for the apparent age and sex effects in tissue shear 
properties found in the present study. 

Vocal fold molecular composition has been inves
tigated to some depth. Cellular structures found in the 
lamina propria include mainly fibroblasts and macrophages, 
and some myofibroblasts (for tissue repair and wound 
healing), while the extracellular matrix of lamina propria 
consists of biomacromolecules like fibrous proteins (col
lagen and elastin), glycosaminoglycans (e.g., hyaluronate, 
keratan sulfate, heparan sulfate, chondroitin sulfate and 
dermatan sulfate), proteoglycans (glycosaminoglycans co
valently attached to a protein core, e.g., versican, decorin 
and fibromodulin), and structural glycoproteins (e.g., 
fibronectin) (Hirano, 1981; Matsuoetal., 1984; GrayetaL, 
1993; Pawlak et aL, 1996; Hammond et aL, 1997, 1998; 
Catten et al., 1998). As cellular structures are relatively 
sparse in the lamina propria, including the superficial layer 
(vocal fold mucosa), the extracellular matrix probably plays 
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an important role in metabolism, as well as in dictating tissue 
shear properties. Among the many constitutents found in the 
extracellular matrix, the fibrous proteins collagen and elas
tin are important mechanically because they form a scaffold
ing meshwork structure which supports interactions with 
other macromolecules in the lamina propria. For the super
ficiallayer, non-fibrous or interstitial proteins like hyalur
onate (physiological form ofhyaluronic acid atapH of7.0-
7.4), proteoglycans and structural glycoproteins are prob
ably more important as fibrous proteins are sparsely found 
(Hirano, 1981; Gray et al., 1993; Hammond et al., 1997, 
1998). They are important mechanically because of their 
huge molecular weights (often on the order of 1 OS-1 06), high 
(negative) charge densities and capabilities of extensive 
molecular interactions (Lehningeret al., 1993; Pawlaket al., 
1996). 

Collagen 
In the aging literature, it is well known that the 

triple helical polypeptide chains of collagen become in
creasingly cross-linked (covalently) as well as increasingly 
resistant to enzymatic (proteolytic) activity of collagenase 
(which tends to decrease) in old age. These findings have 
been repeatedly observed in different connective tissues 
across species (Sell and Monnier, 1995). An increase in 
covalent cross-linking would lead to an increase in the 
number and strength of molecular interactions among col
lagen fibers, which would in tum lead to an increase in 
elasticity and viscosity of aging tissues. Also, increased 
resistance to proteolysis and decreased collagenase activity 
imply a slower collagen turnover and a gradual accumula
tion of collagen and fragments of polypeptide chains, which 
could lead to higher collagen concentration and an increase 
in tissue elasticity and viscosity in old age. One other age
related change of collagen that has been observed is an 
increase of collagen concentration in the human vitreous 
humor after 50 years of age (Sebag, 1987). It may have been 
due to the decrease in collagen turnover discussed above. If 
such age-related changes were also true for collagen in the 
vocal fold mucosa, they may contribute to an age-related 
increase in tissue shear properties, especially for male sub
jects where there was a rather clear difference between ages 
above and below 50. 

Elastin 
Fragmentation, degeneration and loss of elastin 

fibers have been common findings in aging of human aorta 
and skin, which are probably the results of a decrease in 
resistance to proteolysis as well as increased enzymatic 
(elastase) activity (Sell and Monnier, 1995). A reduction in 
the biosynthesis of tropoelastin molecules has also been 
reported in old aged human skin fibroblasts, which would 
lead to decreased elastin content (Sephel and Davidson, 



1986). In addition, there is also evidence for an age-related 
increase of covalent cross-links among elastin fibers in 
aorta, as well as cross-links between elastin and other 
proteins like collagen (Fujimoto, 1982; Powell et al., 1992). 
Coupled with a simultaneous increase in relative collagen 
content (concentration) in old age, these findings suggest 
that the mechanical properties of these tissues tend to change 
towards more collagen-like and less elastin-like, including 
typically a decrease in extensibility (ultimate deformation) 
and an increase in elastic modulus or stiffness. 

Some of these age-related changes of elastin have 
also been reported for human vocal fold tissues. Similar 
abnormalities, atrophy and loss of elastin fibers have been 
found in the lamina propria, especially for male subjects 
(Hirano et al., 1989). Hence the relative changes in collagen 
content versus elastin content described above are also 
possible in the old vocal fold mucosa. Such age-related 
molecular changes could be responsible for an increase in 
stiffness and viscosity of the vocal fold mucosa with age, as 
they tend to transform the lamina propria mechanically into 
more collagen-like and less elastin-like. 

Using elastin-van Gieson staining (EVG or 
Verhoeff s elastic tissue stain) and electron microscopy, 
Hammond et al. (1997) quantified the relative amount of 
elastin across different layers of the lamina propria in male 
and female subjects. Ultrastructural observations using elec
tron microscopy revealed substantial quantities of relatively 
immature forms of elastin fibers in the superficial layer, 
including oxytalan (a fibrillar form) and elaunin (an amor
phous form mixed with fibrillar components). They found 
that the relative amount of elastin varied between male and 
female. Higher levels of overall elastin content in older 
subjects have also been observed recently (Hammondet al., 
1998). These findings suggest that sex- and age-related 
differences in elastin concentrations could contribute to the 
differences in tissue shear properties reported in the present 
study. 

Hyaluronic Acid 
Age-related changes of hyaluronate reported in the 

aging literature have been commonly obtained from con
nective tissues like human articular cartilages and interver
tebral disks. One consistent change of hyaluronate as part of 
an aggregating collagen-proteoglycan network structure 
has been the selective proteolytic breakdown of hyaluronate 
chains with higher molecular weights (on the order of 106). 

The consequences of such degradations include a gradual 
decrease of the average molecular weight of hyaluronate 
chains (from> 106 at age 20 to approximately 5xl05 at age 
80), a slow accumulation of partially degraded hyaluronate 
(with lower molecular weights), and a progressive increase 
of hyaluronate content or concentration (approximately a 
two-fold change from age 40 to age 80), the last of which 

may also be a consequence of increased biosynthesis (Holmes 
et al., 1988; Sell and Monnier, 1995). 

Possible effects of these hyaluronate changes on 
tissue shear properties depend on the balance between the 
effects of concentration and the effects of molecular size. An 
increase in hyaluronate content or concentration would 
facilitate molecular interactions and lead to an increase in 
elasticity and viscosity, while a decrease in the molecular 
weight of hyaluronate would tend to reduce molecular 
interactions and hence a decrease in shear properties. If the 
facilitative effects on molecular interactions due to higher 
concentrations do outweigh the effects of decreased mo
lecular weights, these age-related changes of hyaluronic 
acid likely contribute significantly to an increase in tissue 
elasticity and viscosity with age, because the hyaluronate 
chains have relatively huge molecular weights, high charge 
densities and thus much potential for molecular interactions. 

Hammond et al. ( 1997) quantified the relative 
amount of hyaluronate in male versus female subjects by 
image analysis of histological sections of vocal fold lamina 
propria stained with acid mucopolysaccharide (AMP), with 
and without hyaluronidase treatment They found that males 
had a relative hyaluronate content three times higher than 
that of females, which suggested a higher probability of 
molecular interactions and an increase in tissue elasticity 
and viscosity. Recall thatpandl]formales were found to be 
three to five times higher than those for females at compa
rable ages. This molecular finding of sex-related difference 
in hyaluronate content is therefore very well correlated with 
the apparent sex difference in tissue shear properties found 
in the present study. 

Proteoglycans 
The role of proteoglycans in aging is not well 

understood (Sell and Monnier, 1995). Nonetheless, one of 
the often reported age-related changes has been the progres
sive decline in tissue hydration with age (e.g., in human 
articular cartilages and intervertebral disks), which suggests 
a reduction of water-imbibition, water-binding and swelling 
capabilities of the collagen-proteoglycan structural network 
(Theocharis, 1985). This reduction is likely caused by (1) 
structural changes in proteoglycans (e.g., decreased fixed 
charge density, decreased molecular size due to chain frag
mentation) (Adams and Muir, 1976; Urban and McMullin, 
1985) and (2) increased cross-linking of collagen which 
restricts water binding and swelling of proteoglycans in the 
molecular network (Thonar et al., 1986). An increase in 
cross-linking between collagen and proteoglycan has also 
been observed, thereby reducing water affinity of the net
work structure (Sell and Monnier, 1995). 

Most of these age-related changes of proteoglycans 
and the collagen-proteoglycan network structure tend to 
facilitate molecular interactions among the macromolecules, 
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except the decrease in molecular size of proteoglycans 
which tends to reduce molecular interactions. If similar 
changes were also to happen for proteoglycans in the super
ficial layer, particularly decorin which has been found 
abundantly (Pawlaket al., 1996), they could contribute to an 
age-related increase in tissue shear properties. 

In summary, the effects of age and sex on shear 
properties of vocal fold mucosal tissues observed in the 
present study seem to be correlated with many of the age
and sex-related molecular differences in the vocal fold 
lamina propria and other extracellular connective tissues 
reported in the literature. However, more data on the effects 
of age and sex on major molecular constituents of the 
superficial layer (e.g., proteoglycans) and their molecular 
interactions are certainly needed in order to establish clearer 
relationships between molecular and viscoelastic data. 

Summary and Conclusion 
Using a parallel-plate rotational rheometer, small

amplitude oscillatory shear experiments were performed to 
measure the viscoelastic shear properties of human vocal 
fold mucosal tissues (the superficial layer of lamina pro
pria). Elastic shear modulus, dynamic viscosity and damp
ing ratio of tissue samples from 15 excised human larynges 
(ten male and five female) were quantified as a function of 
oscillation frequency (0.0 I Hz to 15Hz). Intersubject differ
ences in elastic shear modulus and dynamic viscosity as 
large as an order of magnitude were found. Part of this large 
intersubject variability may be attributed to age differences. 
Tissue samples for older subjects were generally stiffer and 
more viscous than those of younger subjects. There was also 
an apparent sex effect, stiffer and more viscous mucosal 
tissues being observed for male subjects. These findings 
may be interpreted in terms of the age- and gender-related 
molecular differences in the vocal fold lamina propria and 
other extracellular connective tissues reported in the litera
ture. 

The major limitation of the present investigation 
was that rheological data were obtained at or below 15 Hz. 
Because of limitations of the rheometer's plate and sample 
inertia, the highest frequency at which linear small-ampli
tude oscillations were possible and meaningful measure
ments could be made was 15 Hz. As this was approximately 
an order of magnitude below audio frequencies or typical 
frequencies of vocal fold oscillation (usually >I 00 Hz), 
extrapolations of the data to audio frequencies are needed in 
order that the shear properties become relevant to the con
text of vocal fold oscillation. Theoretical modeling of tissue 
shear properties helpful to such data extrapolations will be 
addressed in a follow-up paper (Chan and Titze, I998b). 

Another limitation was that measurements of tis
sue shear properties were based on the tissue samples of a 
relatively limited number of subjects (ten males and five 
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females). Although age- and gender-related differences in 
shear properties were observed, further studies with an 
improved experimental design are needed to specifically 
assess age and sex effects. For example, age effect could be 
assessed by comparing the data of different age groups (e.g., 
with ages <40, 40-60, >60), each of which has a reasonable 
number of subjects of the same sex. On the other hand, sex 
effect may be assessed by comparing the data of two sex 
groups with age-matched subjects. 
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Abstract 
The viscoelastic shear properties of human vocal 

fold mucosa were previously measured as a function of 
frequency [Chan and Titze, J. Acoust. Soc. Am., in review], 
but data were obtained only in a frequency range of 0.01-15 
Hz, an order of magnitude below typical frequencies of 
vocal fold oscillation (on the order of 100Hz). This study 
represents an attempt to extrapolate the data to higher 
frequencies based on two viscoelastic theories, (1) a quasi
linear viscoelastic theory widely used for the modeling of 
viscoelastic properties of biological tissues [Fung, Biome
chanics (Springer-Verlag, New York, 1993), pp. 277-292], 
and (2) a molecular (statistical network) theory commonly 
used for the viscoelastic modeling of polymeric materials 
[Zhu et al., J. Biomechanics 24, 1007-1018 (1991)]. Ana
lytical expressions of elastic and viscous shear moduli, 
dynamic viscosity, and damping ratio based on the two 
theories with specific model parameters were applied to 
curve-fit the empirical data. Results showed that the theo
retical predictions matched the empirical data reasonably 
well, allowing for parametric descriptions and extrapola
tions of the data to audio frequencies. 

Introduction 
Previous studies have shown that the viscoelastic 

shear properties of the vocal fold mucosa are not only 
important for the theoretical study of voice production, but 
also for the surgical management of vocal fold mucosal 
disorders(Chan, 1998;ChanandTitze, 1998, 1999a, 1999b). 
Specifically, data on the elastic properties (elastic shear 
moduli) and viscous properties (viscous shear modulus and 
dynamic viscosity) of the vocal fold mucosa and other tissue 
layers are needed for the computer simulation of vocal fold 

vibration (Titze and Talkin, 1979; Berry and Titze, 1996). 
Viscous properties of the mucosa are also important for 
determining phonation threshold pressure, an objective 
measure of the "ease" of phonation (Titze, 1988). Clini
cally, a low phonation threshold pressure following a surgi
cal procedure is an indication of surgical success in terms of 
restoring normal vocal fold oscillation (Chan and Titze, 
1998, 1999a). 

In our previous study, a parallel-plate rotational 
rheometer was employed to deform tissue samples of the 
vocal fold mucosa in oscillatory (dynamic) shear (Chan and 
Titze, 1999b ). Data on elastic shear modulus, dynamic 
viscosity and damping ratio were quantified as a function of 
oscillation frequency. However, dynamic shear data were 
only obtained at relatively low frequencies (0.01-15 Hz) 
because of limitations of the rheometer's plate inertia and 
sample inertia. As this was approximately an order of 
magnitude below typical frequencies of vocal fold oscilla
tion (usually > 100 Hz), extrapolations of the data to audio 
frequencies are needed in order that the data become 
relevant for vocal fold oscillation. 

In addition to data extrapolation, parametric de
scriptions of tissue shear properties are possible with theo
retical modeling of the viscoelastic data. If dynamic shear 
data of the vocal fold mucosa agree with theoretical predic
tions based on a model with a specific set of parameters, 
viscoelastic behaviors of the vocal fold mucosa can be 
efficiently represented by the model's constitutive equa
tions and the particular set of model parameters. Dynamic 
shear data can be conveniently reproduced, while other 
viscoelastic data (e.g., stress relaxation and strain creep 
data) may also be predicted from the constitutive equations 
and the model parameters. 
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This paper attempts to· describe the viscoelastic 
shear properties of human vocal fold mucosa with two 
commonly used modeling approaches, namely a quasi
linear viscoelastic model and a molecular model (statistical 
network model). The quasi-linear viscoelastic theory pro
posed by Fung (1972, 1981, 1993) has been successfully 
applied to describe the viscoelastic properties of many 
biological tissues, including the shear properties of soft 
tissues. The statistical network theory (the revised version of 
2hu et al., 1988, 1991) has been extensively applied to 
describe the rheological properties of polymeric materials, 
as well as soft tissues like extracellular connective tissues. 
Prior to a discussion of these theories, however, it is helpful 
to first review the traditional approach to viscoelastic mod
eling. 

'Ii'aditional Linear VIScoelastic Models 
Traditional models for viscoelasticity are one-di

mensional lumped-element models made of basic elastic 
and viscous elements, namely linear springs and dashpots 
(or dampers), respectively. Different combinations of springs 
and dashpots have been used to model different time
dependent and strain history-dependent viscoelastic behav
iors, e.g., hysteresis, stress relaxation, and strain creep. The 
simplest combinations are the Maxwell model (a spring and 
a dashpot connected in series), the Voigt model (or Kelvin
Voigt model; a spring in parallel with a dashpot), and the 
standard linear model (or Kelvin model; a Maxwell model in 
parallel with a spring; see Fig. 1) (Ferry, 1980; Barnes et al., 
1989; Fung, 1993). Many other variations have also been 
developed by adding more springs and dashpots in series 
and in parallel. 

Consider the standard linear model (Kelvin model) 
shown in Fig. 1. An external force F is applied to the model 

Internal elongation 

Dashpot 
T}d 

'l'i 
~ 
I 
I 
I 
I 

Spring 
ks 

Spring 
kp 

Force 
F 

A.---t> 

I 
1 Elongation 
I 'I' 
~ 

Figure 1. The standard linear model (Kelvin model) of viscoelasticity. 
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to produce an elongation 'lJ, or alternatively, an elongation 
lJ1 is applied to generate a force F. The series spring (k

5
) and 

the parallel spring (k) are the elastic elements, while the 
dashpot (T}d) is the viscous element. Assuming that inertial 
forces are negligible (in slowly varying deformations), two 
force equilibrium equations may be written using the free 
body concept at node A and at node B, respectively: 

(1) 

(2) 

where F, tiT and l}Ji are functions of timet, l}Ji is the internal 
elongation at node B, and the "dot over" notation repre
sents time differentiation. Solving forwi in Eq. (1) and then 
substituting it into Eq. (2), the governing differential equa
tion for the Kelvin model can be written as 

TJ . k +k 
-1LF+F=TJ _p_s 'if!+ k 'f/1 (3) k d k p 

s s 

This governing equation can also be expressed in 
terms of a series time constant't

5 
and a parallel time constant 

't : 
p 

(4) 

where 't
5 
and 'tP are defined in terms of the spring constants 

k
5 
and kP, and the dashpot viscosity T}d: 

'r =Tid 
s k ' 

s 

(5) 

Consider the viscoelastic behavior of stress relax
ation, where a step increase of elongation (or deformation in 
general) is applied to a viscoelastic sample described by the 
Kelvin model. As a result, there is an instantaneous increase 
of force (and hence stress) due to the elastic component of 
the model, followed by a time-dependent reduction of the 
initial force as dictated by a relaxation time constant. This 
gradual reduction of force (or stress) as a function of time 
can be quantified by solving forF in Eq. ( 4 ), with a step input 
of elongation: 

1/l(t) = 0 when t<O 

(6) 
= 'l'o when t~ 0, 

where$ 
0 
is a constant. With this step elongation, the deriva

tive of the elongation w= 0 and the governing differential 
equation [Eq. (4)] becomes 

. 1 kp 
F + -F=- 'l'o (7) 

'r.r 'rs 



This is a first-order linear differential equation in F(t), 
with the forcing function being a constant. The solution for 
this type of equation may be obtained by the method of 
Laplace transform, or by solving for the homogeneous 
solution {the general solution of the corresponding homoge
neous equation) and a particular solution satisfying -~e 

equation. The homogeneous solution for Eq. (7) is C
1 
e r, , 

where C1 is a constant, while a particular solution is kPlJ10• 

Thus the general solution is 

(8) 

C
1 
can be solved with the knowledge of the initial 

condition for Eq. (7), which corresponds to the instanta
neous force generated by the step increase of elongation at 
t=O: 

(9) 

This initial force arises purely from the elastic 
component (springs) of the model as the viscous compo
nent (dashpot) cannot respond instantaneously. Substitut
ing Eq. (9) into Eq. (8) at t = 0, we obtain C1 = k

5
1IJ0• Hence 

the solution for Eq. (7) is 

F(t) = [ k, + k, e -* ]V'o (10) 

or, in terms of the two time constants [c.f. Eq. (5)], 

F(t)=kP[l+(~P -l)e-i]'l'o 
~s . 

(11) 

Thus the Kelvin model relaxes from a force ofF= 
(k + k

5
)1JI0 at t = 0 exponentially to F = kpWo at t =co, as 

di~tated by the series time constant't
5 
which is therelaxation 

time constant. Eqs. (10) and (11) describe the force-elonga
tion relationship of the model in relaxation, which can be 
transformed to a stress-strain relationship in order to for
mally describe stress relaxation. It is done by defining a 
stress ot from the force F, a strain £t from the elongation$, 
and an elastic modulusEfrom the parallel spring constantkP: 

and 

F 
(jk =-' 

A 

e=!!!.... 
lc Lo 

kp Lo 
E=--

A 

(hence e = 'I' 0 
) 

0 Lo ' (12) 

where A is the cross-sectional area and L0 is the reference 
length of the sample described by the model. With these 

definitions, the governing differential equation for the Kelvin 
model [Eq. (4)] becomes the constitutive equation: 

and Eq. ( 11) becomes the stress-strain relationship charac
terizing stress relaxation: 

a.(t) = E [I + ( :: - I) e -t }:0 (14) 

A relaxation function k(t) can be defined accord-
ingly: 

(15) 

It is clear that the relaxation function of the Kelvin 
model is an exponential function with a relaxation time 
constant 't . In fact, the relaxation functions of linear vis-s 
coelastic models are always composed of exponential terms, 
each with a time constant 'tr By adding more springs and 
dashpots to a model, more derivative terms are introduced 
into its constitutive equation, yielding more exponential 
terms in the relaxation function. In general, the relaxation 
function can be expressed as a sum of N exponential terms 
withN characteristic time constants, each associated with a 
characteristic coefficient (Fung, 1993): 

N _.!... 
k(t) =I, a; e -r; 

ial 

(16) 

where 't. are the characteristic time constants and a. are the 
I I 

characteristic coefficients associated with 'tr A series of 

as 

VI V2 V3 V4 Vs 

Characteristic Frequency (Hz) 
Figure 2. A discrete spectrum of the relaxation function (after Fung, 
1993). 
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characteristic frequencies ui can be defined as the inverse of 
the characteristic time constants 't .. The discrete function 

I 

ai(u) is called the spectrum of the relaxation function, or 
relaxation spectrum, which is a density or weighting func
tion of 'tr This spectrum is discrete for models with a finite 
number of exponential terms, or a finite number of mechani
cal elements (see Fig. 2 for an example). 

A discrete relaxation spectrum is not adequate for 
the description of viscoelastic properties of many biologi
cal soft tissues (Fung, 1993). In particular, traditional lin
ear models with discrete relaxation spectra are associated 
with a finite number of peaks (at the characteristic frequen
cies) in their frequency-dependent damping characteris
tics. However, relatively flat or frequency-insensitive damp
ing characteristics have been commonly observed for bio
logical soft tissues, which can only be accurately described 
with a continuous relaxation spectrum (Fung, 1993). Con
tinuous relaxation spectra have been implemented in the 
contexts of the quasi-linear viscoelastic theory and the 
statistical network theory, which are summarized next. 

The Quasi-Linear VIScoelastic Theory 
Fung (1972, 1981, 1993) proposed a quasi-linear 

viscoelastic theory (QL V) to describe commonly observed 
nonlinear viscoelastic properties of biological tissues, in
cluding nonlinear stress-strain characteristics, differences in 
stress response between loading and unloading (hysteresis 
phenomena), and the general dependence of stress on time 
and strain history. Many biomechanics researchers have 
successfully applied the theory to model the time-dependent 
and strain history-dependent viscoelastic properties of vari
ous animal and human soft tissues in the passive state (i.e., 
relaxed state for contractile tissues), including tendons (Woo 
et aL, 1982, 1993; Chun and Hubbard, 1986), ligaments 
(Woo et al., 1981, 1982, 1993), mesentery (Fung, 1972), 
aorta (Tanaka and Fung, 1974), cardiac muscles (Pinto and 
Fung, 1973; Pinto and Patitucci, 1980), smooth muscles 
(Price et al., 1979), spinal cords (Bilston and Thibault, 
1996), and articular cartilages (Woo et al., 1980; Simonet 
al., 1984; Zhu et al., 1986; Spirt et al., 1989). Fung frrst 
developed the theory in the context of stress relaxation, but 
formulations of the theory can be generalized for other 
modes of deformation, including oscillatory shear deforma
tion. For instance, the theory has been used for the modeling 
of viscoelastic shear properties of articular cartilage (e.g., 
Mak, 1986; Zhu et al., 1986; Spirt et al., 1989). Let us first 
review Fung' s basic formulations of the theory in the con
text of stress relaxation, with the use of a continuous relax
ation spectrum. Applications of the theory to oscillatory 
shear deformation is then discussed. 

NCVS Status and Progress Report • 40 

Formulation of the Theory 
Consider a viscoelastic tissue sample subject to an 

ideal step increase of strain, with an infinite strain rate at time 
t=O: 

e(t) = 0 when t<O 
(17) 

=Eo whent~O 

where e(t) is strain and e0 is a constant. The fundamental 
assumption of the QL V is that the stress relaxation function 
K is both time-dependent and strain history-dependent and 
can be expressed as the product of a function of time and a 
function of strain: 

K a K[E(t),t] =G(t)O'e[E(t)] (18) 

whereK[e(t),t] is the relaxation function,G(t) is thereduced 
relaxation function, which is a function of time only, and 
ae[ e(t)] is the elastic response (the superscript "e" stands for 
"elastic"), which is defined as the instantaneous stress 
developed in the sample in response to the ideal step increase 
of strain. The reduced relaxation function G(t) is defmed as 
the time-dependent relaxation function normalized by the 
relaxation function at t = o•: 

G(t) K(t) G(O+) = 1 
= K(O+)' (19) 

This function is dimensionless and by definition 
dependent on time only. With this definition, the relaxation 
function K is equal to the elastic response ae [ e] at t = 0+, 
which is an instantaneous stress response due to the sample's 
elastic component [c.f. Eq. (18)]. 

Consider the strain history as a series of infinitesi
mal step increases in strain. According to the Boltzmann 
superposition principle of linearity, which states that the 
effects of sequential (step) changes in strain are additive, 
the stress contributions from all individual step strains at 
past times can be summed up to yield the stress at time t 
(Ferry, 1980;BirdetaL, 1977a;Fung, 1993). Therefore the 
stress a at timet can be expressed in the form of a hereditary 
or convolution integral between the reduced relaxation 
function G(t) and the rate of change of the elastic response 
ae [e]: 

' da'l e] oe 
cr(t) = J G(t--r)---d-r 

0 OE in 
(20) 

where o(t) is the overall stress response (Lagrangian stress) 
at timet due to a history of strain e(t) (Green's strain), for a 
time history beginning att= 0. It is clear that this constitutive 
equation is mathematically similar to that of the generalized 
linear viscoelastic model, i.e., G(t) and ae [ e] are playing the 
roles of relaxation function and strain in linear viscoelastic
ity, respectively (Ferry, 1980; Bird et al., 1977a): 



r 0 de 
u(t) = J k(t-1')-d-r 

oo d-r 
(21) 

These analogies explain why the theory is "quasi
linear", which allows the simple yet powerful mathematical 
tools of analysis for linear systems to be applicable, e.g., in 
the context of oscillatory shear deformation. Prior to such 
linear analysis, however, a continuous relaxation spectrum 
has to be implemented so that biological tissues may be 
adequately described. 

Continuous Relaxation Spectrum 
The damping characteristics of many biological 

soft tissues have been found to remain relatively insensi
tive to the rate of deformation (frequency or strain rate), 
often across several decades of variation (Fung, 1993). As 
discussed in Section IT, this frequency insensitivity cannot 
readily be accounted for by the finite number of exponen
tial terms in the relaxation functions of traditional linear 
viscoelastic models. Rather, a generalized model with an 
infinite number of springs and dashpots must be consid
ered. Equivalently speaking, a continuous relaxation spec
trum corresponding to an infinite number of exponential 
terms in the relaxation function should be used. In order to 
accommodate such a continuous relaxation spectrum in the 
context of the QL V, Fung ( 1972, 1981) derived the follow
ing generalized reduced relaxation function: 

G(t) 

GO I 

1 + J S(-r)e -;: d-r 
0 

GO 

1 + J S(-r)d-r 
0 

(22) 

where S('t) is the continuous relaxation spectrum, 't is a 
continuous variable playing the role of "time constants" in 
the exponential terms, while in fact there are no time 
constants in the continuous integrals. Note that G(Q+) = 1, 
fulfilling the definition of the reduced relaxation function 
in Eq. (19). A specific continuous relaxation spectrumS('t) 
was proposed by Fung (1972, 1981) to account for fre
quency-insensitive damping: 

s (-r) c 
= 

= 0 elsewhere 
(23) 

where cis a dimensionless constant. The constants c, 't 1, and 
't

2 
are the model parameters of the QL V, to be adjusted for 

the theory to match the empirical data. Fig. 3 shows a generic 
example of the continuous spectrum with c = 0.1, 
't 

1 
= 0.01 seconds, and 't

2 
= 100 seconds, which results in a 

rather flat damping for 't
1 
s.. 1/w ~ 't

2 
(Fung, 1993). It has 

2 

~~~---~----~~~:=--,~~--------~,0~,------~,~ 
~(sec.) 

Figure 3. A continuous spectrum ofthe relaxation function [c.f. Eq. (23)}. 

been shown repeatedly that the viscoelastic properties of 
many biological soft tissues are closely described by the 
QL V using this spectrum (for references, see the paragraph 
at the beginning of this section). A similar spectrum had also 
been used for the descriptions of hysteresis and damping in 
other fields of scientific studies, e.g., in the descriptions of 
dielectricity (Wagner, 1913), metal electromagnetism 
(Becker and Doring, 1939; Neubert, 1963), and airplane 
flutter (Theodorsen and Garrick, 1940). 

Based on this specific continuous relaxation spec
trum, the QL V can be applied to the experimental condition 
of oscillatory shear deformation, which is illustrated below. 

Application to Oscillatory Shear Deformation 
Consider the condition of oscillatory shear defor

mation, where the overall stress response o(t) and the elastic 
response ae(t) can be expressed as complex harmonic func
tions of time: 

c1 (t)=u
0 

ei<ou+o> (24) 

(25) 

where o 
0 

and oe 
0 

are amplitudes, i is the imaginary number 
"-1, w is angular frequency of oscillation, and o is the phase 
shift between the two complex quantities. Since the elastic 
response is playing the role of strain [Eqs. (20) and (21)], 
ot•(t) can be regarded as the sinusoidal input to a linear 
viscoelastic system, yielding a sinusoidal stress outputo•(t) 
at the same oscillation frequency but shifted by a phase ofo. 
Therefore, the definition of the complex shear modulus as 
the ratio of complex shear stress to complex shear strain in 
the context of linear viscoelasticity can be applied here 
(Ferry, 1980; Fung, 1993; Chan and Titze, 1999b): 

·c ) 0 u· /lq (J) = ---;:- (26) 
C1' 

where~ ·q(w) is the complex shear modulus of elasticity (the 
subscript "q" stands for the QL V). On substituting the 
complex overall stress and complex elastic response [Eqs. 
(24) and (25)] into the constitutive equation [Eq. (20)], 
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~ • q( w? can be expressed in terms of the reduced relaxation 
function G(t): , 

JL;(m) = :~ ei
6 = i m J G(t)eit»r dt (27) 

0 0 

Using the generalized reduced relaxation func
tion G(t) and the continuous relaxation spectrum S('t) de
scribed above [Eqs. (22) and (23)], and integrating from 't1 

to 't
2 

with respect to 't, the final expression for the complex 
shear modulus is (Fung, 1981, 1993): 

1 +~[ln( 1 +co1-ri )-In( I +C01~) ]+ic[tan-1(w-r1)-tan-1(w-r1)] p;(co)- _e.,_ __________________ _ 

l+cln!a. (28) 
. "rl 

By definition, the real part of ~ • ( w) is the elastic q 

shear modulus ~q' while the imaginary part is the viscous 
shear modulus W'll : 

q 

- c[tan-l(m't'l)-tan-l(m't'l)J 
{l)1Jq - 't' (30) 

1+cln-1. 
't'l 

Once ~q and W'llq are computed, the dynamic vis
cosity 'llq and the damping ratio Cq can be readily derived 

(77, = CIJTl, and C, = COT19 
). These analytical expressions repre

sent theoretical p/e'&ictions of the viscoelastic shear proper
ties of biological soft tissues based on the QL V. The three 
model parameters c, 't

1
, and 't

2 
can be adjusted to curve-fit 

these predictions to the empirical data of different tissues, 
including those of the vocal fold mucosa. 

According to a sensitivity analysis of the QLV, 
changes of the model parameters c, 't1 and 't2 are critically 
related to the stress relaxation function and the frequency
dependent damping ratio predicted by the theory (Sauren 
and Rousseau, 1983). Their results showed that the param
eter c indicates the amount of viscous effects present with 
respect to elastic effects, such that larger values of c corre
spond to a higher damping ratio across a wide range of 
frequency (10·3-103 Hz), a more "sharply tuned" damping 
ratio curve (i.e., more frequency-sensitive), and an in
crease in stress relaxation magnitude and rate. The other 
model parameters 't1 and 't2 are "time constants" which 
define the range of the continuous relaxation spectrum and 
hence the frequency-insensitive range of the damping curve. 
The smaller't

1 
governs the ''fast viscous phenomenon", i.e., 

the high-frequency limit of the relatively flat range of the 
damping curve, analogous to the upper cut-off frequency 
of the frequency response of a band-pass filter. The larger't

2 
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governs the "slow viscous phenomenon", i.e., the low
frequency limit of the relatively flat range of damping, 
analogous to a lower cut-off frequency (Sauren and 
Rousseau, 1983). A decrease in 't

1 
or an increase in 't

2 
tends 

to expand the "bandwidth" of the damping curve, making 
it more "broadly tuned" or frequency-insensitive. 

MolecularTheories 
The molecular structure of the vocal fold lamina 

propria has been studied considerably (see summary in 
Chan and Titze, 1998, 1999a). As most of the molecular 
constituents found in the lamina propria extracellular ma
trix are biomacromolecules (or biopolymers), it seems 
logical to apply rheological molecular theories to describe 
the viscoelasticity of the vocal fold mucosa. 

Molecular theories attempt to model the rheologi
cal properties of macromolecular or polymeric materials 
based on their molecular dynamics and kinetics. The vis
coelastic properties of polymeric materials and polymers 
in solutions arise from both intramolecular and intermo
lecular interactions among the macromolecules, as well as 
intermolecular interactions between the macromolecules 
and the solvent (usually water) molecules (Ferry, 1980; Bird 
et al., 1977b). Intramolecularly, there is a resting equilib
rium state associated with each macromolecule in which the 
orientations of chemical bond vectors are distributed ran
domly, resulting in a state of minimum internal energy (Bird 
etaL, 1977b; BarnesetaL, 1989). When the macromolecule 
is deformed by an external force (or stress), the orientations 
of chemical bond vectors are changed and elastic energy is 
stored in the new orientations. Elastic recovery represents 
reorientation of the bond vectors back to the equilibrium 
state. On the other hand, resistance to flow and dissipation of 
internal energy (viscous behaviors) are caused by a molecule's 
interactions with other molecules and solvent molecules, 
which introduce frictional drag on the molecules and delay 
the process of bond vector reorientation (Bird et al., 1977b; 
Barnes et aL 1989). There are many types of molecular 
models, one of which is the transient network model or 
statistical network model. 

Statistical Network Theory 
The statistical network theory for the rheological 

modeling of polymeric fluids and materials has been devel
oped extensively by Lodge (1968), Bird et al. (1977a, 
1977b}, De Kee and Carreau (1979), and Zhu and his 
coworkers (Zhu and Mow, 1990; Zhu et aL, 1988, 1991). 
Based on earlier analytical work by Lodge (1968) and De 
Kee and Carreau (1979), Zhu etaL (1988, 1991) described 
a network theory capable of relating the rheological prop
erties of macromolecular materials to structural parameters 
defining a molecular network model of the material. In 
order to describe the transient non-Newtonian flow proper-



ties of concentrated macromolecular solutions not predicted 
by previous network theories (e.g., thixotropic responses1 of 
proteoglycan solutions), Zhu et al. (1988, 1991) developed 
a non-linear second-order constitutive equation for the net
work theory. This updated and extended version of the 
statistical network theory has been shown to closely de
scribe the viscoelastic properties of some biopolymeric 
materials, including pro teo glycan solutions (Zhu and Mow, 
1990; Zhu et al., 1988, 1991) and collagen-proteoglycan 
mixtures (Zhu et al., 1996). 

The theory assumes that polymeric materials form 
a macromolecular network through intermolecular interac
tions of chains of macromolecules, particularly physical 
entanglement. The network is composed of chain segments 
(or network segments) and junction sites (or interaction 
sites). A chain segment is defined as the molecular chain 
between two adjacent junction sites. A junction site is 
defmed as a common point where molecular chains are 
constrained to coincide and where forces can be trans
ferred between molecules. It is assumed that these junction 
sites are confined to local interactions only and that they 
are constrained to move as part of the continuum of macro
molecules. They are transient junctions but not permanent 
bonds. During deformation, both chain segments and junc
tion sites are created and lost continuously. At any given 
time, the network consists of a distribution of chain seg
ments created at different past times. This distribution is a 
function of the history of strain, or memory of the network. 
A memory function is incorporated into the model's consti
tutive equation and is defined in such a way that it depends 
on the rate of creation and the rate of loss of junction sites 
(or chain segments), as illustrated in the next section. 

Constitutive Equation and Complex Shear Modulus 
Fig. 4 shows the schematic of the molecular net

work model. Part (a) illustrates the connections between 
several chain segments and junction sites, while part (b) 
shows the details of one chain segment. The chain segment 
is modeled as a molecular chain which consists of N beads 
connected together with (N- 1) rigid rods of length L. Each 
chain segment can be described by a configuration vector R, 
defined in terms of the junction position vectors ri and rj, at 
the ith andjthjunctions respectively (Fig. 4). According to 
statistical mechanics, a time-average force is developed in 
the chain segment because of random molecular (Brownian) 
motions and the constrains of the chain at the junction sites. 
The time-average force makes the chain segment behave 
like a Hookean spring with a spring constant H (Bird et al., 
1977b): 

1 Thixotropic materials show a gradual decrease of shear stress (and viscosity) 
with time under a constant strain rate, due to a breakdown of the molecular network 
during shearing (e.g., tomato ketchup). 

(a) 
(b) 

N 

0 

Figure 4. Schematic of the statistical network model (after Zhu et al., 
1991). 

3kT 
H= (N-1)£2 

(31) 

wherekis the Boltzmann constant(= 1.3807 x I0-23 JK-1)and 
Tis the absolute temperature (in Kelvin). Elastic energy can 
be stored in these network springs during deformation. At 
any given point in time, the network consists of a continuous 
distribution of chain segments with various configuration 
vectors R, which depends on the creation and loss of 
individual chain segments at different past times, i.e., the 
strain history which is described by a memory function. The 
overall stress developed in the network is assumed to be the 
sum of individual stress contributions from all chain seg
ments existing at the present time t and created at all past 
times t '. Using tensor notations, the second-order constitu
tive equation for the network developed by Zhuet al. (1988, 
1991) is 

' 
't = f m(t, r'>rcr, r')dr' (32) 

where 't is the extra stress tensor, m(t, t') is the memory 
function, and r(t, t') is the Finger strain tensor. Note that 't 
includes the stress contributions from all chain segments but 
not the stress contributions from the interstitial fluid. In fact, 
the total stress tensor is given by -pi+ 't, where p is the 
interstitial fluid pressure associated with the fluid's incom
pressibility, and I is the identity tensor. The Finger strain 
tensor r is defined by 

r = F -1 < F -1 
) T - 1 (33) 

where F is the deformation gradient relating a past junction 
positionr.' to the current junction positionri (ri =F-1 ri' ). The 

I • • • • • 
memory function m(t, t') m the constJtutJve equation 1s 
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expressed as a function of the creation rate and the loss rate 
of the chain segments, which are assumed to be continuous 
functions of the second invariant2 of the frrst Rivlin-Ericksen 
tensor3 (n1) as well as the second invariant of the second 
Rivlin-Ericksen tensor3 (n 

2
): 

• dJ 

'J- . II -[ L<ll,.n2.s) ds m(t,t)= C(ll1 , 2 ,s)e (34) 
0 

where C is the rate of creation and L is the rate of loss of 
chain segments (and junction sites), both continuous func
tions of n, and n2. The second invariant of a tensor i~ an 
indication Of the magnitude Of the tensor, thUS n I quantifies 
the rate of deformation of the network, while ll

2 
quantifies 

the accelaration of deformation. It becomes clear that the 
constitutive equation is indeed second-order, because of the 
dependence of m(t, t') on both ll

1 
and 1\· sis called the 

"segment complexity", a spectral variable showing the 
diversity of chain segment types on a continuous scale, i.e., 
the distribution of the chain segment configuration vectors 
R. With the above constitutive equation and memory func
tion, Zhu et al. (1988, 1991) obtained the following expres
sions for the real part and the imaginary part of the complex 
shear modulus 11• under small-amplitude osciiiatory shear 
conditions: 

J 
... 1}(s)Jl(s)m2 ds 

p,(ro) = 
0 

1 +[l(s)(l) ]2 (35) 

(36) 

where ll is the elastic shear modulus, WT) is the viscous shear 
modulus, l(s) is the network relaxation spectrum (with the 
dimension of time) and T)(s) is a function of l(s) (with the 
dimension of viscosity). They are given by 

·Jl(s) = A, 
(l+s)a 

1'/(s) = _1lo il(s) 

J A.(s)ds 
0 

(37) 

(38) 

where l is maximum relaxation time of the network, a is 
a spectr~ parameter greater than 1.0 (see below), and TJ~ is 
zero shear-rate viscosity. Note that the network relaxation 
spectrum l(s) is continuous, ass is a continuous variable. 
This implementation of a continuous relaxation spectrum is 
similar to that in Fung's quasi-linear viscoelastic theory, as 
discussed in Section ill. This similarity suggests that the 
statistical network theory is capable of the description of a 

2 The second invariant (II) of a tensor A is defmed as fl=[(tr(A)J-tr)N)]/2. 

3 The first RMin-Ericksen tensor A =L+L1=2D, where Lis the velocity gradient and 
Dis the rate of strain or"stretching"

1
tensor. The second Rivlin-Ericksen tensor Az=L 

+( 1+2L1L. 
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frequency-insensitive damping in biological soft tissues, 
like the QL V. The spectral parameter a can be expressed as 

a =l + ln(1Jo 11}_) (39) 
. ln(l+s0 ) 

where T)_ is infinite shear-rate viscosity and s
0 

is the maxi
mum number of "segment complexity" which defines the 
range of chain segments under shear deformation, such that 
0 < s~s0• 

In summary, four independent parameters ( 1}
0 

, '11...· 
l 0 , s0 ) and one dependent parameter (a) are needed for the 
description of linear viscoelastic shear properties using the 
present version of the statistical network theory. Among the 
shear properties, the elastic shear modulus 1-1 and the viscous 
shear modulus WT) are computed from Eqs. (35) and (36), 
while the dynamic viscosity T) and the damping ratio ( can 
be derived from ll and WT). The model parameters can be 
adjusted to curve-fit these theoretical predictions to the 
empirical data of specific polymeric materials and tissues, 
including vocal fold mucosal tissues. Knowledge of the 
parameters provides insights on how the network model of 
molecules might interact and contribute to deformation and 
shear properties. Specifically, the total number of chain 
segments per unit volume (number density of chain seg
ments) in the network, N(t), may be expressed as a function 
of time and strain history. When the molecular network is at 
rest (momentarily), the chain segments are randomly ori
ented and a maximum of N(t) is maintained. The maximum 
number density of chain segments ( N

0
) corresponds to this 

peak of N(t) and is related to the model parameters by 

N 1'/oSo(a-1) (40) 
0 kT A, 

This number denotes an estimation of the effective 
amount (or extent) of molecular interactions in a polymeric 
material (Zhu and Mow, 1990; Zhu et aL, 1991 ). In the next 
section, the viscoelaStic data of human vocal fold mucosa 
reported previously (Chan and Titze, 1999b) are interpreted 
in terms of this index of molecular interactions, as well as the 
statistical network theory and the quasi-linear viscoelastic 
theory in general. 

Results and Discussion 
Quasi-Linear Viscoelastic Theory 

Figs. 5-6 show the viscoelastic shear properties of 
human male vocal fold mucosa as a function of oscillation 
frequency, including the elastic shear modulus IJ., the vis
cous shear modulus c.>T), the dynamic viscosity T) and the 
damping ratio(. The data points (in circles) represent the 
average empirical data of ten male subjects, while the solid 
lines are the "best-fit" theoretical curves based on the QLV. 
Agreement between the empirical data and the theoretical 
predictions for each of the shear properties was assessed by 
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Figure 5. Curve-fitting of elastic shear modulus ~ (upper graph) and 
viscous shear modulusCJ>fl (lower graph) of human male vocal fold mucosa 
by the QLV. 
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Figure 6. Curve-fining of dynamic viscosity f1 (upper graph) and damping 
ratio {(lower graph) of human male vocal fold mucosa by the QLV. 

computing a correlation coefficient r as the goodness-of-fit 
statistic: 

L (X;-Y;i 

r= 1 -.::'=·---~ L (X;-X)2 (41) 

where xi are the empirical data of one of the shear properties, 
Y; are the corresponding model predictions, and :X is the 
average of X;- Two steps were involved in the curve-fitting 
procedure: (I) Beginning with an initial set of parameters 
that correspond to the generic continuous relaxation spec
trum shown in Fig. 3 (c = O.I, -r1 = O.OI seconds, -r2 = IOO 
seconds), an approximate graphical fit was found empiri-

Table L 
Correlation Coefficients of Cwve-Fitting with QL V Modeling of 

Human Male Vocal Fold Mucosa (c.f. Figures S-6) 

Shear properties r 

f.l 0.8584 

(l}T] 0.2453 

11 0.9069 

' 
0.6596 

cally by varying the model parameters (c, -r and -r) indi
vidually; (2) Next, the "best fit" was found by flne-turrlng the 
model parameters until the sum of the correlation coeffi
cients (for different shear properties) was maximized. For 
the average data of ten human male subjects, the best fit was 
achieved with c = 1.0, -r 1 = 0.0005 seconds, and -r2 = 70 
seconds. Table I summarizes the correlations between theory 
and data using this set of model parameters. 

Figs. 5-6 show that in general the theoretical curves 
of the QL V fit the empirical data quite well, with reasonably 
high correlation coefficients in three of the four shear 
properties, except the viscous shear modulus <a>T) (Table I). 
There were certain discrepancies between theory and data, 
however, especially at higher frequencies (around IO-I5 
Hz). For instance, the empirical elastic shear modulus data 
(1-L) appeared to be increasing with frequency at a slightly 
larger slope when higher frequencies were approached, yet 
the QL V predicted a smooth curve increasing only slowly 
with frequency, without any significant change of slopes 
(Fig. 5). The result was an under-prediction of the data at 
high frequency. Predictions of the QL V did not match very 
well for <a>T) and(, again particularly at higher frequencies 
(Figs. 5-6), yielding correlation coefficients of only 0.2453 
and 0.6596, respectively. The viscous shear modulus <a>T) 

was actually slightly increasing with frequency across the 
whole frequency range, as opposed to the very flat (fre
quency-independent) curve predicted by the QLV. This 
discrepancy was clearly shown by the low correlation coef
ficient (0.2453). Meanwhile, there was an excellent match 
between theory and data for T) (Fig. 6), whose correlation 
coefficient was higher than 0.9. 

Figs. 7-8 (following page) show the average em
pirical data for ten female subjects (in circles) and the best
fit theoretical predictions of j.L, <a>T), 11 and C based on the 
QLV. A similar curve-fitting procedure as described above 
was performed. The best fit was achieved with c = I 0 -r = , 1 
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Figure 7. Curve-fitting of elastic shear modulus 11 (upper graph) and 
viscous shear modulus (J)7] (lower graph) of human female vocal fold 
mucosa by the QL V. 
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Figure 8. Curve-fitting of dynamic viscosiry11 (upper graph) and damping 
ratio C (lower graph) of human female vocal fold mucosa by the QL V. 

0.0001 seconds, and 't2 = 90 seconds. Table ll shows the 
correlations between theory and data associated with this set 
of model parameters. 

Comparing with the results for the male data, the 
theoretical curves of the QL V generally fit the female data 
less well, with lower correlation coefficients across all shear 
properties (Table ll). Discrepancies between theory and data 
were quite significant for c.>'ll and (,where only a general 
trend with an approximate slope was predicted in each case. 
The theory failed to closely predict the course of slope 
changes across the frequency range, yielding rather low 
correlation coefficients (0.2223 and 0.5951 ). Both c.>Tl and C 
actually showed a "peak" at around 10Hz, which was more 
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TableD. 
Correlation Coefficients of Curve Fitting with QL V Modeling of 

Human Female Vocal Fold Mucosa (c.f. Figures 7-8) 

Shear property r 

Jl 0.6328 

(lJ11 0.2223 

TJ 0.8587 

' 
0.5951 

prominent than the "peak" observed in the male data and 
hence a larger deviation from the flat curves predicted by the 
QL V. On the other hand, there was a much better match 
between theory and data for11 (Fig. 8) where the correlation 
coefficient was again the highest 

Differences in the model parameters for achiev
ing best-fits for the male and the female data may be 
interpreted in terms of the findings of the sensitivity analysis 
of the QL V (Sauren and Rousseau, 1983). Recall that the 
parameter c indicates the relative amount of viscous effects, 
where a larger c corresponds to a higher damping ratio and 
a more sharply tuned damping curve (i.e., more frequency
sensitive). Also recall that the other parameters 't 

1 
and 't2 

define the range of the continuous relaxation spectrum and 
the relatively frequency-insensitive range of the damping 
curve. A decrease in 't 1 or an increase in 't2 is associated with 
a broader or more flat damping curve. Our findings showed 
that a larger value of c was obtained for modeling the female 
data (c = 10) than for the male data (c=1.0), suggesting a 
higher and a more frequency-sensitive damping ratio for 
female than for male. On the other hand, the female data 
were modeled with a smaller't

1 
and a larger't

2 
('t

1 
= 0.0001 

sec., 't
2 
=90sec.)than the male ('t1 = 0.0005 sec.,'t2=70sec.), 

suggesting a less frequency-sensitive damping ratio curve. 
Thus it seemed that the model parameters of the QL V were 
apparently capable of offsetting the effects of one another on 
the frequency sensitivity of damping ratio, yielding a damp
ing ratio with similar frequency dependence for both male 
and female. It also seemed that the QL V was capable of 
predicting a larger damping ratio for female based on the 
magnitude of the continuous relaxation spectrum, i.e., a 
larger parameter c. These theoretical predictions on the 
damping ratio of male and female vocal fold mucosal tissues 
indeed agreed with their empirical data, where ( 1) C was 
found to be larger for female at higher frequencies, and (2) 
there was a comparably flat range of C for both male and 
female data (c.f. Chan and Titze, 1999b). 
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Figure 9. Curve-fitting of elastic shear modulus ~ (upper graph) and 
viscous shear modulus WTI (lower graph) of male vocal fold mucosa by the 
statistical network modeL 
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Figure 10. Curve-fitting of dynamic viscosity 1l (upper graph) and 
damping ratio ((lower graph) of male vocal fold mucosa by the statistical 
network modeL 

Statistical Network Theory 
Figs. 9-10 show the average empirical data for ten 

male subjects (in circles) and the theoretical predictions of 
viscoelastic shear properties (~, U>T), 11 and C) based on the 
statistical network theory. The "best fit" between the theo
retical curves and the empirical data was again determined 
empirically in a way similar to that described for the QL V, 
i.e., by adjusting the model parameters individually until 
the correlation coefficients were maximized. For the aver
age data of ten human male subjects, the best fit was 
achieved with the four independent model parameters 
T)

0
=3.2x107 Pa-s, 11

00 
= 0.32 Pa-s, A.0 = 108 seconds, s0 = 100, 

Tablem. 
Correlation Coefficients of Curve Fitting With Statistical Network 

Modeling of Human Vocal Fold Mucosa (c.f. Figures 9-10) 

Shear property r 

J1 0.9042 

COT/ 
0.7547 

11 0.9757 

' 
0.7265 

and with a= 4.99138. Table ill summarizes the correlations 
between theory and data with a list of correlation coeffi
cients for the shear properties. 

It is observed that theoretical curves of the statisti
cal network theory generally fit the empirical data quite 
well, with all correlation coefficients higher than 0.7 (Table 
Til). Similar to the case of the QLV, there were some 
discrepancies between theory and data at higher frequencies 
(around 10-15Hz), especially for~ and c..>T). The empirical 
~ data appeared to be increasing with frequency at a slightly 
larger slope at high frequency than that at lower frequencies, 
yet a smooth curve was predicted with a slightly smaller 
slope at high frequency than that at lower frequencies (Fig. 
9). The result was an under-prediction of the empirical data 
above 10Hz. This relative disagreement between theory and 
data at higher frequencies was similar to the deviation 
observed for the QL V. Also similar to what was observed for 
the QL V, predictions of the statistical network theory did not 
match too well with the empirical U>T) and C data, again 
particularly at higher frequencies (Figs. 9-10). However, 
curve-fitting based on the statistical network theory seemed 
to be better than the fit based on the QL V (c.f. Figs. 5-6). In 
fact, correlation coefficients associated with the best fit of 
the statistical network theory were 0. 7547 forWT) and 0. 7265 
for C, compared to only 0.2453 and 0.6596, respectively, for 
theQLV. 

Fig. 9 also shows that the statistical network theory 
was more capable of predicting the slightly increasing trend 
of U>T) with frequency, compared to the QL V which pre
dicted a very flat or frequency-independent U>T) curve. 
Predictions of C based on the statistical network theory (Fig. 
1 0) also showed the decreasing trend of the data at high 
frequency (>5Hz) better than those of the QL V. Meanwhile, 
the theory matched the empirical dynamic viscosity data ( T)) 
as well as the QL V, with an almost excellent match and a 
correlation coefficient higher than 0.97. 
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Figure II. Curve-fitting of elastic shear modulus 1.1 (upper graph) and 
viscous shear modulus (a)TJ (lower graph) of female vocal fold mucosa by 
the statistical network modeL 
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Figure 12. Curve-fitting of dynamic viscosity 11 (upper graph) and 
damping ratio { (lower graph) of female vocal fold mucosa by the 
statistical network modeL 

Figs. 11-12 show the average empirical data for ten 
female subjects (in circles) and the best-fit theoretical curves 
of f.l, CA>T), 11 and C based on the statistical network theory. The 
best fit was achieved with the model parameters T)0=2.0x 106 

Pa-s, 11. =0.02 Pa-s, A.0=2.5x 107 seconds, s0 = 100, and with 
a= 4.99138. Table IV lists the correlation coefficients for the 
female data using this set of model parameters. 

Comparing with the results of curve-fitting for the 
male data, Figs. 11-12 show that predictions of the statistical 
network theory fit the female data even better than the male 
data, with all correlation coefficients higher than 0.8 (Table 
IV). In particular, the theoretical curves matched the female 
tJ. and CA>T) data rather closely at high frequency, compared to 
the male data (c.f. Figs. 9 and 11). This finding was in direct 
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Table IV. 
Correlation Coefficients of Curve Fitting with Statistical Network 

Modeling of Human Female Vocal Fold Mucosa (c.f. Figures 11-12) 

Shear property r 

Jl 0.8989 

CJJ17 0.9370 

11 0.9515 

' 
0.8395 

contrast with that of the QL V, where the agreement between 
theory and data was better for the male data than for the 
female data. Also contrary to what was observed for the 
QL V, predictions of the statistical network theory matched 
quite well with the female CA>T) and C data (Figs. 11-12). 
Compared to the QL V, the theory was again more capable of 
predicting the slightly increasing trend of CA>T) with fre
quency and the decreasing trend of C at high frequency, 
similar to what was observed for the male data. Indeed, there 
seemed to be actually a better match between theory and data 
for(a)T) and C for the female than the male data, both in terms 
of visual comparisons and correlation coefficients. Mean
while, the statistical network theory matched the female 11 
data as well as the male data, with a good agreement and a 
correlation coefficient higher than 0.95. 

With the two sets of model parameters known for 
the average male and the average female vocal fold mu
cosa, the maximum number density of chain segments (No> 
in the molecular network model can be computed according 
to Eq. (40). N 0 is an indication of the extent of molecular 
interactions of the network. Zhu and his colleagues ( 1991, 
1996) found that N 0 increases with the concentration of 
proteoglycan solutions, as well as the relative content of 
collagen in collagen-proteoglycan mixtures. They also 
found thatN 

0 
is positively correlated with the shear elasticity 

and viscosity of the proteoglycan solutions and the collagen
proteoglycan mixtures, supporting the hypothesis that the 
viscoelastic shear properties of polymeric materials increase 
with the extent of molecular interactions. 

For the male vocal fold mucosa, N 0 = 2.9841 x 1 ()22 
m·3 while for the female vocal fold mucosa,N 0 = 7 .4602x 1 <Y1 

m·3, which was approximately four times smaller than that of 
the male. These findings suggested that the male vocal fold 
mucosa has effectively four times more molecular interac
tions sites than the female mucosa, in the language of the 
statistical network theory. This may be related to the mo-



lecular finding that the male vocal fold lamina propria has 
higher contents (concentrations) of certain molecular con
stituents than the female, particularly hyaluronic acid, and 
possibly collagen, elastin and proteoglycans (see the discus
sion in Chan and Titze, 1999b ). Such molecular differences 
and the larger number of interaction sites in the male vocal 
fold mucosa could be responsible for the gender-related 
difference in viscoelastic shear properties reported previ
ously (Chan and Titze, 1999b ). 

Zhu et al. (1991, 1996) also found that the param
eters 11

0
, 11

00 
and A.0 increase with increasing concentration of 

proteoglycan solutions, while 1}0 and A.
0 

increase with the 
relative content of collagen in collagen-proteoglycan mix
tures. A comparison between the model parameters for the 
male and the female vocal fold mucosa showed that 11o• 11 .. 
and A.

0 
were all larger for male than for female. This finding 

further supported the hypothesis that the male vocal fold 
mucosa can be modeled as a molecular network with a larger 
number of interaction sites than the female mucosa, as a 
result of higher concentrations of key molecular constitu
ents like hyaluronic acid and proteoglycans. It also sug
gested that the higher elasticity and viscosity of the male 
vocal fold mucosa may be partly due to a higher relative 
content of collagen in the lamina propria extracellular ma
trix. Higher concentration of hyaluronic acid in the male 
vocal fold lamina propria has been reported (Hammond et 
al., 1997), but further studies on the relative content of other 
molecular constituents are needed to elucidate their roles in 
the determination of viscoelastic shear properties in the male 
versus female vocal fold mucosa. 

Theoretical Extrapolations of Tissue Shear Properties 
Based on the two theories, extrapolations of the 

theoretical predictions of the viscoelastic shear properties 
to frequencies of phonation (> 100 Hz) are possible, which 
allow for the predictions of shear properties at frequencies 
relevant to vocal fold oscillation. It has been shown ana
lytically that the effective amount of damping in small
amplitude vocal fold oscillation depends critically on the 
viscous shear modulus WT) or the dynamic viscosity 11 of the 
vocal fold mucosa (Titze, 1988; Chan, 1998). Specifically, 
it was shown that phonation threshold pressure is directly 
related to w11 (or 11)- On the other hand, the damping ratio ( 
of the vocal fold mucosa is critical in determining whether 
vocal fold oscillation is at all possible, whether oscillation 
would remain underdamped ( C < 1.0) across different fre
quencies. 

For both male and female vocal fold mucosa, 
extrapolation of the theoretical curves of WT) to a frequency 
above 100Hz using Fung's (1993) QLV showed that W11 
remains basically constant as frequency is increased to the 
range of phonation (Figs. 5 and 7). Extrapolation of the 

theoretical curves of C showed that C continues to decrease 
slowly with frequency, always remaining to be < 1.0 up to 
phonational frequencies, where it has a numerical value of 
approximately 0.1 (Figs. 6 and 8). 

On the other hand, extrapolation of the theoretical 
curves ofCa>T) and C to a frequency above 100Hz using Zhu 's 
( 1991) statistical network theory showed that both WT) and C 
begin to decrease with frequency quite dramatically, at a 
much faster rate than that predicted by the QL V (Figs. 9-12). 
It can be seen that for both male and female vocal fold 
mucosa ( tends to decrease with frequency monotonically 
and approaches a numerical value on the order of 0.01 at 
phonational frequencies (Figs. 10 and 12). 

These findings suggested that vocal fold oscilla
tion would remain underdamped and be able to sustain at a 
frequency above 100Hz, since Cremains to be< 1.0. As 
frequency is increased, phonation threshold pressure, which 
is directly related to the viscous shear modulus w11, would 
remain basically constant according to the QL V, or it would 
decrease with frequency according to the statistical network 
theory, if other factors affecting phonation threshold pres
sure did not change with frequency. That is, vocal fold 
oscillation should remain as easy to initiate and sustain as 
frequency is increased. If such trends of extrapolations 
persist into even higher frequencies (200-1 000 Hz), this 
may be the basis why voice production is possible over a 
relatively wide range of fundamental frequencies in sing
ing situations (i.e., 2-3 octaves). As long as the viscous and 
damping properties of the vocal fold mucosa (as quantified 
by W11 and C) do not increase with frequency, the effective 
amount of damping on vocal fold oscillation would remain 
surmountable, resulting in realistic and achievable phona
tion threshold pressures even for phonation at high pitches. 
Moreover, individual differences in the ability to sing at 
high pitches may reflect differences in tissue shear proper
ties of the vocal fold mucosa among different subjects, 
which may in turn reflect molecular and possibly genetic 
differences of the vocal fold lamina propria This specula
tion is quite possible as large intersubject differences in 
tissue shear properties of the vocal fold mucosa were indeed 
observed in our previous study (Chan and Titze, 1999b). 
Certainly, further empirical measurements at higher fre
quencies need to be done in order to validate these argu
ments as well as the extrapolation of the theoretical curves. 

Solely based on the goodness of fit between theory 
and data in the frequency range where empirical measure
ments were made (0.0 1-15Hz), it seemed that the statistical 
network theory was somewhat more accurate than the QL V 
in describing the shear properties of vocal fold mucosal 
tissues. However, the statistical network theory predicted 
that w11 and C to continue to decrease with frequency quite 
dramatically, which suggested that the effective amount of 
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damping and phonation threshold pressure may become 
unrealistically low at high frequencies (i.e., phonation being 
too easy with too high oscillation amplitudes). In contrast, 
the QL V predicted a relatively frequency-insensitive damp
ing curve, which suggested a more appropriate amount of 
damping at high frequencies and more realistic phonation 
threshold pressures. The relatively flat damping curves were 
also more consistent with the findings for other biological 
soft tissues reported in the literature. It is not completely 
clear from these findings which of the two theories is more 
appropriate for the description of tissue shear properties of 
the vocal fold mucosa. Again, further empirical measure
ments should be made at higher frequencies so that the 
theoretical extrapolations can be validated and that this issue 
may be resolved. 

Summary and Conclusion 
Empirical data on the viscoelastic shear properties 

of human vocal fold mucosa were previously reported at a 
frequencyrangeof0.01-15Hz(ChanandTitze, 1999b). The 
present investigation attempted to model these data with a 
quasi-linear viscoelastic theory (Fung, 1972, 1981, 1993) 
and a statistical network theory (Zhuetal., 1988, 1991). The 
quasi-linear viscoelastic theory has been successfully ap
plied to describe the viscoelastic properties of many biologi
cal tissues, including the shear properties of soft tissues. The 
statistical network theory, on the other hand, has been 
extensively applied to describe the rheological properties of 
polymeric materials, as well as soft tissues like extracellular 
connective tissues. Both of these theories provide a unique 
mathematical framework in which a continuous relaxation 
spectrum may be used to model the generally frequency
insensitive damping characteristics of soft tissues. Based on 
these theories, extrapolations of the dynamic shear data to 
frequencies of phonation (> 100 Hz) are possible, which 
allow for the predictions of shear properties at frequencies 
relevant to vocal fold oscillation. 

Results of viscoelastic modeling showed that there 
was generally reasonable agreement between the theoretical 
predictions and the empirical data within the frequency 
range of 0.01-15 Hz for both theories, although there was 
some discrepancies between theory and data at higher fre
quencies. These results suggested that the shear properties of 
the human vocal fold mucosa may be described parametri
cally by both theories under small-amplitude oscillation 
conditions. Theoretical extrapolations of the data to fre
quencies of phonation suggested that the damping proper
ties of vocal fold mucosa may remain relatively constant and 
insensitive to frequency, or may even decrease with fre
quency. If similar patterns persist into higher frequencies 
(up to 1000 Hz), this may be the basis why vocal fold 
oscillation may remain underdamped over a relatively wide 
range of fundamental frequencies, i.e., 2-3 octaves in sing-
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ing situations. Further studies should involve the empirical 
measurements of viscoelastic shear properties at higher 
frequencies, so as to validate the theoretical extrapolations. 
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HyaluronicAcid(withFibronectin)asa 
Bioimplantfor the Vocal Fold Mucosa 

Roger W. Chan, Ph.D. 
lngo R. Titze, Ph.D. 
Department of Speech Pathology and Audiology, The University oflowa 

Objectives: To measure the viscoelastic shear prop
erties of hyaluronic acid, with and without fibronectin, and 
to compare them with those of the human vocal fold mucosa 
and other phonosurgical biomaterials. 

Methods: Viscoelastic shear properties of various 
implantable biomaterials (Teflon, gelatin, collagen, fat, hy
aluronic acid, and hyaluronic acid with fibronectin) were 
measured with a parallel-plate rotational rheometer. Elastic 
and viscous shear properties were quantified as a function of 
oscillation frequency (0.01 Hz to 15Hz) at 370C. 

Results: The shear properties of hyaluronic acid 
were relatively close to those of human vocal fold mucosal 
tissues reported previously. Hyaluronic acid at specific 
concentrations (0.5-1.0% ), with or without fibronectin, was 
found to exhibit viscous shear properties (viscous shear 
modulus and dynamic viscosity) similar to those of the 
average male and female vocal fold mucosa. 

Conclusions: According to a theory that estab
lishes the effects of tissue shear properties on vocal fold 
oscillation, phonation threshold pressure (a measure of the 
ease of phonation) is directly related to the viscous shear 
modulus of the vibrating vocal fold mucosa. Therefore, our 
findings suggest that hyaluronic acid, either by itself or 
~i~ed with fibronectin, may be a potentially optimal 
btOimplant for the surgical management of vocal fold mu
cosal de~ects and l~ina propria deficiencies (e.g., scarring) 
from a biOmechantcal standpoint. 

Introduction 
. . In pho?osurgery, various types of synthetic or 

biOlogtcal substitute materials (implantable biomaterials) 
have been used as bioimplants to replace and augment 

natural tissues in pathological vocal folds. Basically, im
plantable biomaterials may be divided into two groups 
according to the site of implantation (often injection): the 
"non-mucosal group" and the "mucosal group". Biomaterials 
in the "non-mucosal group" are those which are usually 
implanted outside the vocal fold mucosa (defined as the 
epithelium and the superficial layer of the lamina propria), 
mostly lateral to the thyroarytenoid muscle, but sometimes 
close to the lamina propria. Medialization of a paralyzed 
vocal fold has been the frequent objective for phonosurgery 
involving this group of biomaterials, including silicone (in 
Japan), polytetrafluoroethylene (Teflon or Polytef; Mentor 
Inc., Hingham, MA), gelatin (Gelfoam; Upjohn Co., 
Kalamazoo, MI), collagen (Zyderm, Phonagel, or V ocalogen; 
Collagenesis Inc., Beverly, MA), and adipose tissue (human 
abdominal subcutaneous fat). On the other hand, biomaterials 
in the "mucosal group" are those which can be implanted 
directly into the mucosa, frequently to soften a scar tissue, 
to smooth the vocal fold margin, to augment an atrophy, or 
to treat other types of mucosal disordersl.2. Adipose tissue or 
fat has been the most commonly used biomaterial in this 
group3.4, while collagen has also been used for such pur
poses to some extenf. Unfortunately, the use of fat and 
collagen for the management of vocal fold mucosal defects 
like scarring has not always yielded satisfactory clinical 
results, e.g., the restoration of an adequate mucosal wavelJ.4. 

Knowledge of the mechanical properties of vocal 
~old _tlss~es and implantable biomaterials has important 
Implications for phonosurgery. Of particular importance 
ar~ their~iscoelastic (viscous and elastic)shearproperties. 
It. ts obVI.ous. that the surgical introduction of implantable 
btomatenals mto the vocal folds can change their viscoelas
~c shear properties and hence alter the mechanics of phona
tion, at least during the initial postoperative stages (before 
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there is extensive biological assimilation of the implant). 
This is especially true for surgical procedures involving the 
correction of vocal fold mucosal defects (e.g., scarring), 
where mucosal group biomaterials are implanted directly 
into the mucosa. Since the vocal fold mucosa is the major 
vibratory portion of the vocal fold5•7, biomaterials implanted 
directly into the mucosa affect the mechanics of phonation 
more directly and extensively. The viscoelastic shear prop
erties of vocal fold mucosal tissues and implantable 
biomaterials, as well as their effect on vocal fold oscillation, 
should therefore be a special factor of concern for the 
surgical management of vocal fold mucosal defects. Specifi
cally, phonation threshold pressure is an important param
eter of phonation that describes how vocal fold oscillation 
may be affected by the implant. Phonation threshold pres
sure has been defined as the minimum subglottal pressure 
required to initiate and/or sustain vocal fold oscillation8•9• It 
is a measure of the "ease" of phonation, an objective indica
tion of vocal function, and can. be useful as a diagnostic 
parameter of vocal health10

•
11

• The effect of tissue shear 
properties on phonation threshold pressure has been studied 
theoretically8.9·12 as well as empirically, using excised laryn
ges13, a physical model of the vocal fold mucosa12•14•15, and 
human subjects10

•11 • Theoretical results showed that phona
tion threshold pressure is directly related to the viscous shear 
modulus of the vocal fold mucosa12, while empirical results 
showed that it is directly related to the dynamic viscosity of 
the vocal fold mucosa Jo.Is. These findings agree with each 
other because the viscous shear modulus and the dynamic 
viscosity are derivable from each other (see definitions 
below). 

With none of the existing common biomaterials 
being ideal for the management of vocal fold mucosal 
defects like scarring, it is necessary to search for new and 
more optimal biomaterials with considerations of their bio
mechanical effects on vocal fold osciiiation, in addition to 
biological effects like immunological concerns. Logically, 
materials made up of biomacromolecules found in the 
human vocal fold mucosa should be potential candidates for 
this search. Two such molecular constituents of the lamina 
propria are targeted in the present investigation, namely the 
glycosaminoglycan hyaluronic acid (or hyaluronate, the 
physiological form in the extracellular matrix at a pH of7 .0-
7.4) and the structural glycoproteinfibronectin. 

Significant amounts of hyaluronic acid and 
fibronectin have been found in various layers of the normal 
human vocal fold lamina propria16.17, including the superfi
cial layer (Steven D. Gray, unpublished data). These macro
molecules have very high molecular weights (on the order of 
1 OS-I ()6) and are capable of various kinds of intra- and inter
molecular interactions, e.g., physical entanglement among 
coils of hyaluronate chains18•19, and adhesive interactions 
between fibronectin and other extracellular matrix mol-
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ecules like collagen, hyaluronic acid, and proteoglycans20.21• 

These molecular interactions are likely important in contrib
uting to the viscoelastic shear properties of the normal vocal 
fold mucosa12, which suggests that hyaluronic acid mixed 
with fibronectin may be a potentially optimal bioimplant for 
vocal fold mucosal defects. Indeed, hyaluronic acid (to
gether with the polysaccharide dextran) has already been 
used for implantation into the rabbit vocal fold, in order to 
assess its clinical and histological suitability for vocal fold 
augmentation22• It was found that significant resorption of 
the implanted hyaluronic acid occurred within a week, as 
would be expected from its approximately 5-day half-life. 
However, the authors also found that the implant promoted 
endogenous soft tissue growth and development in the vocal 
fold, presumably through the recruitment of fibroblasts and 
the trigger of collagen synthesis22. 

In our previous study addressing the mechanical 
properties of implantable biomaterials23, the dynamic vis
cosity of Teflon, gelatin, collagen, and fat was measured. 
However, hyaluronic acid and fibronectin were not among 
the biomaterials studied, and data on elastic and viscous 
shear moduli were not reported. This study attempts to 
provide a more comprehensive set of data on the viscoelastic 
shear properties of these currently and potentially useful 
biomaterials. 

Materials and Methods 
Viscoelastic Shear Properties 

Linear viscoelastic shear properties of various bio
material samples were measured using the rheological tech
nique of sinusoidal oscillatory shear deformation (see be
low), including (1) elastic shear modulus, (2) dynamic 
viscosity, and (3) viscous shear modulus. Detailed defini
tions and descriptions of these shear properties can be found 
elsewhere12.24. Briefly, for a viscoelastic material, the elastic 
shear modulus J.t is a quantification of the energy storage 
component, or elasticity (stiffness) of the material in shear. 
The dynamic viscosity 1J is a quantification of the energy 
loss component of the material. As a derived quantity, the 
viscous shear modulus is defined as the product of the 
angular frequency of oscillation and the dynamic viscosity 
( lt11J). It is also a quantification of the energy loss of the 
material in oscillatory shear deformation. For viscoelastic 
materials, including polymeric and biological materials, 
these shear properties vary with the rate of deformation, i.e., 
they are functions of oscillation frequency in oscillatory 
shear deformation25•27• 

Biomaterial Samples 
Details of the Teflon, gelatin, collagen, and adi

pose tissue samples have been described elsewhere1
2.23. 

Briefly, Teflon (Mentor lncorp., Hingham, MA) samples 
were obtained in form of an injectable paste suspended in 



glycerin (740 mg/ml). Gelatin samples were prepared by 
mixing Gelfoam (Upjohn Co., Kalamazoo, Ml) absorbable 
gelatin powder with saline solution (250 mg/ml). Collagen 
samples included both 0.0075% glutaraldehyde cross-linked 
(GAX) bovine dermal collagen suspension (Phonagel or 
Zyplast; Collagen Corp., Palo Alto, CA) and the noncross
linked Zyderm (Collagen Corp.) (35 mg/ml). Human ab
dominal subcutaneous adipose tissue samples were har
vested from five cadavers within 24 hours post-mortem. 
Considerable intersubject differences in viscoelastic shear 
properties were found for the fat samples12

• Besides, it was 
found that shear properties were affected by (I) the source 
of the fat samples (whether they were taken from the 
superficial or the deep fat tissue layer)28

, and (2) the method 
of sample preparation (whether they were mechanically 
agitated or not)12• For the present report, data for adipose 
tissue were averaged across subjects and conditions. 

Hyaluronic acid samples of four different concen
trations were prepared by mixing 0.1 mg, 1.0 mg, 5.0 mg or 
10.0 mg sodium hyaluronate powder (Mr = 3x to 6x 1 06

; 

from human umbilical cord; Sigma Chemical Co., St. Louis, 
MO) with 1.0 cc phosphate-buffered solution {pH= 7.0), 
resulting in hyaluronate solutions of0.1 mg/ml (0.01 %), 1.0 
mg/ml (0.1 %), 5.0 mg/ml (0.5%), and 10 mg/ml (1.0%). 
These concentrations were chosen because they correspond 
to different extents of molecular entanglement and network 
formation. Hyaluronic acid molecules with a molecular 
weight of 3-4 millions have a length of about 10 m and a 
radius of gyration of about 200 nm18

•
19

• Therefore, in solu
tion, chains of these huge and highly charged molecules 
assume a highly extended random coil conformation which 
is approximately spherical in shape. The coil structure is 
stabilized by hydrogen bonding, with water molecules me
chanically immobilized inside18.21

• There is little or no over
lap or entanglement among the hyaluronate chains and coils 
at a concentration of 0.01 %, but some entanglements begin 
at a concentration of 0.06-0.1%18.19 • As the concentration 
increases, there are increasingly more entanglements and 
the molecules gradually form a dynamic molecular network. 
At a concentration of approximately 1.0% the molecules are 
almost completely (96%-100%) entangled18.29• Hence hy
aluronate samples were prepared at the concentrations of 
0.01 %, 0.1 %, 0.5% and 1.0% in order to assess the biome
chanical effects of varying molecular entanglements and 
network formation on viscoelastic shear properties. 

There are well-known adhesive molecular interac
tions between fibronectin and hyaluronic acid20•21 • As these 
molecular interactions likely contribute more to the vis
coelastic shear properties of vocal fold mucosa than 
fibronectin molecules alone12, samples of hyaluronate solu
tions mixed with fibronectin were prepared. Samples of 
three different concentrations were prepared by mixing 0.33 
mg fibronectin powder (Mr = 2x10S; from human foreskin 
fibroblasts; Sigma Chemical Co.) with 1.0 cc hyaluronate 

solutions of three concentrations (0.01 %, 0.1 %, and 1.0% ). 
With these preparations, possible effects of fibronectin on 
the shear properties of hyaluronic acid may be assessed, as 
well as possible changes of such effects under different 
extents of hyaluronate molecular entanglements. The con
centration of fibronectin was chosen to be 0.33 mg/ml 
(0.033%) because it was found to be the approximate normal 
level of fibronectin in human synovial fluid30

• Because 
fibronectin level in the vocal fold mucosa was not known, it 
seemed justified to use a concentration which is physiologic 
in another extracellular connective tissue in the body. 

Rheometer and Oscillatory Shear Experiments 
Viscoelastic shear properties of biomaterials were 

empirically measured using a standard experimental method 
in rheology (the science of the deformation and flow of 
matter), which has been described in details previously12.23.24• 

Briefly, small-amplitude sinusoidal oscillatory shear defor
mation of the sample was performed with a rheometer 
(Bohlin CS-50 Rheometer; Bohlin Instruments Inc., 
Cranbury, NJ). A parallel-plate (plate-on-plate) testing ge
ometry was used, with a stationary lower plate and a rotating 
upper plate (diameter= 20 mm), and a gap size of 0.3 mm. 
A sample was placed in the gap between the two plates, and 
was subject to a precisely controlled sinusoidal torque from 
the upper plate, at a specific oscillation frequency. The 
resulting angular displacement and angular velocity of the 
upper plate were monitored by a sensitive transducer as 
functions of time. Shear stress, shear strain and strain rate 
associated with the oscillatory shear deformation were com
puted from the prescribed torque and the measured angular 
velocity by a computer, and the viscoelastic shear properties 
were obtained based on these functions. 

Measurements were made at a frequency range of 
0.01 to 15Hz, covering 32 frequencies over three decades. 
Testing at a higher frequency was not meaningful because of 
limitations of the rheometer. These limitations were stress
strain linearity and sample inertial effects12.24• Calibration of 
the rheometer had been done by the manufacturer and was 
double checked by measuring the steady-shear viscosities of 
standard Newtonian silicone (polydimethylsiloxane) solu
tions (Dow Corning 360 Medical Fluids, Dow Corning Co., 
Midland, Ml) with known viscosities. The measured vis
cosities showed only a small deviation from the stated 
viscosities(< 6%) in all cases12•24• Throughout the experi
ments, material samples were maintained at a temperature of 
37°C ± 0.1 OC in the rheometer by a temperature control unit 
which circulated distilled water into the mounting of the 
lower plate. 

Estimation of Experimental Error 
Repeatability or experimental error associated with 

the rheological experimental procedure has been reported 
previously12

.23
•
24

• It was estimated by testing similar material 
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samples for multiple trials, including similar Teflon samples 
and similar gelatin (Gelfoam) samples. Because the samples 
came from the same sources of preparation, discrepancies in 
results between the samples reflected an estimation of er
rors. Possible sources of errors included differences in the 
process of sample mounting (e.g., incomplete sample filling 
between the plates, excessive removal of excess sample 
material) and machine errors of the rheometer (e.g., errors in 
rotor torque output, measurement of angular displacement). 
It was estimated that experimental error was within 10% of 
the measured viscoelastic data values across all frequen
cies I2.23.24. 

Results 
Figures 1-3 show the viscoelastic shear properties 

(the elastic shear modulus p, the dynamic viscosity 7], and 
the derived viscous shear modulus 6J1], respectively) of 
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Figure 1. Elastic shear modulus of hyaluronic acid (at four concentrations) 
as a junction of frequency. 
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hyaluronic acid (hyaluronate solutions) at four concentra
tions(O.OI%,0.1%,0.5%,and l.O%),plottedasfunctionsof 
frequency on a log-log scale. Logarithmic scales are used in 
order to accomodate decades of changes in shear properties 
and in frequency. It can be seen that the elastic shear 
modulus (Fig. I) and the viscous shear modulus (Fig. 3) of 
hyaluronic acid at all concentrations were increasing mono
tonically with frequency, especially at lower frequencies 
( < 0.1 Hz) where the rate of increase was the highest. There 
was a lower rate of increase, or even a plateau, at higher 
frequencies (> 1 Hz), especially for the viscous shear 
modulus. On the other hand, the dynamic viscosity (Fig. 2) 
of hyaluronic acid at higher concentrations (0.5-1.0%) was 
relatively constant at low frequency ( < 0.1 Hz), but it 
became a monotonically decreasing function at higher 
frequencies (> 0.1 Hz) (a phenomenon known as shear
thinning). The dynamic viscosity of hyaluronic acid at 
lower concentrations ( < 0.5%) followed the same trend, 
except that it was increasing with frequency at low fre
quency ( < 0.1 Hz) and did not begin to decrease until a 
relatively high frequency (above I Hz). 

Figs. 1-3 also show that the concentration of hyalu
ronic acid did not essentially affect the slopes of the curves, 
but only the vertical positions of the curves (the elasticity 
and viscosity at specific frequencies). It is clearly seen that 
the viscoelastic shear properties always increased with in
creasing hyaluronate concentration. In particular, the elastic 
shear modulus showed a small but gradual difference (ap
proximately evenly distributed) among the four concentra
tions (Fig. I). The dynamic viscosity and the viscous shear 
modulus showed only a small difference between the two 
lower concentrations (0.01% and 0.1%) and between the 
two higher concentrations (0.5% and 1.0% ), but a large 
difference between the lower and the higher concentrations 
(approximately two orders of magnitude) (Figs. 2-3). These 
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Figure 3. Viscous shear modulus of hyaluronic acid (at four concentrations) 
as a function of frequency. 
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Figure 4. Elastic shear modulus of hyaluronic acid (at two concentrations) 
with and without fibronectin as a function of frequency. 

findings were also consistently observed for hyaluronate 
samples mixed with fibronectin, to be discussed below. 

Figs. 4-6 summarize theeffectoffibronectin on the 
viscoelastic shear properties of hyaluronic acid at two con
centrations (0.1% and 1.0% ). The results of only two con
centrations of hyaluronic acid were included for visual 
clarity (data for hyaluronic acid at a concentration of 0.01% 
were very similar to those at 0.1% ). Surprisingly, the data 
showed that the elastic shear modulus, the dynamic viscos
ity, and the dervied viscous shear modulus of hyaluronic 
acid were not affected much by the presence of fibronectin. 
The differences observed between samples with fibronectin 
and samples without fibronectin were on the order of the 
magnitude of experimental error(< 10%). Therefore, the 
introduction of fibronectin into hyaluronic acid did not seem 
to change its viscoelastic shear properties, at least across the 
three molecular concentrations measured (0.01 %, 0.1 %, 
1.0%). 

To facilitate visual comparison, data on viscoelas
tic shear properties of hyaluronic acid at four different 
concentrations were plotted on the same graphs with those 
of other biomaterials (Teflon, gelatin, collagen, fat), as well 
as those of the average human vocal fold mucosa reported 
elsewhere12.n·24• Hyaluronic acid with fibronectin was not 
included, as it was just shown that fibronectin did not have 
a significant effect on shear properties. Figs. 7-9 (following 
pages) show the elastic shear modulus, the dynamic viscos
ity, and the viscous shear modulus of all the materials 
respectively. 

It is clear that the elastic and viscous shear moduli 
of Teflon, gelatin, collagen, fat, as well as human vocal fold 
muc~sa were re_latively weak functions of frequency, as they 
remruned relauvely constant across the entire frequency 
range of measurements. This finding was quite different 
from that for hyaluronic acid, which showed a rather strong 
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dependence on frequency (steeper slopes of the curves). The 
corresponding dynamic viscosity was therefore a monotoni
cally decreasing function of frequency for all the biomaterials, 
except for hyaluronic acid, which was relatively flat, espe
cially at intermediate frequencies (0.1-1 Hz, Fig. 8). In other 
words, most of the biomaterials and the human vocal fold 
mucosa showed the phenomenon of shear-thinning, similar 
to most polymeric and biologic materials (e.g., proteoglycans 

I U. )25.26 31 I · beli so u ons · . tIS eved that shear-thinning may be the 
consequence of a decrease in the number and strength of 
transient interaction sites formed in a molecular network as 
frequency or shear rate is increased25.26• On the other hand, 
hyaluronic acid was the most Newtonian-like amono all the 
biomaterials, as the viscosity of a Newtonian fluid (like 
water) is independent of frequency or shear rate (i.e., there 
is no shear-thinning, nor "shear-thickenino"). Note that the 

• . 0 

viscosity of pure water is 0.001 Pa-s, which is the baseline 
i~ Fig. 8. Th~s, the x-axis becomes the reference viscosity in 
F1g. 8, agamst which comparisons with the various 
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Figure 7. Elastic shear modulus of implantable biomaterials and human 
vocal fold mucosa as a function of frequency. 

biomaterials can be made. For instance, at a frequency of 10 
Hz, hyaluronic acid at higher concentrations (0.5-1.0%) was 
over 100 times more viscous than water, while Teflon was 
over 100,000 times more viscous than water. 

Most of the biomaterials and the human vocal fold 
mucosa showed very similar shapes and slopes in their 
viscoelastic shear properties, with vertical separations be
tween the curves being the major difference. Hyaluronic 
acid was the exception, again. Teflon had the largest shear 
elasticity (or stiffness) and viscosity, followed by gelatin, 
GAX collagen, noncross-Iinked collagen, abdominal fat, 
and the human vocal fold mucosa (note that there was a 
considerable sex difference; for details see previous re
ports12.24). It is also clear that the viscoelastic shear properties 
of the non-mucosal group biomaterials (Teflon, gelatin, 
collagen) were often orders-of-magnitude higher than those 
of the mucosal group biomaterials (fat and hyaluronic acid), 
which were relatively close to the shear properties of the 
human vocal fold mucosa. Finally, and probably most 
importantly, the viscoelastic shear properties of hyaluronic 
acid at higher concentrations (0.5-1.0%) seemed to ap
proach those of the human vocal fold mucosa as frequency 
was increased, despite the unique shapes and slopes of the 
curves of hyaluronic acid. This was particularly true for the 
dynamic viscosity and for the derived viscous shear modu
lus, for which there was much similarity at frequencies > 1 
Hz. Hyaluronic acid at a concentration of 1.0% behaved like 
the average male vocal fold mucosa, and hyaluronic acid at 
a concentration of 0.5% behaved like the average female 
vocal fold mucosa. 
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Discussion 
Hyaluronic acid (or the physiological form hyalu

ronate) is a heteropolysaccharide with a disaccharide mono
mer, a very long linear polymer with a very high molecular 
weight (on the order of 1 06). The hyaluronate molecule 
assumes an extended conformation in solution, forming a 



random coil structure 18
•
21

• The coils are capable of various 
molecular interactions, with the extent of interactions de
pending on their molecular weight and concentration in 
solution 19• In particular, they physically entangle with one 
another to form a dynamic molecular network that contrib
utes to shear elasticity and viscosity19

• Hyaluronic acid has 
been widely used as an ophthalmic surgical aid, e.g., for 
cataract surgery where it is injected as a replacement for 
vitreous humor, to maintain the intraocular space and to 
cushion the corneal endothelium32•33• It has also been widely 
used as an implant in orthopaedic and osteoarthritic surgery, 
to lubricate arthritic joints34.35• 

It was found in the present study that the viscous 
shear properties of hyaluronic acid are highly dependent on 
concentration. This finding could be interpreted molecu
larly in terms of the formation of a dynamic molecular 
network, where hyaluronic acid at a low concentration 
(0.0 1-0.1%) produced little entanglement of hyaluronate 
chains and coils(< 5% intra- and inter-molecular overlap), 
while hyaluronic acid at a higher concentration (0.5-1.0%) 
produced much higher levels of entanglement (>80% over
lap )111•19• It is likely that the extent of molecular interactions 
in the network is directly proportional to the level of molecu
lar entanglement and overlap19•25• Therefore, hyaluronic 
acid at a higher concentration showed a much higher viscos
ity (and elasticity) because of the much higher level of 
molecular entanglement. 

Fibronectin is a mosaic or modular protein co
valently attached to oligosaccharide chains, with a fairly 
high molecular weight (on the order of 10S)36

• One of the 
main biological functions offibronectin is to promote adhe
sive interactions and information interchange between cells 
and the extracellular matrix. It has binding sites interacting 
with receptor proteins on the cell membrane of fibroblasts 
(e.g., integrin), as well as macromolecules in the extracellu
lar matrix like collagen, hyaluronic acid, and 
proteoglycans20

•
21

• It also plays an important role in promot
ing wound healing, as it is intensely deposited in sites of 
tissue injury37• Because of its adhesive interactions with 
other macromolecules, which often cause changes in their 
molecular configurations20.21

, it was reasoned that fibronectin 
probably contributes to the shear properties of the hyalur
onate molecular network. However, it was found that 
fibronectin did not have much effect on the shear properties 
of hyaluronic acid (Figs. 4-6), despite the well known 
presence of hyaluronate-binding sites on fibronectin mol
ecules20. Our findings were comparable to those of a previ
ous study by Hsu et al. 38

, who studied the viscoelastic shear 
properties of collagen gels mixed with extracellular macro
molecules, including fibronectin. They also found that 
fibronectin did not affect the shear properties of collagen, 
despite the presence of collagen-binding sites on fibronectin39• 

Two possible molecular interpretations may ac
countforthese fmdings. First, molecular size of the fibronectin 
used (Mr = 2x 1 OS) might have been too small for the 
hyaluronate-binding sites to develop effective biomechani
cal interactions with the high-molecular-weight hyalur
onate molecules (Mr = 3 to 6x106), although it was large 
enough for biochemical adhesive interactions20• Second, 
concentrations of the fibronectin used (0.033% in this study, 
0.002% in the study by Hsuet al.38) might have been too low 
to produce any appreciable changes in the molecular con
figurations of hyaluronic acid and its shear properties. 
Although the concentration used in this study (0.033%) was 
a physiological level for human synovial fluid30, the role of 
fibronectin in synovial fluid might have been more bio
chemical than biomechanical. Further studies on the effect 
of fibronectin on viscoelastic shear properties need to be 
done when more information on the concentration and 
molecular weight of fibronectin in the human vocal fold 
mucosa are available. 

One limitation of the present study was that the 
viscoelastic shear properties of implantable biomaterials 
were measured in vitro. Although these in vitro shear prop
erties do affect vocal fold oscillation when the biomaterials 
are implanted into the vocal fold mucosa12

, their in vivo shear 
properties will likely change over time because ofbiological 
assimilation of the implant. In order to assess the short-term 
and long-term in vivo effects of the implant on the shear 
properties of vocal fold mucosa, the change of tissue shear 
properties as a function of time should be studied in future. 
This could be done in animal experiments, where the shear 
properties of vocal fold mucosa undergoing implantation 
may be measured at different preoperative and postopera
tive stages. 

Another limitation was that viscoelastic data were 
only obtained at relatively low frequencies, despite a fre
quency range of three decades (0.01 Hz to 15Hz). Because 
of limitations of the rheometer, the highest frequency at 
which meaningful measurements could be made was 15Hz. 
As this was approximately an order of magnitude below 
typical frequencies of vocal fold oscillation (usually >100 
Hz), empirical and theoretical extrapolations of the data to 
audio frequencies need to be done12.24, and these extrapola
tions have to be validated by further empirical measure
ments at higher frequencies. 

Assuming that the results of the present study could 
be extrapolated to frequencies of phonation, our data sug
gest that hyaluronic acid is potentially useful as a bioimplant 
for the surgical management of vocal fold mucosal defects 
and lamina propria deficiencies. Hyaluronic acid at a con
centration of 0.5-1.0% seems to show the optimal shear 
properties (particularly viscous shear properties) for vocal 
fold oscillation and "easy onset" of phonation. The inclusion 
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of fibronectin in hyaluronic acid may make the implant 
more biologically optimal for the vocal fold mucosa be
cause of the positive role fibronectin plays in wound heal
ing37, which may be helpful for the metabolicrepairoftissue 
damage in the lamina propria. Further studies should be 
conducted to investigate whether the potentially facilitative 
effects of hyaluronic acid could last beyond the initial 
postoperative periods, after it is being assimilated by body 
tissue reactions. 

In order to use hyaluronic acid as a bioimplant for 
phonosurgery, immunological and other safety concerns 
(like airway compromise and foreign body reactions) should 
be carefully addressed in future animal and clinical studies. 
However, no serious risk is expected because of the fact that 
hyaluronic acid has been extensively used as a bioimplant in 
other surgical specialties for many years, including oph
thalmic, orthopaedic and osteoarthritic surgery32•35• 

Conclusion 
Using a parallel-plate rotational rheometer, sinu

soidal oscillatory shear experiments were performed to 
quantify the viscoelastic shear properties of hyaluronic acid, 
including the elastic shear modulus, the dynamic viscosity, 
and the derived viscous shear modulus. These shear proper
ties were compared to those ofbiomaterials commonly used 
in treating vocal fold paralysis or vocal fold mucosal defects 
(Teflon, gelatin, collagen, and fat). It was found that hyalu
ronic acid at specific concentrations (0.5-1.0%) had viscous 
shear properties similar to those of the average human vocal 
fold mucosa, and that fibronectin did not significantly affect 
the shear properties of hyaluronic acid. These findings 
suggest that, biomechanically speaking, hyaluronic acid 
(with or without fibronectin) may be a potentially optimal 
bioimplant for the surgical management of vocal fold mu
cosal defects and lamina propria deficiencies. It likely 
facilitates vocal fold oscillation, particularly the "ease of 
vibration onset", at least during the initial postoperative 
periods. Further research should be directed toward under
standing the short-term and long-term in vivo effects of 
hyaluronic acid and fibronectin on the vocal fold mucosa. 
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Abstract 
The geometric structure of the cricothyroid muscle 

(CT) and thyroarytenoid muscle (TA) was quantified in six 
human and three canine larynges. Each muscle was divided 
into a series of fiber bundles. Using a three-dimensional 
micrometer probe, the coordinates of the origin and inser
tion of each bundle was measured before dissection. It was 
found that the mass of the CT muscle in the canine was 1.463 
± 0.280 grams, which was significantly greater than the 
0.9423 ± 0.123 grams in human. This was a result of the 
cross-sectional area of the canine CT being 105.3 ± 11.6 
mm2 instead of 73.8 ± 7.4 mm2 for human. However, the 
ratios of CTrr A mass and cross-sectional area between two 
groups were not significantly different, suggesting that the 
two muscles grow proportionally. 

Introduction 
The intrinsic muscles of the larynx are essential in 

the control of loudness, pitch, and voice quality in speaking 
and singing. These muscles are part of a cooperative system 
used for the purpose of widening the glottis (abduction), 
closing the glottis (adduction) and lengthening the vocal 
folds. The mechanism of lengthening the vocal folds is of 
particular interest in this study; therefore two intrinsic 
muscles, the cricothyroid (CT) and thyroarytenoid (T A), 
were chosen for a comparative analysis of fiber orientation 
and size. These two muscles are responsible for most 
mechanical actions within the larynx that affect pitch con
trol. 

Because the thyroarytenoid and cricothyroid are in 
direct opposition to each other, they are used differentially 
as regulators of fundamental frequency 1• Many studies have 

clarified the function of the cricothyroid muscle in phona
tion using electromyography2•5(EMG), morphological tech
niques6 and experiments on canines7

•
9

• These studies indi
cate that increased cricothyroid activity raises fundamental 
frequency, all else being constant. The cricothyroid muscle 
usually acts in a "non isometric" mode and decreases its 
length during contraction. This decrease of length could 
reach up to 50% at high pitches10• 11 • Furthermore, in the 
singer's chest voice, the activity of the cricothyroid muscle 
is increased with fundamental frequency and only in falsetto 
register does it reach its maximum3• 10• 

The function of the thyroarytenoid muscle, how
ever, is less clear in fundamental frequency (Fo) control. 
Increased activity of the cricothyroid muscle raises Fo 
whereas increased activity in the thyroarytenoid muscles 
may either raise or lower Fo.4.s·9•

12 Tension of the vocal fold 
is controlled by the vocal fold length. Greater contraction of 
the muscle will lower Fo because the active tension in the 
thyroarytenoid is outweighed by reduced tension in the 
cover because of a decrease in length. 

The cricothyroid and thyroarytenoid work together 
as agonist/antagonist pairs10•13 as they cause rotation and 
gliding around the cricothyroid joint. In order to solve the 
dynamics of this rotation and gliding, it is necessary to know 
the net clockwise and counterclockwise torques that are 
produced by the contractions of both the cricothyroid and 
thyroarytenoid muscles. Their individual torque depends 
on the magnitude of force, the line of action and the moment 
arm. If it is assumed that muscle bundles are activated 
equally then the force can be proportional to the cross
sectional area of the muscle, the effective torque can be 
calculated from the individual bundle's geometry (coordi
nates of origin, insertion, and cross-sectional area). Thus 
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the knowledge of muscular fiber length and orientation is an 
essential in any estimate of torque and moment arm of the 
cricothyroid rotation. 

A comparative analysis between the anatomy of 
the human and canine larynx is important when studying 
these muscles because much of the knowledge we gain 
about the vocal mechanism is obtained from animal experi
mentation. The canine larynx has been a popular substitute 
for the human larynx in a variety of studies because of its 
similar size and gross structure. It is critical, however, to 
identify differences that occur between the two species 
before application can be made to human function. 

The purpose of this study was to examine the 
differences between orientation, length, mass and cross
sectional area of the canine and human larynx and discuss 
their implications for pitch control. This will be done mainly 
in terms of ratios between cricothyroid and thyroarytenoid 
measures, which are most helpful for identifying differences 
in overall function. 

Methodology 
Human and Canine Tissue Collections 

Human larynges from autopsy were obtained from 
the Department of Pathology at the University of Iowa or 
from the University of Utah. The six male larynges were 
collected and slowly frozen 5 to 19 hours after death and 
after the stages of rigor mortis in the neck region were 
completed. Their ages were 36, 65, 74, 78, 41, 71 years 
respectiv_ely. All larynges were obtained from individuals 
with no history of head or neck trauma and no laryngeal 
disease. The canine larynges were obtained from the Uni
versity of Iowa Animal Care Unit after having been sacri
ficed for experimentation in a cardiovascular research labo
ratory. The three male specimens were obtained immedi
ately after death and submerged in 0.9% saline solution. The 
ages of the specimens were estimated by a University 
Veterinarian on the basis of dental development and were 
found to be no more than one to two years old. All specimens 
were mixed Labrador and German Shepherd breeds ranging 
in size from 25 to 26.1 Kg. All larynges were obtained from 
canines with no evidence of head or neck trauma or disease 
of the larynx. 

Preparation of Tissue 
The human larynges were frozen slowly following 

autopsy and stored for several days in a freezer ( -4 °C). They 
were also thawed slowly at room temperature before mea
surement. In order to minimize the effects of dehydration, 
the fluid balance of the dead tissue was maintained by 
keeping the larynx submerged in a 0.9% saline solution at 
room temperature before each measurement. Throughout 
the dissection procedure and after each fiber was removed, 
the saline solution was applied to maintain hydration of each 
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muscle and all dissected fibers. To prevent excessive 
hydration the fiber was placed on absorbable paper for a 
brief moment to soak up surface saline before being weighed. 
The remaining tissue was submerged in .9% saline solution 
and stored in the refrigerator ( +4 °- C) after each muscle was 
dissected. 

The canine larynges were also submerged in 0.9% 
saline solution following removal and stored in the refrig
erator ( +4 °C) for 20 to 48 hours before measurement. 
During dissection, the canine larynges were protected against 
dehydration using the same procedure used for the human 
larynges. Thus, the processes immediately after harvesting 
were different for canine and human samples (freezing in 
human), but storage during dissection was similar. 

Fiber Dissection 
Universal safety precautions were used for all 

dissection procedures. Micro dissection scissors, light
weight sand papers, scalpels, and tweezers were used to 
remove unwanted fat, fascia, and nerve tissue. The excised 
larynges were prepared such that only the major cartilages 
(thyroid, cricoid, arytenoid, and a piece of the trachea) and 
intrinsic muscles remained as the framework. Excess tissue 
was removed to expose the cricothyroid muscle (CT), in 
particular the pars recta (PR) and the pars obliqua (PO). 
Superiorly, all the tissue was removed to the level of the true 
vocal folds. The vocal fold mucosa and ligament were also 
removed so that all the thyroarytenoid muscle (T A) fibers 
were visible. To minimize tissue alterations, the same 
person performed all fiber dissections. 

The second step in this procedure was to mount the 
larynx on a lab bench such that the cricoid cartilage was 
fixed. Rotation of the other cartilage allowed the axis of 
rotation (through the cricothyroid joint) to be determined. A 
pin was inserted through both cricothyroid joints to establish 
the origin of the coordinate system and to keep the joints 
from rotating and slipping. The cricothyroid joint consti
tuted one of the primary reference points. The midline of the 
lower border of the anterior arch of the cricoid cartilage 
constituted the second primary reference point and the 
anterior commissure constituted the third primary reference 
point. A pin was also inserted through the cricoarytenoid 
joint to keep the arytenoid from sliding or rocking in any 
direction. The three-dimensional geometry of the larynx 
was quantified with a three-dimensional mechanical posi
tioning system composed of three orthogonally-mounted 
micrometers. Vernier markings allowed the position of each 
slide to be read to an accuracy of 0.1 mm. The range of 
measurement was determined so that the larynx could re
main in a fixed position until all the data for that muscle was 
collected. Several additional reference points on the major 
cartilages (thyroid, cricoid and arytenoid) were recorded 
with the device to indicate where the origins and insertions 



were in reference to the whole laryngeal framework. It 
should be noted that the left CT muscle and the right T A 
muscle were dissected for each specimen. Ease of dissection 
and apparatus limitations were the primary reasons that 
muscles of the same side were not used for each specimen. 
Symmetry was thus assumed in each case for analysis, but a 
test for symmetry in terms of bulk mass was performed (see 
below). 

The third step in this procedure was to isolate fiber 
bundles on two separate portions of the CT muscle (PR and 
PO) and on the TA muscle (vocalis and muscularis). The 
vocalis and muscularis portions were not easily defined; 
therefore, there was no distinction made between the two 
portions in the TA. Muscle fiber bundles were defined by 
removing the thin layer of fascia and gently rubbing the 
muscle across the grain to separate the various fascicles. The 
fiber bundles were removed according to muscle definition 
and ease of separation. Superficial layers were separated 
and removed first to expose deeper layers of bundles. Three
dimensional coordinates of origin (Xi, Yl , Zl ) and insertion 
(X2, Y2, Z2) were recorded for each fiber bundle. 

Mass Measurement 
Each dissected muscle fiber bundle was weighed 

on an electronic balance (Mettler model AE I 00, 0.1-mg 
accuracy) after removal from the muscle. The mass of each 
muscle fiber bundle was recorded and accumulated to rep
resent the total muscle mass of the CT muscle, PR and PO 
bellies of the CT muscle and the TA muscle. The contralat
eral muscles were also weighed on the balance and recorded 
for five of the six human larynges and three of the three 
canine larynges. 

Length and Angle Calculations 
The length of each dissected muscle fiber bundle 

(L ) was determined from the three- dimensional coordinates 
of origin and insertion points as 

After the lengths were recorded for each muscle fiber, the 
average length was determined for the complete muscle. 
The angle 6 of each muscle bundle in XY plane relative to 
was calculated from 

B = tan-1 ( Y2-Yl) 
X2-Xl 

In other planes such as YZ plane, it was calculated similarly 
(see Figures I. and 2). Then the range of angles for the 
complete muscle and its average was calculated for CT, T A, 
PR and PO muscles. 

CORONAL 
XZVIEW 

90' 

SAGGITAL 
YZVIEW 

Figure 1. XZ und Y2 views of the thyroarytenoid muscle. 
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Fig ure 2. XZ and Y2 views of the cricothyroid muscle. 

Area Calculation 
The cross-sectional area of each bundle, A was 

calculated from 

m 
A=-

pL' 
wherem is the bundle mass, p is the density of muscle tissue, 
and Lis the bundle length. The area of each muscle fiber 
bundle was recorded and added together to represent the 
total muscle area of the complete muscle. 

Statistical Analysis 
The CT muscle, PR, PO and TA muscle were 

measured with respect to average length, total muscle mass 
and total cross-sectional area of the muscle. In order to 
account for the discrepancies in sample' s geometric struc
ture and make appropriate between-group comparisons, a 
nonparametric statistical test with the level of significance 
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value of p=0.05 was used (Mann-Whitney U Test14
). It 

compared these muscles in the human and canine on their 
characteristics: 1) Muscle mass, 2) CTff A mass ratio, 3) 
Muscle length, 4) Muscle cross-sectional area, 5) CTffA 
area ratio, and 6) Orientation angle. 

Results 
Comparative Mass Results 

The total mass of CT, its PR and PO bellies and TA 
muscles were measured for six human larynges and three 
canine larynges. The total mass of the contralateral muscle 
was also measured for five of the human larynges and three 
of the canine larynges. Figure 3 shows that average total 
mass of the human CT muscle (denoted HCT on the bar 
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graph) is 0.9423 g (SD=0.1228 g). The average total mass 
of the canine CT muscle (denoted CCT) is 1.4632 g 
(SD=0.2802 g). Results of the Mann Whitney U Test re
vealed significant between-group differences (p=0.0155) in 
total mass for the CT muscle. Therefore the canine CT 
muscles used in this study (large mongrel dogs) had about 
0.5 g more mass than the human CT muscles. Similarly, the 
canine T A muscles had about 0.56 g more mass than human 
TA (p=O.OO l). 

Comparative Length Results 
The average lengths of the CT muscle, its PR and 

PO bellies, and T A muscles were calculated for six human 
larynges and three canine larynges. Figure 4 shows that the 
average length of the human CT muscle is 13.8 mm (SD= 1.0 
mm). The average length of the canine CT muscle is 15.2 
mm (SD=0.4 mm). There is a significant between-group 
difference (p=0.0478) in average length for the CT muscle; 
the canine CT muscles used in this study were longer than 
the human CT muscles by about 1-2 mm. Similarly, the 
canine TA muscles were about 3.6 mm longer than human 
T A muscles (p=0.0476). 

Comparative Cross-sectional Ar ea Results 
Figure 5 shows that the average cross-sectional 

area of the human CT muscle is 73.8 mm2 (SD= 7.4 mm2
) and 

the average cross-sectional area of the canine CT muscle is 
I 05.3 mm2 (SD= 11 .6 mm2). There is a significant between
group differences (p=0.0238) in total muscle cross-sec
tional area for the cricothyroid muscle, with the canine CT 
cross-sectional area being about 30 mm2 greater than the 
human. Similarly, the canine TA muscle with average cross
sectional area of63.8 mm2 is about 50 % thicker than human 
TA with 40.9 mm2 cross-sectional area (p=0.0238). 
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Comparative M ass and Cross-sectional Area Ratio 
The ratios of total CT muscle mass to total T A 

muscle mass were calculated to eliminate the effects of 
muscle bulk and atrophy due to the age of each specimen. 
Ratios were also useful in comparing the relationship be
tween the total mass of the two agonist/antagonist muscle 
pairs within each larynx. Mass ratios were calculated for six 
human larynges and the three canine larynges. The ratios of 
the contralateral muscles were also calculated for five of the 
human larynges and three of the canine larynges. Figure 6 
shows that the average CT!TA mass ratio of the human 
muscles is 1.10506 (SD=0.0999). The ratio for the canine is 
1.0466 (SD=0. 1 078) which does not show any significant 
between-group difference (p=0.119). Cross-sectional area 
ratios were also calculated for six human larynges and the 
three canine larynges and shown in the same Figure. The 
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Figure 7. Orientation angles of CT muscle in XZ plane. 

CT!T A cross-sectional area ratio of the human muscles is 1. 8 
(SD=0.3). This ratio for the canine is 1. 7 (SD=O. l ), showing 
no significant between-group differences (p=0.38 1). 

Compara tive Angle Results 
Figure 7 shows that the average orientation angle 

(from vertical position) of the pars recta (PR) belly of the 
human cricothyroid is 31.2° (SD=2.5°) in the XZ plane 
(coronal). The same angle for the canine is 25.5° (SD=2.8°) 
with a significant between-group differences (p=0.0238) of 
about 5-6 degrees. This means that the canine CT muscle lies 
more vertical. The pars oblique bellies of human and canine 
have average values of47.2° (SD=9.3°) and 38.3° (SD=6.6°) 
in the same plane which indicate human PO muscle is more 
horizontal than canine. 

These muscles have different angles in YZ plane 
(midsagital). Figure 8 shows that the pars recta belly has an 
average angle of 24.1 o for human and 8.2° for canine 
samples. This is a significant difference (p=0.0476) that 
indicate the canine PR muscle is more vertical in mid
saggital plane than human PR muscle. These angles for 
human and canine pars oblique muscles are 63.9° and 40° 
showing the human pars oblique is more horizontal in the 
YZ plane. 

Figure 9 (following page) shows the average angles 
of TA muscles of the human and canine samples. These 
angles are based on the measurement in the XY plane 
(transverse view) and saggital YZ view as shown in the 
Figure 2. The average angle for the human T A is 11.0° 
(SD=3.3) and for the canine TA is 17.4° (SD=6.3) which 
indicates canine vocal folds at equilibrium position is more 
abducted than human vocal folds. The average T A angles in 
the saggital plane are 13.9° and -0.8° indicating that canine 
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T A is almost horizontal but human TA is tilted upward from 
anterior to posterior. However these TA angle differences 
are not statistically significant. 

Discussion 
Mass and cross-sectional area were significantly 

larger in our canine larynges than in our human larynges. 
However, the mass and cross-sectional area ratios show that 
the relationship between these two muscles is similar in the 
two species. If we assume that all the muscle bundles are 
equally activated, the force produced by each bundle is 
proportional to its cross-sectional area. Studying the mass 
and cross-sectional area ratios allows us to predict that the 
cricothyroid is capable of producing greater forces in the 
elongation and rotation processes11

• Cross-sectional area 
calculations, however, assume that the fiber bundles are of 
uniform diameter along their length. This was not necessar
ily the case. The fiber bundles are thinner at their origin and 
insertion than in the center. This should be considered for 
modeling procedures in the future. 

When comparing the mass measurements in this 
study to those of Faaborg-Andersen2, the total mass of the 
cricothyroid was remarkably similar (942 mg compared to 
954 mg for human CT). Cross-sectional area calculations 
were also similar (74 mm2 compared to 60 mm2

) for the 
cricothyroid muscle. The mass of the thyroarytenoid was not 
similar because Faaborg-Anderson2 used the thyrovocalis 
portion only, while our study used the whole thyroarytenoid 
(823 mg compared to 318 mg). 

Length 
The length measurements in this study are within 

the range of length measurements reported by Hirano et al15
• 

Their length measure included both the membranous and 
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cartilaginous portions. Their data suggested that the vocal 
fold length range from 17 to 21 mm in males, whereas in this 
study the average length of the human thyroarytenoid muscle 
was 18.3 mm. The canine thyroarytenoid muscle in this 
study was 21.9 mm, which is longer than the range of 15- 19 
mm reported by Alipour & Titze16

• The exterior portion of 
the cricothyroid muscle has longer muscle fiber bundles 
than the deeper portion of the muscle. Therefore, the 
difference in length measurements with those reported by 
Ali pour & Titze16 is likely due to the fact that their samples 
were prepared from the medial portion of canine TA muscle. 
Overall, the lengths of the cricothyroid and thyroarytenoid 
muscles were significantly longer for our canines than our 
humans. The exception was the pars obliqua belly of 
cricothyroid. Although not statistically significant, it was 
longer in the human than in the canine. 

Orientation and Pitch Control Issues 
Differences between human and canine orientation 

angles of these muscles may be due to phylogenetic effects 
within the human race17

•
1
K. A more horizontal orientation of 

both of the cricothyroid bellies (PR & PO) may contribute to 
more backward displacement or retraction of the cricoid 
arch 10•11 . Many investigators 17-21 believe that this ventrodorsal 
sliding significantly affects changes in vocal fold length. It 
can be hypothesized then that the human mechanism is more 
capable than the canine mechanism to produce dramatic 
changes in length. Perhaps that is why the human instrument 
is more versatile and can produce octave jumps in pitch 
within a second during singing. It may be noteworthy that 
the orientation of the thyroarytenoid was not significantly 
different between the human and canine specimens. 

Important Similarities and Differences 
Pressmen & Kelemen22 stated that identifying cer

tain details in the comparative anatomy of the larynx is of 
great importance to the physiologist, especially if laboratory 
experimentation is concerned. The greatest part of our 
scientific knowledge of the physiology of the larynx comes 
from observations of laboratory animals. Considering this 
fact, it is important to identify these differences in structure 
from one species to the nex4 even though they may appear 
very similar. Differences in innervation, quantitative muscle 
relationships, patterns of cartilaginous structure, and posi
tion and size are important. These differences contribute to 
the difficulty of applying knowledge gained by animal 
experimentation to human conditions. 

The larynx of large canines is similar to the human 
larynx in terms of size and vocal fold histology; however, 
there are a few additional differences related to the two 
muscles that may be noteworthy to mention after dissection. 
An obvious difference was the absence of the vocal ligament 
in the canine. Titze et al.4 comment that the canine larynx is 



not an ideal model of the human larynx when discussing 
pitch control and vocal fold tissue morphology because the 
vocal ligament is absent. After examining both the human 
and canine cricoid cartilages and their relationship to the 
cricothyroid muscle, another obvious difference is noted. 
The human cricothyroid muscle appears to be set into a 
groove within the cricoid cartilage and the canine cricothy
roid muscle appeared to be more exposed and bulky. Per
haps this could be related to body proportion differences 
within the two species. The neck of a canine is large and 
muscular in proportion to the rest of its body, while the neck 
of a human is proportionally much thinner. This could be 
related to each species' normal anatomical position and 
gravitational effects on that position. Perhaps it could also 
be related to the uniqueness of the human muscular frame
work that results in a more versatile and specialized instru
ment. 

In spite of these differences, much of the informa
tion on the mechanics of vocal fold vibration has emerged 
from the study of excised canine larynges. A number of 
studies suggest that excised larynges do not accurately 
reproduce physiologic conditions of vocal fold tension and 
mass during vibration23• Moore & Berkes believe that in 
vivo canine models appear to be better than excised larynges 
because they maintain blood flow and intrinsic laryngeal 
muscular tension while preventing postmortem deteriora
tion of the tissue. Choi et al.9 also suggests that "despite 
differences in structure between human and canine laryn
ges, in vivo canine studies are well suited for examining 
questions about fundamental frequency in phonation, be
cause the basic gross function of major laryngeal muscles 
are quantitatively the same for the two species." Hast24 was 
a strong supporter of the use of the canine larynx and 
commented that the physiological similarity of the canine 
supports the canine's value for research on the mechanisms 
of the larynx. 

Moore & Berkes recognized that "the use of ani
mals to study laryngeal function provides a setting in which 
new concepts can be tested, while at the same time allowing 
manipulation of variables not easily controlled in humans." 
Traditionally, investigators have used the canine as their 
principal animal model on which laryngeal studies have 
been based. That is why it is so important to know if the 
canine model truly represents a human when discussing 
pitch control. 

Conclusions 
Mass and cross-sectional area ratios of the human 

and canine specimens in this study suggest that the basic 
gross function of the two muscles is the same for the two 
species. However, the differences in fiber orientation could 

alter the biomechanical function between the two muscles. 
Data collected in this study from the cricothyroid muscle 
will be useful for calculating the torque acting on the 
cricothyroid joint to change vocal fold length. These calcu
lations will help establish the functional relationship be
tween the muscles in pitch control and provide a three
dimensional picture of the dynamics of rotation. The data 
will also be used for a three-dimensional reconstruction of 
the muscular attachments in the laryngeal framework. As 
always, it would be beneficial to have more subjects of 
different age and sex to interpret differences in laryngeal 
control in the developmental and aging periods. 
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Submental surface electromyographic recordings 
are commonly used in the investigation of swallowing 
disorders. The measured electromyography is thought to 
reflect the actions of floor-of-mouth muscles. While this is 
a reasonable assumption, to date there have been no inves
tigations to delineate which muscles contribute to this 
surface recording. The primary goal of this experiment was 
to determine which muscles contribute most to the submen
tal surface. Electromyography was recorded simultaneously 
from the submental surface as well as from five individual 
muscles: mylohyoid, anterior belly of the digastric, genio
hyoid, genioglossus and platysma. Three analysis methods 
were performed to estimate individual muscle contribu
tions: correlation, numeric and analytic. For the numeric 
and analytic analyses, a linear model was defined and used 
to represent the relationship between the surface and intra
muscular recordings. Muscles that received a high correla
tion, numeric and/or analytic value were considered to be 
primary contributors to the submental recording. Regard
less of analysis approach, the primary contributions to the 
submental surface recording were the mylohyoid, anterior 
belly of the digastric, and the geniohyoid muscles. Contri
butions from the genioglossus and the platysma muscles 
were minimal. Contributions as a function of bolus volume 
and viscosity are also discussed. 

Introduction 
Electromyography (EMG) has been utilized to 

estimate muscle activity in people with normal and disor
dered swallowing. Electromyographic signals are detected 
by using electrodes that are placed either intramuscularly, 
to provide information about an individual muscle, or on 
the surface of the skin near the muscle or muscles of 
interest. Using the latter detection method, activity may be 
recorded from a number of muscles in the region of the 
electrode (Koole, de Jongh, & Boering, 1991; Perry, 
Easterday & Antonelli, 1981 ). In the investigation of swal
lowing and its disorders, typically surface electrodes are 
used and placed on the submental skin's surface to mea
sure muscle activity (see for example, Barofsky, 1995, 
Bryant, 1991; deLarminat, Montravers, Dureuil, & 
Desmonts, 1995; Huffman, 1978; Shaker et al., 1995; 
Sukthankar, Reddy, Canilang, Stephenson & Thomas, 1994 ). 
These surface recordings serve as an estimate of the com
bined activity of muscles in that region. Due to the proxim
ity of floor-of-mouth musculature to the submental surface 
electrodes, a burst in EMG activity recorded from the 
submental region is considered to be the result of the 
combined activity from individual floor-of-mouth muscles, 
specifically the mylohyoid, geniohyoid, and anterior belly 
of the digastric muscles. While there are data available 
regarding the individual actions of these various muscles 
during the swallow (Doty & Bosma, 1956; Gay, Rendell, & 
Spiro, 1994, Hrycyshyn & Basmajian, 1972), the contribu
tion of these individual muscles to the submental surface 
recording has not been investigated. In the absence of 
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experimental evidence, investigators that use submental 
surface EMG must consider that the recorded activity may 
not solely reflect the behavior of the aforementioned 
muscles. Other muscles in the submental region may also 
provide input to the recordings obtained from the submen
tal surface. For example, due to their close proximity to the 
submental surface recording site, the platysma or genio
glossus muscles may contribute to signals recorded from 
the submental region. 

Both bolus volume and viscosity have been shown 
to alter the submental recording. Cook and colleagues 
( 1989) reported that the duration and peak of the submental 
recording increased with bolus volume. Ertekin and col
leagues ( 1997) confirmed these findings. Contrary to the 
above two investigations are the data of Dantas and Dodds 
( 1990). They evaluated bolus volumes from 2 m1 to 20 m1 
and did not find any volume-specific increase in the dura
tion of the submental EMG. 

Although less often investigated, the results from 
studies that have evaluated the effects of bolus viscosity 
are more consistent across studies. With few exceptions, 
regardless of the instrumentation used or variables evalu
ated, previous investigators have reported statistically sig
nificant alterations in the swallow behavior as a function of 
bolus viscosity (Dantas & Dodds, 1990; Ertekin et al., 
1997; Pouderopx & Kahrilas, 1995; Reimers-Neil, 
Logemann & Larson, 1994; Ren et al., 1993). With regard 
to submental EMG, increased viscosity resulted in in
creased magnitude and duration of the recorded signal 
(Dantas & Dodds, 1990; Ertekin et al., 1997; Reimers-Neil 
et al., 1994). 

The purpose of this experiment was to examine 
the relative contributions of five individual muscles in the 
submental region to the electromyographic recordings 
obtained from the submental surface during various swal
lowing tasks. The contributions of various muscles to the 
submental surface recording were explored by performing 
EMG recordings from individual muscles while simulta
neously recording EMG from the submental surface. EMG 
contributions were evaluated as a function of bolus volume 
and viscosity. A secondary goal of this study was to test a 
linear model that had been developed to represent the 
relationship between the individual muscles and the sur
face recording. 

Methods 
Subjects 

Seven healthy adult volunteers without any his
tory of speech or swallowing disorders between the ages of 
21 and 37 participated in this investigation. Male subjects 
were instructed to shave their chin and neck region prior to 
their participation. All procedures were performed in ac-
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cordance with the policies of the Human Subjects Commit
tee of the University of Iowa. 

Procedure 
Upon completion of human subject consent forms, 

subjects received a brief head and neck exam performed by 
an otolaryngologist. No head and neck abnormalities were 
identified. Subjects were then seated in a semi-reclined 
position. After scrubbing the skin on the forehead, a refer
ence electrode was adhered to the forehead using prefabri
cated monitoring electrodes. The wire lead from the moni
toring electrode was connected to the reference input of an 
electrically isolated preamplifier. 

Electrode Placement 
Bipolar hooked-wire electrodes were prepared 

using 0.002 inch diameter insulated stainless steel wires 
that were passed through the shaft of a hypodermic needle 
(0.5 inch, 26 gauge needle or 1.5 inch, 25 gauge needle). 
Insulation was removed from 1.5 mm of the ends of the 
wires protruding from the tip of the needle; these ends were 
then bent back to form hooks. Electrodes were sterilized 
with an autoclave prior to use. 

Bipolar hooked wire electrodes were used in a 
near-field configuration, and inserted into the following 
muscles using the following insertion criteria. 

Mylohyoid Muscle. Using a technique similar to 
Lehr et al. (1971), insertion for the mylohyoid muscle was 
made approximately 3.3 em posterior to the genium, slightly 
off midline. The needle was inserted in a shallow and lateral 
direction with an average depth insertion of 1.2 em 

Geniohyoid Muscle. In a site next to the insertion 
for mylohyoid, bipolar hooked-wire electrodes were placed 
into the geniohyoid muscle using a transcutaneous inser
tion similar to Hirose (1971). The needle was advanced 
slightly lateral with an average depth of 2.7 em. 

Anterior Belly of the Digastric Muscle. While 
asking the subject to open his/her mouth against resistance, 
the anterior belly of the digastric muscle was palpated and 
the electrode was placed (Hirose, 1971). Electrode inser
tion occurred approximately 3.4 em posterior to the genium 
and approximately 1.6 em from the midline. The average 
depth of insertion was 1.3 em. 

Genioglossus Muscle. Using a technique similar 
to Sauerland et al. ( 1981) a needle was inserted at midline 
into the under-surface of the tongue and advanced in a 
lateral direction. The electrode wires were routed through 
the buccal cavity and diverted out the comer of the mouth. 

Placysma Muscle. Bipolar hooked wire electrodes 
were implanted above the surface of the hyoid bone, ap
proximately 3-4 em lateral of the midline. The electrodes 
were placed just beneath the surface of the skin into this 
thin muscle layer with an average insertional depth of 0.5 
em. 



Table 1. 
Muscle-Specific Tasks Used to Characterize Electrode Placement 

• Openmoutb • Open mouth against resistance 

• Tongue to alveolar ridge • Tongue to chin 

• Protrude tongue • Retract tongue 

• Tongue to nose • Retract lips down (frown) 

• Retract lips up (big smile) • Say lkikl 
• Say/pip/ • Water swallow 

Placement of intramuscular electrodes was char
acterized by having the subject perform a series of muscle
specific tasks. Performance on these tasks was graded and 
compared to previous investigations to note comparisons. 
If data obtained from a particular electrode were consid
ered uncharacteristic of that muscle, then another insertion 
attempt was performed. Table 1 includes a list of the tasks 
used to characterize the above muscles. 

Bipolar surface electrodes (Beckman surface elec
trodes with a diameter of 11 mm) were placed just lateral to 
each side of the midline of the submental region, and 
posterior to the mental protuberance approximately 40% of 
the way between the midpoint of the mentis and the hyoid 
bone. The center-to-center inter-electrode distance was 1 
em. 

Tasks Performed 
Five trials of five swallow tasks (3 ml water bolus, 

10 ml water bolus, 20 ml water bolus, 3 ml bolus of 
applesauce, and a 3 ml bolus of peanut butter) were per
formed by each subject in random order. For all tasks 
except peanut butter, quantities were measured and deliv
ered by the experimenter using a syringe. For peanut butter 
swallows, quantities were measured and placed on a spoon. 
The subject was handed the spoon and asked to place the 
bolus in the oral cavity and hold it there until asked to 
swallow. 

Data Acquisition 
Electromyographic signals were high pass fil

tered (30 Hz) and amplified using a variable gain amplifier 
(B466C Speech Physiology System, University of Iowa 
Bioengineering). After amplification, the signals were low 
pass filtered (2500Hz, 8 pole Butterworth filter) to prevent 
aliasing. Data were digitized at a sampling frequency of 
5000Hz using WINDAQ (DATAQ Instruments, Inc., Ak
ron, Ohio) which was operating on a personal computer. 
Auditory monitoring of individual channels of EMG sig
nals was possible throughout the acquisition period. 

Data Analysis 
Acquired data files were reviewed using WlNDAQ 

software (DATAQ Instruments, Inc., Akron, Ohio). Indi-

vidual tokens were identified and saved into separate data 
files. Processing of EMG signals was performed using 
Matlab (Math works, Inc., Englewood Cliffs, N J. ). For each 
experimental token, amplification gains that were applied 
during data collection were removed. The signals were 
rectified by taking the absolute value of each data point. 
Rectified signals were smoothed using a 20 Hz low pass 
sixth-order butterworth filter function. 

Three methods were used to assess the contribu
tion of the intramuscular EMG signals to the signal re
corded from the submental surface: correlation, analytic 
and numeric. 

Method 1: Correlation Analysis 
For the correlation analysis, the filtered and recti

fied signals of a given subject were normalized to the 
maximum value recorded across all tasks. A zero-lag cross 
correlation was performed between the surface recording 
and each of the individual muscle recordings. Swallow 
tasks differed by both volume and viscosity. Analysis of 
variance was performed to identify any significant task 
differences across the correlation values. For tasks that 
were shown to be statistically different, post-hoc testing 
was performed. In this investigation, only bolus viscosity 
was shown to have a significant effect on the outcome of the 
correlation values. 

To further evaluate the effect of bolus viscosity on 
the contribution of individual muscles to the submental 
surface recording, peak values for each muscle were ex
tracted from each token. Also, integration was performed 
on each token to serve as a gross measure of overall muscle 
activity. Integration and peak values were averaged across 
the seven subjects and compared across the three viscosi
ties. 

Methods 2 and 3: Analytic and Numeric Analyses 
The Linear Model. It was hypothesized that the 

electromyographic activity recorded from each individual 
muscle represented a portion of the EMG signal recorded at 
the submental surface. Bouisset and Maton (1972) com
pared integrated waveforms of surface EMG and intramus
cular EMG from the biceps brachii muscle. They noted a 
linear relationship between the two recording methods. In 
support of the work by Bouisset and Maton, as well as the 
desire to use a parsimonious approach, a linear model of 
submental activity was defined as follows: 

.. 5 

Es,(t) = L ~e, (t) (1) 
i=l 

where i represents the five muscles, e(t) are the time
dependent EMG signals from the intram~scular electrodes, 
and w; represents the weighting coefficient for the activity 
of a specific muscle. 
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How well the modeled submental ( E :mlt)) matches 

the recorded submental signal (Es,(t)) can be assessed by 
summing the difference between the two across the time of 
the swallow token, yielding an error measure as follows. 

error= f[Es, (t)- Es, (t)r . (2) , ... 
A minimization of this error measure can be used to search 
for the best combination of weights for the individual 
muscles. 

Data Normalization. In EMG studies, the filtered 
and rectified signals of a given subject are typically nor
malized to the maximum activity recorded across all tasks 
(e.g., Palmer, Perlman, VanDaele & McCulloch,1993; 
Perlman, Luschei & Dumond, 1989). In fact this was the 
method used in the correlation analysis. However, for the 
linear model used in this experiment (see Equation 1) the 
assumption was that the time-dependent shape of the five 
EMG signals for a given task can be scaled by the weights 
and summed to give a close approximation of the surface 
recording. Thus, it is desired that all of the scaling be 
contained within the weighting values. The typical method 
of normalization by maximum activity across tasks would 
impose an undesired scaling factor prior to the weight 
determination. Instead, each experimental token, after be
in a filtered and rectified, was normalized to its own largest b 

amplitude value giving each signal in a token a final 
maximum value of 1. This same normalization was also 
applied to the surface EMG signal. 

Analytic Analysis. The model defined in Equa
tion 1 contains five unknown variables: the weight values 
of each of the five input muscles. Thus five equations are 
required to perform an analytical solution. By combining 
Equation 1 and Equation 2, error can be redefined as 
follows: 

e"or= llEsM (t)-"H'te. (t)-w2~(t)-M'JE;(t)-~e4(t)-Wses(t)f 
t•1 (3) 

wheree .( t)represents the processed EMG from the ilh muscle 
during the tlh time sample, and w; represents the weight of 
that muscle. 

If error is differentiated with respect to the five 
weight values, the derivative of error with respect to w 1 

could be expressed mathematically. as follows: 

&"or= f[ESM (t)- wlel (t)- wze2 (t)- wleJ (t)- w4e4 (t)- w,e, (t)]el (t) 
~ ~ . 00 

Similarly, error is differentiated with respect to w 2 through 
w resulting in five equations. 

5 
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As the goal is to identify the best fitting weights 
for the assumed solution (Equation 1), Equation 4 is solved 
to produce a minimum error. Minimum error with respect to 
w. is achieved when the differential of error with respect to 
w~ is 0. Thus, to calculate the minimum error, Equation 4 is 
s~t to equal 0. Once simplified, the equation can be repre
sented as follows: 

By substituting y with the numbers 1 through 5, five equa
tions can be defined. 

When one considers the formula for raw correla
tion values, 

N 

C = 2: x(t)y(t) 
;ry rei 

(6) 

then a relationship between correlation and the linear model 
becomes evident. Weight values noted in the linear model 
are a summation of correlation values. A matrix represent
ing the five simultaneous equations can be used to calcu
late the five weights and can be expressed as follows: 

WI c,, c,2 c,3 c.4 cis c,E 

w2 c,2 c22 c23 c24 c2S c2e 

w3 = c13 c23 c33 c34 c3s c3E (7) 

w4 c.4 c24 c34 c44 c4s c4E 

ws CIS C2S C3S C4S CSS CSE 

where C .. represents the correlation between two signals, 
'
1 fi . I the numbers 1 through 5 represent the ve mtramuscu ar 

recordings, and E represents the signal recorded from the 
submental surface. Using this set of equations it becomes 
clear that the weights can be calculated using a multiple 
regression approach. 

A Numeric Analysis Utilizing Optimization. Opti
mization provides an automated method of searching for 
the best-fitting values or weights for undefined variables in 
an equation or model. For this experiment, the linear model 
used during this searching procedure is displayed in Equa
tion 1. Weight values for the intramuscular recording were 
optimized to produce the smallest error between E sm( t) and 

t sm(tJ as noted in Equation 2. 

In the optimization of weights for this model, 
weiaht values were constrained to range from 0 to 1.0. By 
defi~ng a lower boundary of zero, negative coefficients 
could not be obtained. Negative coefficients were not 
permitted based on the assumption that an individual muscle 



can contribute to the submental recording, but it can not 
take away from the recorded surface activity. The defini
tion of an upper boundary, which was defined to be 1.0, was 
based on the assumption that during a strong contraction, 
the activity measured with the surface electrode would not 
exceed the recording obtained from the intramuscular elec
trode (Person, 1963). Thus it was assumed that these con
straints would make the model more physiologically rel
evant. 

Comparison of Analytic and Numeric Analyses. 
When a good optimization algorithm is devised, this proce
dure can be used to verify that the analytic solution has 
indeed identified the best weights. In this scenario, these 
two methods would produce similar results. However, when 
the accuracy of the optimizer is reduced either by defining 
a poor optimizer or using poor start weights, then the results 
generated from optimization will differ from the analytic 
solution. The most common error in optimization is the 
identification of a local minimum, which is assumed by the 
optimizer to be a global minimum. 

Testing the Model 
Across all experimental tokens, two subgroups of 

tokens were defined. The frrst subgroup of tokens was 
comprised of tokens 1, 3 and 5 from each of the five tasks 
across all seven subjects. Data obtained from this subgroup 
were averaged and used as weights for testing the model. 
The second subgroup of tokens, which was comprised of 
tokens 2 and 4 from each of the tasks across all subjects, 
was used to test the weights in the model. Thus, average 
values from the frrst subgroup of tokens were used as 
weights in the second subgroup of tokens. Using Equation 
1, this procedure yielded a modeled submental waveform. 
For a given token, the modeled waveform was correlated 
with the actual submental recording. In addition to correla
tion values, an error value was calculated to quantify the 
difference between the actual submental recording and the 
submental waveform generated by the model. Correlation 
and error values for the two subgroups of tokens were 
compared. 

Development of Weights. Three sets of weights 
were developed using data obtained from the three analysis 
methods. As noted above, for each analysis method weights 
were generated by averaging values from tokens 1, 3, and 
5 across all five tasks and all seven subjects. This resulted 
in a single set of weights (one for each muscle) for each 
analysis method across all subjects and tasks. These weights 
were applied to token subgroup 2. 

Using data from the correlation method, average 
correlation values for tokens 1, 3, and 5, could range from 
-1.0 to 1.0. Negative values were adjusted to zero based on 
the model's assumption that while an individual muscle 

can contribute to the submental recording, it can not take 
away from the recorded surface activity. All positive corre
lation values were retained. These adjusted average corre
lation values served as weights to test the model. 

Although it was possible to obtain values outside 
the desired range of 0 to 1 using the analytic analysis, 
average values did not exceed these physiologic limits, and 
so no adjustments were made. The average analytically
derived values served as weights to test the model. For the 
optimization method, values were constrained such that no 
values could go outside the predetermined physiologic 
range of 0 to 1. Therefore, average optimization values 
were used as weights without any adjustment. 

Calculation of the Error Value. The error value 
was defined as the sum of the squared difference between 
the modeled and actual submental activity for each data 
point in a token. Error was calculated using Equation 2. To 
compare the error values obtained for each token across 
tasks and subjects, an error sum per data point was calcu
lated by dividing the error sum for an individual token by 
the number of data points in that token. 

Results 
Correlation Analysis 

Average correlation values obtained between the 
submental recording and each of the individual muscles are 
displayed in Table 2 and ranged from 0.77 for the mylohy
oid muscle to -0.06 for the genioglossus muscle. Based on 
these average correlations the primary contributors to the 
submental surface recording were the mylohyoid, genio
hyoid, and anterior belly of the digastric muscles. Analysis 
of variance revealed that correlation values obtained be
tween the submental recording and each of the individual 
muscles differed significantly across subjects (p<O.OOOl) 
and tasks (p <0.02). 

Table 2. 
Average, Minimum and Maximum Correlation Values from the 

Correlation Analysis, and Average, Minimum and Maximum Weight 
Values From the Analytic and Numeric Analyses 

MH AD GH GG PT 

Co:rclation Group Mean 0.77 0.15 0.15 .0.06 0.35 

Comlation Minimum Value --o:i1 0.34 0.07 ..O.SI .0.24 

Comlation Maximum Value 0.95 0.94 us- o.62 0.83 

Numeric Group Mean OJI 0.27 0.37 0.07 0.10 

Numeric Minimum Value 0.00 0.00 0.00 0.00 0.00 

Numeric Maximum Value 1.00 1.00 0.97 o.ss 0.49 

ADalytic Group Mean 0.31 0.29 0.36 0.06 0.10 

Analytic Minimum Value .0.44 ..().39 .0.46 .0.28 - .().22--

Analytic Maximum Value 1.25 1.14 0.96 0.57 o.so 
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Figure 1. Average correlation values for the seven subjects. The dashed 
line represents the average co"elation values across all subjects. 

Correlation Values by Subject 
For five of the seven subjects (TM, MB, CF, JB, 

CH) the highest average positive correlation occurred be
tween the submental recording and the mylohyoid muscle 
(range= 0.88 for subject CF to 0. 76 for subject TM) (Figure 
I). For the remaining two subjects (SS, OJ), the highest 
average positive correlation occurred between the sub
mental recording and the geniohyoid muscle (0.90 for 
subject DJ, 0.85 for subject SS). For six of the seven 
subjects (TM, MB, DJ, CF, JB, CH) the anterior belly of the 
digastric muscle showed a high average positive correla
tion with the submental surface recording (range= 0.84 for 
subject DJ to 0.72 for subject MB). For the remaining 
subject (SS), the anterior belly of the digastric muscle 
resulted in an average correlation of 0.59 with the submen
tal surface. For one subject (SS), a high positive correlation 
was observed between the submental recording and the 
platysma muscle (0. 70). For the remaining subjects, a posi
tive correlation was maintained between the submental 
recording and the platysma muscle, however, the correla
tion values were weaker (range= 0.40 for subject JB to 0.15 
for subject MB). 

Overall, there were no strong negative correlation 
values between the submental recording and any of the five 
muscles investigated across all the subjects. However, for 
one subject (JB), a moderate negative correlation was 
noted between the submental recording and the genioglo
ssus muscle (-0.44). For the remaining six subjects, corre
lation values between the submental recording and the 
genioglossus muscle were weaker and ranged from -0.12 
for subjects CF and CH to 0.13 for subject MB. 
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Table3. 
Average Conelation Values for the Five Swallow Tasks 

SM-MH SM-AD SM-GH SM-GG SM-PT 

3 m1 Water 0.79 0.78 0.77 -0.15 0.32 

lOml Water 0.83 0.76 0.82 -0.11 0.37 

20ml Water 0.82 0.78 0.85 -0.08 0.41 

3 ml Applesauce 0.71 0.71 0.66 0.06 0.30 
- -· 

3 ml Peanut Butter 0.70 0.72 0.64 0.00 0.34 

Correlation Values as a Function of Volume and Viscosity 
As displayed in Table 3, the mylohyoid, anterior 

belly of the digastric, and geniohyoid muscles showed 
similar high correlation values with the submental surface 
for all water swallows regardless of volume. For applesauce 
and peanut butter swallows, the correlation values for these 
three muscles fell slightly. For the genioglossus muscle, 
water swallows resulted in low negative correlation values 
which ranged from -0.08 for 20 ml water swallows to -O.lS 
for 3 ml water swallows. For more viscous swallows, corre
lation values between the genioglossus muscle and the 
submental recording remained low, however correlation 
values were positive. For the platysma muscle, the highest 
average correlation between it and the submental record
ing occurred during 20 ml swallows (0.41 ), while the lowest 
correlation occurred during the applesauce swallows (0.30). 

Analysis of variance revealed a significant task 
effect for correlation values between three of the indi
vidual muscles and the submental surface recording:p<0.01 
for the mylohyoid and the geniohyoid muscles, and p<0.03 
for the genioglossus muscle. Pair-wise comparisons re
vealed that for the geniohyoid muscle, peanut butter swal
lows differed significantly from all water swallows (p < 
0.04). Correlation values obtained for applesauce swal
lows differed significantly from 10 ml and 20 ml water 
swallows (p < 0.01). For the mylohyoid muscle, significant 
differences were noted for applesauce versus 10 ml water 
swallows, peanut butter versus 10 ml water swallows, and 
peanut butter versus 20 ml water swallows (p<0.04). For the 
genioglossus muscle, the primary difference occurred be
tween applesauce and 3 ml water swallows (p<0.03). 

Correlation values that were significantly affected 
by changes in viscosity were analyzed further by calculat
ing the peak values as well as the integration of the pro
cessed submental EMG. The submental activity increased 
in both the area under the curve (Table 4) and the peak 
value of the curve (Table 5) as viscosity increased from 
water to applesauce to peanut butter. This increased activ
ity in the surface recording was complimented by increased 
activity in all muscles with regard to area under the curve 
of the EMG. Peak values increased across the three sub
stances for all muscles except the geniohyoid muscle. For 
the geniohyoid muscle an increase was noted from the least 



Table4. 
Average Integration Values (mv * ms) for 3 m1 

Tokens of Different Viscosities for the Submental 
Recording(SM), and the Five Individual Muscles 

SM MH AD GH GG PT 
Water 8.1 25.2 10.2 20.1 5.3 0.6 

Applesauce 11.0 28.7 11.4 21.8 12.5 1.0 

Peanut Butter 19.4 46.5 20.0 22.7 26.1 3.1 

TableS. 
Average Peak Values (mv) for 3 m1 Tokens of 

Different Viscosities for the Submental Recording 
(SM) and the Five Individual Muscles 

SM MH AD GH GG PT 
Water 0.035 0.130 0.052 0.085 0.033 0.003 

Applesauce 0.038 0.140 0.056 0.083 0.047 0.004 

Peanut Butter 0.051 0.173 0.076 0.090 0.051 0.007 

viscous to the most viscous, however peak values obtained 
for water and applesauce were similar. 

Analytic Analysis 
Using a matrix of equations (Equation 7) devel

oped by combining Equations 1 and 2, weights were calcu
lated for each of the five muscles. Individual muscles that 
received a high weight were considered to be primary 
contributors to the submental surface recording. Average 
weight values for each of the individual muscles are dis
played in Table 2 and ranged from 0.36 for the geniohyoid 
muscle to 0.06 for the genioglossus muscle. Based on these 
weight values, the mylohyoid, geniohyoid and anterior 
belly of the digastric muscles can be considered primary 
contributors to the submental surface recording. 

Optimization Method Used for the Numeric Analysis 
Individual muscles that received a high optimiza

tion weight were considered to be primary contributors to 
the submental surface recording. The optimization values 
for the mylohyoid and the geniohyoid muscles spanned the 
allowable range (0-1 ). Average, minimum and maximum 
values are listed in Table 2 and ranged from 0.37 for the 
geniohyoid muscle to 0.07 for the genioglossus muscle. 
Based on the average optimization values, the mylohyoid, 
geniohyoid and anterior belly of the digastric muscles can 
be considered primary contributors to the submental sur
face recording. 

Testing the Model 
Testing the Model Using Adjusted Correlation Values as 
Weights 

Average correlation values were calculated for 
tokens 1, 3, and 5 from the correlation analysis. This 

Table6. 
Average Correlation Values (Avg Corr) and Error Sum Per 

Data Point (Avg Error) for Tokens used to Develop Weights 
(Tokens I, 3, and 5) and Tokens Used to Test the Weights 

(Tokens 2 and 4) for the Three Analysis Approaches 

DevelOP Weights Test Weiahts 
Av2Corr AVJ:Error Av2Corr Avtz.Error 

Correlation Analysis 0.84 0.056 0.85 0.052 

Numeric Analysis 0.86 0.016 0.86 0.016 

Analytic Analysis 0.86 0.016 0.86 0.016 

WeightMethodnCorrelation, r=0.88, Error per data pointn0.052 

~ O.:fL-~A..-"o..-..e~"'~"~~:::c:...:.....____:~o~-:.:a:· ~!\ ----:=· 
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milliseconds 

Figure 2. A sample (token ssas3) of an actual (SM-Signal) and calculated 
(SM-Calculated) submental waveform obtained when correlation values 
were used to calculate weights in the model (Equation 1 ). Error is 
presented in the bonom waveform. 

yielded the following average correlation values for each 
of the five muscles: 0.755 for the mylohyoid muscle, 0.738 
for the anterior belly of the digastric muscle, 0.750 for the 
geniohyoid muscle, -0.056 for the genioglossus muscle, 
and 0.349 for the platysma muscle. To eliminate negative 
values, the average value calculated for the genioglossus 
muscle was adjusted to zero. Utilizing intramuscular EMG 
from tokens 2 and 4, these adjusted correlation values 
served as the weights used to generate a submental wave
form. The calculated output was correlated with the actual 
submental recording. An error value was calculated to 
reflect the difference between the actual and the calculated 
submental activity. 

Table 6 compares group average correlation val
ues and average error sum per data point for the tokens used 
to develop the weights (tokens 1, 3, 5) and the tokens used 
to test the weights (tokens 2, 4). The difference between the 
averages from the two sets of tokens is also included in this 
table. Figure 2 contains a sample of the actual and calcu
lated submental waveform. 
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Table7. 
Average Correlation Values (Avg Corr) and Average Error 

Sum Per Data Point (A vg Error) for the Five Swallow Tasks for 
Weights Developed With Correlation Values 

[)cvdop Wci;bts Tc:stWcip Diffamee Vlhlcs 
(a-b\ {al 

AVtl. ColT~~Eftor AVi. Cofr Aw ifiiW DiiTCorr 
3m!Walcr 0.87 0.049 0.88 0.048 ..0.01 

----.oiiiiwaici-.-o:ii70:"062-- -- 0.87 0.049 0.00 

-·-"iom~wa~cr o.s7 o.oss 0.89 O.OS2 .0.02 

3rn1Applc:sm:c 0.81 0.049 0.82 ·----0.042 .0.01 

Jml pcamii"iiUUCi -o:s7 --- o:044 0.80 0.070 0.07 

WeightMethod~Optimization, ra0.86, Error per data point .. 0.016 
1 

DiiTErr 
0.001 

0.013 

0.003 

0.007 

.().026 
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Figure 3. A sample (token ssas3) of an acrual (SM-Signal) and calcukued 
( SM-Calculated)submentalwavejorm obtained when optimiz.aiton weights 
were used to calculate weights in the model ( EqUiltion I). Error is 
presented in the bottom waveform. 

Correlation values obtained for the two sets of 
tokens did not differ statistically. Across the seven subjects 
the average correlation values for the set of tokens used to 
develop the weights ranged from 0.76 to 0.91 with an 
average of 0.84. The average correlation values for the set 
of tokens used to test the weights ranged from 0.77 to 0.91 
with an average of 0.85. The average difference between 
the correlation values for the two sets of tokens is 0.01. 

For the subgroup of tokens used to develop the 
weights, the processed EMG data resulted in an average 
error sum per data point ranged from 0.012 to 0.137, with an 
average of 0.056. For the subgroup of tokens used to test the 
model, average error sum per data point ranged from 0.011 
to 0.124, with an average of 0.052. The difference between 
the error sum per data point for the two subgroups of tokens 
averaged 0.004. The two sets of tokens did not produce 
statistically different error values. 

For correlation values the primary task difference 
between the two sets of tokens occurred for the peanut 
butter swallows (average difference= 0.07) (Table 7). The 
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set of tokens used to develop the weights produced a higher 
correlation for the peanut butter swallow (0.87) than the set 
of tokens used to test the weights (0.80). This difference 
was also noted for average error sum per data point, which 
ranged from a difference of 0.001 for 3 m1 water swallows 
to 0.026 for peanut butter swallows. For peanut butter 
swallows, the average error sum per data point for the 
tokens used to test the weights was greater (0.070) than the 
average error sum per data point for the subgroup of tokens 
used to develop the weights (0.044). 

Testing the Model Using Optimization Values as Weights in 
the Model 

Weight values used to test the model were calcu
lated by averaging values from tokens 1, 3 and 5 of the 
optimization analysis, which yielded average values of 
0.295 for the mylohyoid muscle, 0.273 for the anterior 
belly of the digastric muscle, 0.380 for the geniohyoid 
muscle, 0.073 for the genioglossus muscle, and 0.103 for 
the pla~sma muscle. Table 6 shows a comparison of group 
correlation values and error sum per data point for the 
tokens used to develop the weights and the tokens used to 
test the weights in the model. A difference between average 
correlation and average error values calculated from the 
two sets of tokens is also included in the table. Figure 3 
shows a sample of an actual and calculated submental 
waveform. 

The two sets of tokens resulted in similar average 
correlation values. Across subjects, average correlation 
values for the sets of tokens used to develop the weights 
ranged from 0.79 to 0.85, with an average of 0.81. For the 
tokens used to test the weights, average correlation values 
ranged from 0. 78 to 0.86, with an average of 0.82. 

For the tokens used to develop the weights, aver
age error sum per data point ranged from 0.012 to 0.022, 
with an average of0.016. For the sets of tokens used to test 
the model, average error sum per data point ranged from 
0.011 to 0.022, with an average of 0.016. There was no 
difference between the error sum per data point for the two 
subgroups of tokens. 

Testing the Model Using Analytically-Derived Values as 
Weights in the Model 

Weight values used to test the model were calcu
lated by averaging values from tokens 1, 3 and 5 of the 
analytical analysis. This yielded an average weight of 
0.285 for the mylohyoid muscle, 0.295 for the anterior 
belly of the digastric muscle, 0.373 for the geniohyoid 
muscle, 0.057 for the genioglossus muscle, and 0.102 for 
the platysma muscle. Table 6 shows a comparison of group 
correlation values and error sum per data point for the 
tokens used to develop the weights and the tokens used to 
test the weights in the model. A difference between average 
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Figure 4. A sample (token ssas3) of an actual (SM-Signal) and calculated 
(SM-Calculated) submental waveform obtained when analytic values were 
used to calculate weights in the model (Equation 1 ). Error is presented in 
the bonom waveform. 

correlation and average error values calculated from the 
two sets of tokens is also included in the table. Figure 4 
shows a sample of an actual and calculated submental 
waveform. 

The two sets of tokens resulted in similar average 
correlation values. For all subjects, average correlation 
values for the tokens used to develop the weights ranged 
from 0.78 to 0.85, with an average of 0.82. For the tokens 
used to test the weights, average correlation values for all 
subjects ranged from 0. 78 to 0.86, with an average of 0.82. 
For the tokens used to develop the weights, average error 
sum per data point ranged from 0.012 to 0.022, with an 
average of 0.015. For the sets of tokens used to test the 
model, average error sum per data point ranged from 0.011 
to 0.022, with an average of0.016. The difference between 
the average error sum per data point for the two subgroups 
of tokens averaged 0.001. 

Comparison of the Three Approaches 
No statistically significant differences were noted 

between the three approaches with regard to correlation 
values (Figure 5). However, the error sum per data point 
generated from the three analysis methods differed statis
tically (p < 0.01). Overall, error sum per data point was 
greater when correlation values were used as weights to test 
the model (Figure 5). 

I>isc~Bon 
Typically, when EMG is used in the investigation 

of swallowing disorders, electrodes are placed on the sub
mental skin's surface. The measured activity is thought to 
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Figure 5. Comparison of the three approaches used to develop weights for 
the modeL The top graph represents the correlation values between the 
actual and calculated submental recording. The bonom graph represents 
the error sum per data point. 

reflect the activity of muscles in the floor-of-mouth region, 
specifically the mylohyoid, geniohyoid, and anterior belly 
of the digastric muscles. This experiment evaluated this 
assumption by simultaneously recording EMG from the 
submental surface and individual muscles: mylohyoid, 
anterior belly of the digastric, geniohyoid, genioglossus 
and the platysma muscles. Three analysis methods were 
performed to estimate individual muscle contributions: 
correlation, numeric and analytic. In the correlation analy
sis individual muscles that showed a high positive correla
tion with the recording from the submental surface were 
considered potential contributors to the surface recording. 
A linear model was developed to represent the hypoth
esized relationship between the individual muscles and the 
surface recording. This model was used in both the numeric 
and the analytic analyses. For the numeric analysis, the 
linear model was used to optimize weights such that the 
best fit between the submental surface recording and the 
sum of the weighted muscle activity was obtained. Using an 
analytic approach, linear equations were used to derive a 
matrix of equations. Muscles that were assigned a high 
optimization value or a high analytic value were consid
ered potential contributors to the submental recording. 

A secondary goal was to test the linear model that 
was developed. In the analysis of the model, weights were 
assigned to each of the five individual muscles and used to 
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calculate a submental wavefonn. This calculated wave
fonn was correlated with the actual submental recording. 
An error value between the two waveforms was calculated. 
It was assumed that if the two wavefonns had a high 
correlation and a low error value then the defined model 
and the weights served as a good estimate of the degree of 
individual muscle contributions. 

Contributors to the Submental Recording 
The Primary Contributors 

Regardless of the analysis method, primary muscle 
contributions to the submental surface recording were 
generally observed from three of the five muscles evalu
ated: the mylohyoid, anterior belly of the digastric, and the 
geniohyoid muscles. For some subjects, the primary contri
butions were not equal across the three muscles. In these 
cases, a major contribution was noted from at least one of 
the three muscles and a minor contribution was noted from 
the remaining two muscles. . 

The subject-specific patterns noted in this inves
tigation are not uncommon in the swallowing literature. 
Previous investigations have identified subject-dependent 
muscle activation patterns during swallowing. Hrycyshyn 
and Basmajian (1972) evaluated fning patterns of muscles 
during swallowing. They reported that approximately two
thirds of their subjects had high agreement in the fning 
sequence observed across all swallows. The remaining 
subjects had a low agreement with the majority of the 
group, although they did have high intrasubject agreement 
These findings were corroborated in a similar investiga
tion. Palmer, Perlman, McCulloch, VanDaele, and Luschei 
( 1995) evaluated patterns of muscle activation during swal
lowing and found that intrasubject pattern agreement was 
higher than intersubject pattern agreement. 

While these previous investigations did not ad
dress the issue of contributions of individual muscles to the 
submental surface, they did report variability in the behav
ior of the muscles of swallowing. Considering that there is 
variability in the temporal firing pattern of the individual 
floor-of-mouth muscles, one would expect some variabil
ity to be evident in the pattern of contributions from indi
vidual muscles. 

The Genioglossus and Platysma Muscles . 
Based on data obtained from all three analysis 

methods, the other two muscles investigated, the genioglo
ssus and the platysma muscles, had lower contributions to 
the submental surface recording. Thus both of these muscles 
may be considered minimal contributors to the submental 
surface recording. 
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'ThskEffectson the Contribution 
Data from previous investigations regarding the 

effect of bolus volume on the submental surface recording 
have been inconsistent. Some investigators have reported 
that the submental recording is sensitive to alterations in 
the bolus volume (Cook et al, 1989; Ertekin et al., 1997). 
Others did not report bolus volume effects (Dantas &Dodds, 
1990; Miller & Watkin, 1996). In this experiment bolus 
volume and viscosity were altered. Increased bolus volume 
did not statistically alter the contribution of the individual 
muscles to the submental recording. 

While it is possible that bolus volume does not 
alter the contribution of the individual muscles to the 
submental surface, limitations in the methodology used to 
evaluate bolus volume should also be considered. ·Perhaps 
the variability in anatomy and the idiosyncratic nature of 
swallowing imply that different guidelines should be con
sidered when defining changes in bolus volume. For ex
ample, Adnerhill, Ekbreg and Grober (1989) asked sub
jects to swallow a comfortable amount of liquid to deter
mine the normal bolus size for thin liquids. They reported 
an average bolus size of 21 mi. However, normal bolus size 
ranged from approximately 10 ml to 30 ml across all the 
subjects. This suggests that a regulated bolus volume such 
as 15 m1 could be perceived as either a small bolus or a large 
bolus depending on the subject. Defining small, medium 
and large boluses by determining an absolute bolus size to 
be used across all subjects may dilute the potential bolus 
volume effect. An alternate method of defining bolus vol
ume should be considered. By measuring a person's aver
age bolus size, incremental increases and decreases from 
that average could serve as smaller and larger boluses for 
that subject. Instead of using absolute bolus volume cat
egories such as 3 ml, 10 ml and 20 ml, bolus volumes could 
be labeled as average bolus size, large bolus size and small 
bolus size, yet the absolute volume that coincides with each 
of those categories would be subject specific. 

Although changes in bolus volume did not alter 
the contribution of individual muscles to the submental 
recording, alterations in bolus viscosity yielded statisti
cally significant differences in the contribution of the 
individual muscles to the submental recording. As viscos
ity increased so did the peak of the EMG as well as the ~ea 
under the curve of the EMG signal. Based on the relation
ship between EMG output and pressure (Jaff~, McCulloc~, 
Palmer & Luschei, 1996), the greater EMG signals associ
ated with more viscous substances implies that more pres
sure is being exerted on the bolus for transport. 

The increased activity that was noted in this cur
rent investigation is consistent with previous investi~a
tions that have shown increased intra-bolus pressure With 
increased viscosity (Dantas, Kern et al., 1990) and in
creased magnitude and duration of the recorded submental 



signal (Dantas &Dodds, 1990; Ertekin etal., 1997; Reimers
Neil et al., 1994). Although, we did not analyze duration of 
EMG activity in this current study, peak values and integra
tion of the filtered submental waveforms increased with 
viscosity. These changes observed in the submental re
cording were also seen in the data from the individual 
muscles. 

ModelingtheSubmentalRecording 
Equation 3 was used as a model to represent the 

relationship between the surface recording and the indi
vidual muscles. This linear equation required weight val
ues for each of the five muscles represented in the model. 
Although the model was tested three times using three 
different sets of weights, all sets biased the system such that 
the mylohyoid, anterior belly of the digastric and the 
geniohyoid muscles were more heavily weighted than the 
genioglossus and the platysma muscles. Strong correlation 
values were obtained between the actual and calculated 
submental recording regardless of which of the three sets 
of weights were used. Thus, based on correlation values 
between the actual and calculated submental recording, the 
model provided an adequate representation of the contri
bution of individual muscles to the submental surface 
recording. 

Although correlation values were high regardless 
of which of the three sets of weight values were used, the 
three sets of weights resulted in somewhat different error 
values. Weights derived from the numeric and analytic 
values yielded lower error values than those obtained when 
weights were derived from the correlation analysis. These 
findings are not surprising considering that the values used 
to develop the weights for the model were optimized to 
keep error at a minimum. This parameter was not consid
ered in the correlation analysis. While it is possible that the 
lower error values are a function of the analysis approach 
used to develop the weights, it is also possible that the error 
values implicate either limitations in the model or contrib
uting muscles that are not accounted for in the model. Thus, 
when error values are regarded as important criteria, the 
weights developed from the numeric and analytic methods 
provided a better representation of the contribution of the 
muscles to the submental surface recording. 

In summary, based on the high correlation values 
between the actual and modeled submental waveform, the 
model provided an adequate estimate of the contribution of 
the five muscles. Taking into account that the error values 
were significantly lower when weights were derived from 
the optimization or analytic analysis method, these weights 
can be considered better estimates of the actual contribu
tion of the individual muscles to the submental surface 
recording. 
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Abstract 
Objective: This paper compared electromyo

graphic (F-MG) amplitude levels of the thyroarytenoid (T A) 
muscle in young and aged individuals and individuals with 
idiopathic Parkinson disease (IPD) under conditions of 
known vocai loudness (sound pressure level). Background: 
Although a voice disorder is frequently associated with 
aging and the hypo kinetic dysarthria ofiPD, it is still unclear 
how laryngeal muscle physiology is affected by these pro
cesses and how potential changes in laryngeal muscle activ
ity result in characteristic changes of the vofce. Methods: 
Absolute and relative( to maximum) EMG amplitudes of the 
TA muscle were compared during phonatory, pre-phona
tory and non-phonatory tasks. Corresponding sound pres
sure level (SPL) measures were obtained for the phonatory 
tasks. Results: Absolute TA amplitudes (expressed in 
microvolts) were consistently the highest in the youno 
individuals ( 1 0. 81 - 29.73 ), lowest in the individuals with 
IPD (3.23- 9.76) and intermediate in the aged individuals 
(6.72- 16.87). Relative TA amplitudes (expressed as a per 
~en~ ~f maximum) were generally the highest for the young 
mdtviduals. (9.11 - 21.56), lowest for the aged individuals 
(3.66 - 11.27) and intermediate (5.08 - 15.27) for the 
~nd~v~duals with IPD. SPL findings showed the young 
mdividuals produced speech tasks with the highest SPLS. 
The aged individuals and individuals with IPD showed 
comparable SPLs for most of the phonatory tasks and these 
levels were consistently lower than the young individuals. 

Conclusions: These findings suggest reduced levels of TA 
muscle activity may contribute to the characteristic 
hypophonic voice disorders that frequently accompany 
aging and IPD. 

Voice disorders are often a primary characteristic 
of the hypokinetic dysarthria associated with idiopathic 
Parkinson disease {IPD). Eighty nine per cent of the 200 
individuals with IPD studied by Logemann et al.,1 presented 
laryngeal dysfunction as one of several dysarthric symp
toms, and approximately half of those individuals presented 
a voice disorder as the only symptom. Perceptual descrip
tors of this hypophonic voice disorder typically include 
reduced loudness2, monoloudness2•3, monotonicitf·3 and a 
~oarse, breathy voice quality1

• Studies investigating acous
uc correlates have shown variable results, but in general 
indicate there are reductions in: voice sound pressure level 
(SPL)4

, fundamental frequency range and variabilit:yS and 
phonatory stability6 in individuals with IPD compared to 
non-disordered individuals. Laryngeal imaging methods 
have identified changes in vocal fold adduction7•8, such as 
vocal fold bowing and an open phase configuration, and 
changes in vocal fold stability8, such as phase asymmetries 
and laryngeal tremor, as some of the more common laryn
geal movement abnormalities that occur in IPD. 
. . Al~ough these findings provide valuable descrip-

uve mformatton about the phonatory disorder observed in 
IPD, a comprehensive understanding of the pathophysiol
ogy underlying this voice disorder is lacking. Very few 
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studies have directly investigated laryngeal muscle function 
in individuals with IPD. Of these studies, higher laryngeal 
muscle activation levels9 and co-contraction of the 
thryoarytenoid and cricothyroid muscles10 were observed 
during speech and maximum gestures in individuals with 
IPD compared to age-matched controls. These laryngeal 
electromyographic (EMG) observations are comparable to 
limb electrophysiologic findings in individuals with IPD 
that are indicative of the pathophysiology of rigidity11 • 

Thus, it has been suggested that stiff or rigid laryngeal 
muscles may contribute to the etiology of the voice disorder 
associated with IPD8•10• However, this interpretation seems 
inconsistent with the hypophonic voice characteristics that 
frequently accompany IPD. Furthermore, it has been hy
pothesized that alterations of cortico-basal ganglionic activ
ity result in reduced facilitation of motoneuron pools12 and 
hypokinetic movements in IPD. These movements are 
characterized by reduced peak and overall EMG ampli
tudes 13 and reduced EMG magnitudes at movement onset14• 

Considering these findings, it is possible that reduced levels 
of laryngeal muscle activity contribute to the voice symp
toms in some individuals with IPD. Additional investiga
tions would clarify how laryngeal muscle function is af
fected by IPD and how changes in muscle function result in 
characteristic changes of the voice. 

This paper compared absolute and relative thy
roarytenoid (TA) muscle amplitude levels in young and 
aged individuals and individuals with IPD under conditions 
of known SPL. investigating theTA was of interest because 
this laryngeal muscle is involved in the control of related 
variables that are affected by hypophonia, such as, vocal 
fold adduction 15•16, SPL and vocalloudness17• Young and 
aged comparisons were included because many individuals 
with IPD are aged and muscular18 and nonmuscular19•

20 

changes have been observed in the laryngeal mechanism as 
a function of age. These changes may influence vocal fold 
movement and acoustic voice parameters and result in 
perceptual changes that are similar to the disordered voice 
characteristics observed in individuals with IPD21

• Without 
group comparisons, it would be difficult to determine if 
potential changes in TA amplitude levels were related to 
aging alone or a combination of aging and a neuropathology. 

Methods 
Participants 

Four young (mean age, 27.7 years), four aged 
(mean age, 73.5 years) and five individuals with IPD (mean 
age, 71 years) participated. The young and aged individuals 
reported good health and no neurological conditions. The 
individuals with IPD were optimally medicated as deter
mined by his or her neurologist and medication was taken 
within 60 to 90 minutes of all procedures. 

Prior to participation, a screening, which consisted 
of a voice, speech and background history and a rigid (Kay 
Elemetrics SN1077) or flexible (Olympus ENF-P3) video 
laryngostroboscopic exam (Kay Elemetrics RLS 91 00) of 
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the vocal folds was performed on each individual to deter
mine if they met certain inclusion criteria. This procedure 
was performed by an impartial speech-language pathologist 
with 14 years of clinical experience. The screening inclu
sion criteria for the young individuals was normal voice, 
speech and vocal fold function. The screening inclusion 
criteria for the aged individuals and the individuals with IPD 
was: a) the presence of hypophonic voice characteristics 
commonly associated with aging and IPD, specifically, 
reduced loudness (volume) and a breathy voice quality and 
b) some level of vocal fold incompetence. Additionally, 
these criteria had to be met in the individuals with IPD while 
they were experiencing the effect of their medication ("on" 
state). Descriptive information for the participants is sum
marized in Tables 1 and 2. 

Data Collection and Analysis 
Each person was seated comfortably in an lAC 

sound treated booth and acoustic, respiratory kinematic and 
laryngeal EMG data were collected. The voice was recorded 
with a head-mounted microphone (AKGC41 0) positioned 8 
em from the participant's mouth. Voice intensity was 
measured at 30 em with a Bruel and Kjaer Type 2230 sound 
level meter (SLM). Respibands were placed on the rib cage 
just below the armpits and on the abdomen centered over the 
umbilicus. Laryngeal EMG data were collected using slightly 
modified bipolar hooked-wire electrodes22

• Each electrode 
consisted of a pair of stainless steel wires (50 J.lm in diam
eter) that were insulated and glued together along their 

Table 1. 
Descriptive lnfonnation for the Young and Aged Participants 

Pt Age (yr.mo.) Sex VFI 

1 29.5 M None 

2 28.2 M None 

3 26.1 F None 

4 27.1 F None 

5 79 M Mild bowing 

6 72.1 M Mild-moderate bowing 

7 68.3 F Posterior gap 

8 74.5 F Moderate bowing 

Note. VFI=vocal fold incompetence. 



Pl. 

Table 2. 
Descriptive lnfonnation for the Participants with 

Idiopathic Parkinson Disease 

Ace (yr.mo.) Sex VFI HclY YPO Mcdicaioa 

78.2 M Modcnte bowing ND SinCIIIet CR. Pamax 

71.7 M MikkPodcnte bowing SiuaDct, Pama:c, Eldcpsy 

6S.I F Moc!cralwcvcre bowins 3.S Sinemd, AlmmdiDe 

78.1 F Sevm: bowiDg SiDcmcl, Sil:lcmd CR. 

S9.9 M Mild bowills ND SiDcmd, Balzot!opicc 

length (bifilar configuration). The bifilar wires were thread 
through a 25 gauge 1.5 inch hypodermic needle and approxi
mately 2 mm of the insulation was removed from the end of 
each wire. The bared wire at the electrode tip was then bent 
back to form a hook. After assembly, each electrode was 
steam sterilized. Electrode insertion was performed by an 
otolarygnologist. First, the laryngeal area near the cricothy
roid membrane was anesthetized and-then an electrode was 
directed through the medial cricothyroid space and angled 
upward and laterally into theTA muscle23

• 

After positioning of the transducers, at least three 
repetitions of sustained vowel phonations24, dry swallows 
and effortful glottal closures (V alsal va maneuvers )22.25 were 
performed to verify TA electrode placement. Once elec
trode placement was confrrmed, each individual produced 
several speech and nonspeech tasks. The speech tasks 
included three comfortable and three maximum sustained 
phonations of the vowel/a/, ten repetitions of the sentence 
"Pop took his socks off, one reading of a standard passage 
(Rainbow passage) and one 30 second monologue describ
ing a "happy day." This allowed TA amplitudes to be 
examined for speech tasks that required relatively simple 
(sustained vowel phonations) and more complex (connected 
speech) levels of laryngeal motor control. Pre-phonatory 
T A activity levels were also measured for these tasks be
cause previous studies have shown that individuals with IPD 
have difficulty producing appropriate levels of force at the 
onset of certain limb movements13• u.27• Measuring pre
phonatory T A activity made it possible to determine if a 
similar type of movement initiation problem affected the 
laryngeal mechanism. The non-speech task consisted of two 
minutes of quiet rest breathing. This task was performed to 
determine if theTA muscle showed increased levels of tonic 
resting and background EMG activity, an observation that 
has been noted in the lip2s.29 and jaw30 muscles of individuals 
with IPD. All tasks were performed by each individual with 
the exception of the comfortable sustained vowel phona
tions and the monologue. One of the aged individuals and 
one individual with IPD did not produce the comfortable 
sustained vowel phonations and one young individual did 
not produce the monologue. 

The EMG, acoustic and respiratory signals were 
recorded to a Sony PC-108M eight-channel digital audio 
tape recorder and simultaneously digitized (5 KHz sample 

mic 

rawTA 

Rd., 
sm. TA 

Figure 1. Example of a microphone (top trace), raw TA EMG (middle 
trace) and rectified and smoothed (200 ms) TA EMG signal (bonom trace) 
for an aged individual's comfortable sustained vowel phonation. Cursor 
placements that quantified phonatory and pre-phonatory EMG activity 
are indicated by the vertical lines. The 500 ms pre-phonatory EMG 
activity are indicated by the vertical lines. The 500 ms pre-phonatory 
segment is indicated by the first and second vertical lines and the 1 s 
segment100 ms after phonation onset, is indicated by the third and fourth 
vertical lines. 

rate) to a Hewlett Packard Pentium/200 MHz computer 
using WINDAQ acquisition software (DATAQ Instruments 
Inc). Before the EMG signals were recorded and digitized, 
they were amplified (20Hz-5KHz) and anti-aliased filtered 
(2.5 KHz). The EMG signals were then zero-meaned, full 
wave rectified, smoothed (moving average constant of200) 
and converted to microvolts. The sound level meter data 
were converted from volts to sound pressure level ( dBSPL). 
This processing was performed using WINDAQ and CO
DAS software (DATAQ Instruments Inc). 

EMG Measurements 
Two EMG measures were obtained from the 

smoothed and converted TA signals: absolute and relative 
T A amplitudes. These measures were acquired by manually 
cursoring out the following segments of the speech and non
speech tasks. A I second segment, 100 ms after phonation 
onset was measured for the comfortable and maximum 
sustained vowel phonations and the segment between pho
nation onset and offset was measured for the sentence 
repetitions, reading and monologue. Prephonatory seg
ments for the comfortable and maximum sustained vowel 
phonations, the reading and monologue were measured 500 
ms before phonation onset and for the sentence productions, 
IOOmsbeforephonationonset. A 100msversus500mspre
phonatory segment was measured for the sentences because 
they were produced consecutively with only a brief inter
sentence interval. Cursor placement for phonation onset and 
offset was determined by using the microphone signal. 
Figure I shows an example of how phonatory and pre
phonatory TA amplitudes were obtained for a comfortable 
sustained vowel phonation. For quiet rest breathing, a 5 
second segment of T A activity was measured 60 seconds 
after the individual was instructed to relax quietly in the 
booth. 
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Because absolute amplitude measures can be af
fected by methodological factors, such as electrode place
ment within the muscle24, relative TA amplitudes were also 
examined for the above segments. Relative TA amplitudes 
were normalized to the maximum TA activation level for 
each individual using the following formula: 

(absolute TA mean for each task/maximum TA mean)* 100 

TAmaximum was determined by scrolling through 
each TA record and visually identifying the task that pro
duced the highest TA amplitude level. Once identified, a 
100 ms window was manually segmented and the mean TA 
value for that interval was calculated. Tasks that generated 
the highest TA levels were variable across individuals and 
included dry swallows (aged, IPD), swallows of thin and 
solid consistencies (young, IPD), V alsalvamaneuvers (aged, 
IPD), hard glottal attacks (young), prephonatory gestures 
(aged) and extremely loud phonation (young). Any gesture 
identified during this process as being contaminated with 
artifacts was not measured. 

SPL Measurements 
SPL measures for the comfortable and maximum 

sustained vowel phonations and sentence repetitions were 
obtained for the same speech segments as TA amplitude 
measures. However, the microphone signal was not used to 
segment the SPL signal. Rather, a SPL criterion level (dB d) 
was calculated for each vowel phonation and sentence 
repetition and the points where the dBc1intersected the SPL 
signal determined cursor placement for SPL onset and 
offset. The criterion level was computed as follows, 

dBd = 0.76*dB_ + O.?O*stdSPL-2.1 

where dB m
3 

referred to the SPL maximum and std5PL re
ferred to the SPL standard deviation for a given task. 

For the reading and monologue tasks, there were 
several instances where the SPL signal dropped below dB d. 

These drops below dB d were reflective of pauses in the 
speech sample. in order to exclude these segments from the 
average SPL measure, a duration parameter (300 ms) that 
appropriately differentiated speech and non-speech seg
ments was defined (see Figure 2). After multiple segments 
from each individual's reading and monologue were mea
sured, the overall mean SPL for these tasks was computed by 
averaging the means of the multiple segments. Data ob
tained using the dB d' method were compared to data ob
tained on-line by recording the digital output of the SLM4

• 

Similar patterns were observed across individuals and tasks 
for both methodologies. 

Statistics 
Group means and standard errors were calculated 

from the raw data for each individual and task. In addition, 
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Figure 2. Microphone (top trace) and SPL (bottom trace) signals from a 
ponion of the reading passage (Rainbow passage). The horizontal dashed 
line indicates tiBer which was 61.5 dBSPL. The three sets ofvenicallines 
indicate three instances where the SPL signal dropped below dBd The 
segments from (a) to (b) and (e) to(/) were excluded from analysis because 
both were more than 300 ms and co"esponded to pauses, while segment 
(c) to (d) was included in the analysis because it was less than 300 ms and 
corresponded to a component of the speech sample. A mean was 
calculated for the segment from (b) to (e) and averaged with means of other 
segments from this passage to obtain the overall mean SPL. 

TA amplitude and SPL data for the three groups were 
compared using an analysis of variance (ANOV A) or a 
repeated measures ANOV A, as appropriate31• The former 
analysis was used to examine measures for the reading and 
monoiogue tasks, the pre-phonatory segments of these tasks, 
quiet rest breathing and maximum amplitude gestures. The 
latter analysis assesses variability between individuals as 
well as variability between multiple observations on the 
same individual and therefore was used to examine the 
comfortable and maximum sustained vowel phonation and 
the sentence repetition measures as well as the correspond
ing pre-phonatory measures. Both types of analyses were 
completed with SAS statistical software (SASIIML, Ver
sion 6.12, SAS Institute, Inc., Cary, North Carolina, 1996) 
and a significance level of p s. 0.05 was established for all 
measures. If the F statistic was significant for a particular 
task, a priori contrasts were performed for each group (IPD 
versus aged, IPD versus young, and aged versus young). 

Intra- and inter-rater reliability for theTA ampli
tude and SPL measures was assessed by remeasuring twenty 
percent of the data. Correlation coefficients ranged between 
.95 and 1.0 for theTA amplitude measures and between .97 
and 1.0 for the SPL measures. 

Results 
Absolute and relative TA Amplitudes 

Consistent directional differences were observed 
across groups for the phonatory, pre-phonatory and quiet 



Table 3. 
Group Means, Standard Errors (in parenthesis) and p Values for the Main Effect and 

Multiple Comparisons for Absolute TA Amplitude Measures 

Mean (standard error) Main effect Multiple comparisons 

in microvolts p value p values 

Task Young Aged IPD IPDv. aged IPDv.young aged v. young 

comfortable vowel 20.42 (0.21) 12.45 (0.25) 6.98 (0.36) < 0.0001 <0.0001 <0.0001 <0.0001 

maximum vowel 23.60 (0.54) 14.29 (0.51) 9.11 (0.45) <0.0001 <0.0001 <0.0001 <0.0001 

sentence repetition 25.55 (0.22) 14.77 (0.22) 9.43 (0.20) <0.0001 <0.0001 <0.0001 <0.0001 

reading 21.13 (6.09) 15.25 (3.03) 8.48 (1.56) =0.10 ND ND ND 

monologue 19.81 (8.97) 14.63 (3.52) 7.91 (1.54) =0.21 ND ND ND 

pre-comfortable vowel 29.16 (0.51) 11.83 (0.59) 5.89 (0.59) <0.0001 <0.0001 <0.0001 <0.0001 . 

pre-maximum vowel 29.73 (1.70) 16.87 (1.60) 8.70 (1.43) <0.0001 <0.0008 <0.0001 <0.0001 

pre-sentence repetition 21.10 (0.26) 11.18 (0.26) 9.76 (0.24) <0.0001 <0.0001 <0.0001 <0.0001 

pre-reading 16.49 (5.15) 11.98 (1.51) 5.89 (1.07) =0.07 ND ND ND 

pre-monologue 18.67 (9.65) 13.15 (2.84) 7.22 (1.27) =0.26 ND ND ND 

rest breathing 10.81 (6.46) 6.72(2.85) 3.23 (0.65) =0.38 ND ND ND 

TAmaximum 147.24 (41.65) 209.86 (69.63) 65.59 (9.03) =0.10 ND ND ND 

Note: ND=not done. 

rest breathing mean absolute T A amplitude measures (see 
Table 3). Statistical analyses revealed significance only for 
the tasks that had multiple repetitions. Specifically, signifi
cant differences were observed for the comfortable and 
maximum sustained vowel phonation and sentence repeti
tion measures as well as for the pre-phonatory measures for 
these tasks. A Scheffe multiple comparison analysis re
vealed differences were statistically significant for each 
group comparison, with the young group consistently pro
ducing the highest means (range: 10.81-29.73 microvolts), 
the aged group showing intermediate mean amplitudes 
(range: 6.72- 16.87 microvolts) and the IPD group produc
ing the lowest means (range: 3.23- 9.76 microvolts). Al
though this directional difference was maintained for the 
reading, monologue, pre-reading, pre-monologue and quiet 
rest breathing measures, statistical significance was not 
observed. Maximum absolute values for TA amplitudes 
also differed among the three groups. The mean maximum 
TA amplitude was 147.24 (se = 41.65), 209.86 (se= 69.63) 
and 65.59 (se = 9.03) microvolts for the young and aged 

individuals and individuals with IPD respectively. These 
differences were not statistically significant (F = 0.1 0). 

Group means and standard errors for the relative 
TA amplitudes are shown in Table 4. Similar to the absolute 
TA amplitudes, statistical significance was observed only 
for the tasks with multiple repetitions, the comfortable and 
maximum sustained vowel phonation, sentence repetition, 
precomfortable and maximum sustained vowel phonation 
and pre-sentence repetition measures. Group comparisons 
for each of these measures were also statistically significant. 
Statistical significance was not observed for the reading, 
monologue, pre-reading, pre-monologue or quiet rest breath
ing measures. Similar directional differences, regardless of 
statistical significance, were observed for all but three mea
sures. This pattern showed the young individuals with the 
highest means (range: 9.11 - 21.56 per cent of maximum), 
the individuals with IPD having intermediate means (range: 
5.08- 15.27 per cent of maximum) and the aged individuals 
with the lowest mean amplitudes (range: 3.66 - 11.27 per 
cent of maximum). 
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Table4. 
Group Means, Standard Errors (in parenthesis) and p Values for the Main Effect and 

Multiple Comparisons for Relative TA Amplitude Measures 

Mean (standard error) Main effect Multiple comparisons 

in microvolts pvalue pvalues 

Task Young Aged IPD IPDv. aged IPDv. young aged v. young 

comfortable vowel 16.41 (0.21) 10.58 (0.24) 12.11 (0.50) <0.0001 <0.004 <0.0001 <0.0001 

maximum vowel 18.49 (0.43) 9.02 (0.40) 13.92 (0.36) <0.0001 <0.0001 <0.0001 <0.0001 

sentence repetition 18.13 (0.15) 11.27 (0.15) 14.53 (0.13) <0.0001 <0.0001 <0.0001 <0.0001 

reading 15.83 (3.28) 10.05 (3.20) 12.77 (0.97) =0.33 ND ND ND 

monologue 13.28 (2.81) 9.31 (2.82) 11.90 (1.42) =0.51 ND ND ND 

pre-comfortable vowel 21.26 (0.42) 12.17 (0.48) 10.62 (0.48) <0.0001 <0.04 <0.0001 <0.0001 

pre-maximum vowel 21.56 (1.01) 11.01 (0.95) 13.70 (0.85) <0.0001 <0.05 <0.0001 <0.0001 

pre-sentence repetition 16.48 (0.24) 9.43 (0.24) 15.27 (0.21) <0.0001 <0.0001 <0.0004 <0.0001 

pre-reading 13.98 (4.60) 8.93 (3.54) 8.89 (1.14) =0.46 ND ND ND 

pre-monologue 12.47 (3.37) 12.65 (3.00) 10.87 (1.44) =0.84 ND ND ND 

rest breathing 9.11 (5.43) 3.66 (0.93) 5.08 (1.13) =0.46 ND ND ND 

Note: ND=not done. 

a. 
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fl. 10.0 

0.0 

cmfvwl DIIIX vwl II' 

Deviations from this pattern were observed for 
three of the pre-phonatory measures: the comfortable sus
tained vowel phonation, reading and monologue. For the 
pre-phonatory comfortable sustained vowel phonation mea
sure, the young individuals showed the highest mean (21.26 
per cent of maximum), the aged individuals showed an 
intermediate mean (12.17 per cent of maximum) and the 
individuals with IPD showed the lowest mean amplitude 
( 10.62 per cent of maximum). For the prephonatory reading 
measure, the aged individuals and individuals with IPD 
showed similar mean amplitudes at 8.93 and 8.89 per cent of 
maximum respectively and these means were lower than the 
mean amplitude of the young individuals ( 13.98 per cent of 
maximum). Finally, for the pre-phonatory monologue mea
sure, the young and aged individuals (young: 12.47; aged: 
12.65 per cent of maximum) showed similar mean ampli
tudes that were higher than the mean amplitude for the 
individuals with IPD (10.87 per cent of maximum). Al
though slight directional variations occurred for these three 
measures, the individuals with IPD still showed either inter
mediate or low relative T A amplitudes. Figure 3 illustrates 
the patterns that occurred for most of the absolute and 
relativeTA amplitude measures. Only results for phonatory 
measures are displayed. 

Figure 3. Directional differences tluJt were observed for most of the 
absolute (a) andrelative (b) TA amplitude measures, cmfvwl=comfortable 
sustained vowel phonation; max vwl=maximum sustained vowel 
phonation; sr=sentence repetition of "Pop took his socks off'; 
read=reading of a standard passage; mono-monologue of .. happy day". 
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Table 5. 
Group Means, Standard Errors (in parenthesis) and p Values for the 

Main Effect for SPL Measured at 30 em 

Mean (stmdatd cuor) Main effect 

indBSPL p value 

Task Yo1mg Aged IPD 

comfonable vowel 78.30 (3.22) 74.20 (3.72) 74.13 (3.22) 0.61 

maximum vowel 84.02 (3.51) 73.14 (3.51) 72.98 (3.5 1) 0.10 

sentence repetition 70.92 (3.27) 68.33 (3.27) 68.18 (3.27) 0.80 

rc:adil'.lg 72.26 (4.39) 69.00 (1.55) 68.78 (1.99) 0.61 

monologue 71.68 (4.38) 71.23 (1.32) 68.96 (1.23) 0.76 

SPL Observations 
The young individuals produced speech tasks with 

higher SPLs (range: 70.92- 84.02 dB at 30 em) than both the 
aged individuals (range: 68.33 - 74.20 dB at 30 em) and 
individuals with IPD (range: 68.18- 74.13 dB at 30 em). 
The latter two groups produced most of the speech tasks with 
similar SPLS. Statistically significant differences were not 
observed for any of the SPL measures (see Table 5). 

Discussion 
This study examined TA muscle activity in young 

and aged individuals and individuals with IPD in an attempt 
to gain more information about the underlying pathophysi
ology of the hypophonic voice disorder associated with IPD. 
In general, the individuals with IPD and the aged individuals 
showed TA amplitude levels that were lower than the young 
individuals. This pattern was observed fairly consistently 
across a variety of tasks. These findings may be explained 
physiologically by reductions in TA muscle mass, reduc
tions in synaptic input to laryngeal motoneuron pools or a 
combination of these conditions. 

Certain models for IPD suggest that the loss of 
dopamine in the substantia nigra pars compacta creates a 
neurochemical imbalance in both direct and indirect path
ways of the cortico-basal ganglionic motor circuit12• The 
dopamine depletion produces either increased excitation or 
decreased inhibition of the globus pallidal (internal seg
ment) and substantia nigra pars reticula neurons. Either 
effect (increased excitation or decreased inhibition) results 
in increased inhibition of thalamic nuclei and subsequent 
decreased excitation of motor cortical areas. Reduced 
excitation of motor cortical areas ultimately diminishes 
input to brainstem and spinal motoneuron pools and effects 
movement parameters, such as amplitude13 and velocity32• 

The present findings of reduced TA muscle activ
ity and low levels of tonic background EMG activity lend 
support to these theoretical models. They are also consistent 
with descriptions of hypokinesia (reduced movement) and 

may indicate bradykinesia (slowed movement). Reduced 
T A amplitudes at the onset of laryngeal movements (pre
phonatory measures) may increase overall movement time 
and thereby produce TA movements that are reduced in 
speed. These movement abnormalities that define hypoki
nesia and bradykinesia reportedly affect other speech sub
systems. Reduced mean amplitudes and peak velocities 
have been observed in the lip33 and jaw34-35 of individuals 
with compared to individuals without IPD. Also, previous 
findings of longer voice onset times support the idea that 
onset parameters of laryngeal movements are affected by 
IPD36• Thus, it appears that in some individuals with IPD, 
reductions in muscle amplitudes and movement speeds, 
potentially caused by neurochemical suprabulbar imbal
ances, may be a primary factor affecting the laryngeal 
mechanism. Of course, it could be argued that age-related 
changes, such as neuromuscular denervation or muscle 
atrophy, affected TA muscle function. However, if age
related changes occurred in the individuals with IPD, they 
likely occurred in combination with disease-related changes 
because the individuals with IPD consistently showed abso
luteTA amplitudes that were lower than the aged individuals. 

At first relative T A amplitude findings for the 
individuals with IPD may seem to contradict the idea that 
laryngeal motoneuron pools receive less input as a result of 
the neuropathological changes associated with IPD. How
ever, it is important to recognize thatrelativeTA amplitudes 
are influenced by T A maximums, such that the lower the 
divisor or maximum, the higher the quotient or relative 
measure. The findings of intermediate rather than low 
relative T A amplitudes for the individuals with IPD is 
related to the lower TA maximums that were observed for 
these individuals compared to the aged individuals. The 
reduced muscle activation ranges caused by these low TA 
maximums also indicate that the individuals with IPD used 
more of the T A's operational range, but very likely did so 
with similar or lower levels of neural drive to laryngeal 
motoneuron pools when compared to the aged individuals. 

That the aged individuals showed the highest TA 
values for maximum gestures seems inconsistent with the 
notion that their TA muscle was affected by age. One 
explanation for this finding is that with increased motoneu
ron recruitment, abnormal muscle fibers, for example, den
ervated/reinnervated muscle fibers, may become activated 
and generate higher EMG amplitudes. Also, when the aged 
individuals produced maximum gestures, they may have 
attempted to overcome peripheral degeneration or denerva
tion of other laryngeal muscles. In doing so, a less efficient, 
movement pattern that required greater TA activation may 
have been used. Because neuromuscular demands likely 
differ for non-maximum and maximum tasks, a similar type 
of compensation may not have been used for the production 
of non-maximum tasks. 
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SPL findings showed that the young individuals 
consistently produced higher SPLs and TA amplitudes than 
the other two groups. This is in agreement with results that 
have shown SPL can be controlled by increasing laryngeal 
muscle contraction and medial vocal fold adduction. Inter
estingly, SPLs were similar, but TA amplitudes were differ
ent for the aged individuals and the individuals with IPD. 
These findings indicate that the differences in TA amplitude 
levels were due to changes in physiology (reduced TA 
amplitudes) rather than changes in vocal loudness (effort). It 
also suggests that the individuals with IPD may compensate 
for physiologic changes by using a SPL control mechanism 
that differs from the aged individuals. Potential compensa
tory mechanisms include using: higher levels of theTA's 
operational range, other laryngeal adductors, such as the 
lateral cricoarytenoid, increased pulmonary effort37 or dif
ferent vocal tract shapes38• Without additional measures 
from other speech subsystems, the compensatory 
mechanism(s) used by the individuals with IPD to control 
SPL remains speculative. 

Before concluding, methodological issues con
cerning electrode placement, performance variability, sta
tistical analysis and medication state should be addressed. 
Because electrode placement differed for each individual, 
motor units of variable size were recorded24• This factor 
clearly impacts absolute EMG amplitude measures. How
ever, this effect probably randomized itself out across indi
viduals and did not contribute much to the group differences 
that were observed. Performance issues presumably did not 
influence the results either because the data were collected 
by the same examiner and consistent instructions and feed
back were provided in an attempt to elicit the best possible 
performance from each individual. Results of statistical 
analyses showed that only the tasks with multiple repetitions 
were significant. This appears related to sample size. 
Statistical significance likely would have been obtained if 
the connected speech, quiet rest breathing and maximum 
tasks were repeated, particularly because most of these tasks 
showed directional differences that were similar to the 
sustained vowel phonation and sentence repetition tasks. 
Another possibility for the lack of statistical significance 
may be related to the observation that the connected speech, 
quiet rest breathing and maximum tasks showed more within 
group variability than the sustained vowel and sentence 
repetition tasks, particularly for the young and aged indi
viduals. Finally, it should be noted that even though the 
individuals with IPD were experiencing the effect of their 
medication ("on" state), they still presented hypophonic 
voice symptoms and reduced TA amplitudes. These obser
vations suggest that, despite potential medication effects, 
reduced TA amplitudes may contribute to the characteristic 
voice disorder associated with IPD. 

In conclusion, evidence for excessive levels ofT A 
activity was not observed. Rather, these findings point to 
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decreased TA activity as a possible cause for some of the 
hypophonic voice abnormalities observed in IPD. This 
reduced muscle activity may result from neurochemical 
imbalances and subsequent reduced activation of laryngeal 
motoneuron pools. 
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Abstract 
The purpose of this investigation was to study the 

effects of induced velopharyngeal fatigue in adult speakers 
with normal mechanisms. A force sensing bulb was placed 
in the velopharynx to measure velopharyngeal closure force 
and intramuscular electrodes were inserted into the levator 
veli palatini muscle to sample muscle activation levels. The 
subjects' task was to repeat the sy Hable /sill 00 times while 
an external load was placed on the velopharyngeal mecha
nism. The external load consisted of various levels of air 
pressure (0 as a control, 5,15,25,and 35 em H20 relative to 
atmospheric pressure) delivered to the nasal passages via a 
tube and nasal mask assembly. Fatigue was defined as a 
declination of force across the series of syllables within a 
pressure condition and was depicted as the slope of a linear 
regression line that was fit to the data. The more negative the 
slope, the greater the rate of fatigue. Within each experi
mental pressure condition, small cyclic variations in force 
were noted about each regression line that corresponded to 
individual breath groups. This type of declination, within 
breath groups, has been reported in the literature previously. 
Overall declination in force over an entire series of syllables 
and over several breath groups is a new finding. It was 
possible to induce such fatigue in most subjects and greater 
rates of fatigue generally occurred at the higher levels of 
external loading, i.e., at 25 and 35 em H20. Two subjects, 
one male and one female, reached exhaustion. The female 
could not perform the syllable repetition task at 25 em H20 
and the male could not complete the task at 35 em H20. 
Three subjects, one female and two males, exhibited virtu
ally no force declination even at the highest level (35 em 
H20) of external loading. There were no discernable 
differences in patterns of fatigue nor in initial velopharygeal 
closure force values between the male and female subjects. 

It is generally believed that non-impaired indi
viduals use muscle force levels for speech that are far below 
the maximum levels that they are capable of generating. 
Thus, Hinton and Arokiasamy ( 1997) and Thompson, 
Murdoch, and Stokes ( 1997) found that normal adult speak
ers use only about 10% of their maximum interlabial pres
sure for the production of /p/ in a conversational context. 
This is consistent with other reports suggesting that speech 
is produced with less than 20% of maximum orofacial 
muscle force (Amerman, 1993; Barlow & Abbs, 1984; 
Barlow & Netsell, 1986; Barlow & Rath, 1985; DePaul & 
Brooks, 1993; Muller, Milenkovic, & MacLeod, 1985; 
Netsell, 1982). 

With regard to the velopharyngeal mechanism, 
Kuehn and Moon ( 1994) found that most normal subjects in 
their study used levator veli palatini activation levels for 
speech that are nearer the lower end of their total range of 
activity determined by a nonspeech task. This finding is 
consistent with the results reported for labial activity in 
normal subjects, again suggesting that normal individuals 
expend relatively little energy in producing speech. In 
contrast, in a follow-up study, Kuehn and Moon (1995) 
found that a group of subjects with cleft palate exhibited 
levels of levator veli palatini activity that were at the higher 
end of their total range oflevator activity. This suggests that 
individuals with cleft palate might expend more muscle 
energy in producing speech, at least in relation to 
velopharyngeal activity, compared to individuals with nor
mal intact palates. 

Kuehn and Moon ( 1995) hypothesized that, al
though speakers with cleft palate may have to expend more 
energy in activating the levator muscle to achieve velar 
elevation for speech compared to individuals without cleft 
palate, speakers with cleft palate may limit muscle activity 
so as to remain just below a level of neuromuscular fatigue. 
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In this fashion, velopharyngeal closure may not be suffi
ciently tight and speech may be somewhat hypernasal dur
ing conversational speech. However, if the threshold of 
fatigue were exceeded and the rate of fatigue was suffi
ciently rapid, speech might quickly deteriorate because of 
neuromuscular exhaustion and become excessively 
hypernasal. Therefore, speakers with cleft palate who are 
somewhat hypemasal might tend to avoid overexertion and 
exhaustion of the muscles of velopharyngeal closure by 
avoiding excessive rates of neuromuscular fatigue. 

Possible fatigue effects are frequently discussed in 
the clinical context of cleft palate related speech disorders. 
Anecdotal reports often indicate that a person's speech is 
more hypernasal when the individual is tired or when he or 
she "does not try hard enough." Therefore, an understand
ing of fatigue is important in addressing the possible delete
rious effects on speech production. 

A large literature exists pertaining to general as
pects of neuromuscular fatigue (e.g., Asmussen, 1979; Enoka 
& Stuart, 1992; Gandevia, Enoka, McComas, Stuart, & 
Thomas, 1995). Many definitions of neuromuscular fatigue 
have been proposed but all have in common reduction in 
force. Bigland-Ritchie and Woods (1984) defined neuro
muscular fatigue as "any reduction in the force generating 
capacity of the total neuromuscular system regardless of the 
force required in any given situation." Fatigue often is 
framed in relation to "endurance" or the ability to maintain 
a given level of force for an extended period of time. Luschei 
( 1991) defined endurance as "resistance to fatigue." Several 
types of fatigue have been identified in relation to site of 
transference of energy within the central nervous system and 
the peripheral effector system (Bigland-Ritchie & Woods, 
1984; Edwards, 1984 ). Although fatigue often is considered 
as an undesirable by-product of failure at various levels of 
the neuromuscular chain, it might also be considered in a 
positive vein as a protective mechanism to prevent an energy 
crisis (de Haan & Koudijs, 1994; Sargeant, 1994). 

The bulk of the literature dealing with fatigue 
involves studies of the limb and torso musculature in hu
mans as well as in animals. Cerny, Panzarella, and 
Stathopoulos (1997) reviewed some of the literature pertain
ing to respiratory strength and endurance conditioning. 
Several studies have been published that deal with head and 
neck muscles and, thus, are more directly related to speech 
phonation and articulation. 

Robin, Luschei, and their colleagues have pub
lished a number of studies dealing with tongue and hand 
strength and endurance in normal subjects, "supranormal" 
subjects (trumpet players and debaters}, and subjects with 
various disorders (Robin, Goel, Somodi, & Luschei, 1992; 
Robin, Somodi, & Luschei, 1991; Solomon, Lorell, Robin, 
Rodnitzky, & Luschei, 1995; Solomon, Robin, Mitchinson, 
VanDaele, & Luschei, 1996; Somodi, Robin, & Luschei, 
1995; Stierwalt, Robin, Solomon, Weiss, & Max, 1996). 
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Their results suggest that there may be differences in endur
ance among these groups. Thus, Robin et al. (1992) found 
that trumpet players and high school debaters ("supranonnal" 
subjects), who presumably use their tongues more fre
quently and perhaps at higher activity levels than the matched 
normal control subjects, exhibited significantly longer en
durance times, especially at the level of 25% of maximum 
voluntary contraction. 

Robin et al. ( 1991) found greater tongue endurance 
times for normal children compared to children diagnosed 
with developmental apraxia of speech. Murdoch, Attard, 
Ozanne, and Stokes (1995) also found significantly longer 
tongue endurance times for normals compared to a group of 
subjects with developmental apraxia of speech. Stierwalt et 
al. (1996) found longer tongue endurance times for normal 
subjects compared to a matched group of subjects following 
traumatic brain injury. These latter results are consistent 
with findings forTBI subjects reported by McHenry, Minton, 
Wilson, and Post (1994 }, at least at the 2N target force level. 

The studies cited above suggest that tongue muscle 
endurance might increase (fatigue decrease) with activity 
levels that exceed typical values and may decrease (fatigue 
increase) with certain neural or muscular disorders. How
ever, reduced tongue endurance might not occur in all 
disorders affecting motor behavior. In that regard, although 
Solomon et al. ( 1995) found reduced tongue strength (maxi
mum voluntary contraction) in a group of subjects with 
Parkinson's disease compared to matched control subjects, 
there was no difference in tongue endurance between the 
groups. 

It is interesting to note that Somodi et al. (1995) and 
Solomon et al. ( 1996) found that the tongue is more fatigable 
than the hand in normal subjects. Their findings indicated 
that the hand exhibits twice the endurance time at a predeter
mined perceptual effort level that was comparable between 
the tongue and hand. 

Fatigue has been studied in head and neck struc
tures in addition to the tongue. Several fatigue studies have 
been published for the lips and jaw (see Solomon et al., 1996 
for a partial listing; see also Jow & Clark, 1989; Lyons, 
Rouse, & Baxendale, 1993; Mao, Stein, & Osborn, 1993; 
Miles & Nordstrom, 1995). Cooper and Rice (1990) con
ductedfatiguestudies in relation to canine vocal fold muscles. 

Although anecdotal reports frequently mention the 
possibility of velopharyngeal fatigue in relation to speech, 
we were not able to find any published experimental studies 
relating to this activity. However, in relation to the playing 
of musical instruments, Bless, Ewanowski, and Dibble (1983) 
reported on their experience involving ten subjects who 
demonstrated velopharyngeal fatigue effects associated with 
prolonged and effortful playing of wind instruments. All of 
the subjects had a history of normal speech. Several mea
sures were obtained from the subjects before and after using 
their wind instruments. The latter measures were obtained 



just after velopharyngeal fatigue was induced by playing the 
wind instrument. Three of the ten· subjects demonstrated 
evidence of velopharyngeal incompetence for speech fol
lowing fatigue in that nasal airflow was observed on nonnasal 
speech sounds. Thus, it appears that in adverse conditions, 
velopharyngeal fatigue effects might generalize to speech in 
some individuals. We were interested in exploring this 
possibility first in a group of normal subjects and subse
quently in a group of subjects with impaired velopharyngeal 
mechanisms. 

The purpose of this investigation was to obtain 
information about physiologic fatigue in relation to 
velopharyngeal closure for speech in a group of normal 
individuals. Specifically, we sought to answer the following 
research questions: 

1. Are normal adult speakers without velopharyngeal 
impairment demonstrably susceptible to the effects of in
duced physiologic fatigue? 

2. Are there differences among normal adult speakers 
with regard to tolerance for induced physiologic fatigue? 

3. Are there differences between male and female 
normal adult speakers with regard to tolerance for induced 
physiologic fatigue? 

It is expected that the data obtained from this study 
of normal subjects will be useful in serving as a comparison 
for subsequent studies involving subjects with cleft palate 
and other conditions involving velopharyngeal dysfunction 
for speech. 

Method 
Subjects 

Five normal adult males and five normal adult 
females served as subjects, the oldest of whom was 51 years 
at the time of this study. The subjects had no reported history 
of speech, language, hearing, or velopharyngeal impairment 
and were judged by the investigators to have normal speech 
at the time of data collection. All were speakers of the 
General American Dialect, typical of the midwestern United 
States. 

Variables Measured 
Velopharyngeal closure force was transduced us

ing a silastic bulb device described in detail by Moon, 
Kuehn, and Huisman (1994) and Kuehn and Moon (1998). 
The bulb is teardrop-shaped, flattened anteriorly and poste
riorly,andmeasures5mmfront-to-backand lOmmside-to
side. The bulb is rather easy to insert transnasally in most 
normal individuals because the bulb is soft, pliable, and 
collapsible upon insertion. The advantages of the size and 
shape of the bulb have been discussed previously (Moon et 
al., 1994; Moon, Kuehn, & Huisman, 1995). The bulb is 
attached to a silastic tube with a 3 mm outside diameter and 
the tube is connected to a Honeywell Microswitch (model 

162PC01D) transducer. The transducer output was ampli
fied using a Biocommunications Electronics (model 205) 
amplifier. The bulb was calibrated externally from the 
subjects by using applications of gram weights and, there
fore, all force measures will· be reported in grams. 

Levator veli palatini muscle activity was recorded 
using stainless steel electrodes, 110 micrometers in diam
eter. The EMG signals were amplified using 
Biocommunications Electronics preamplifiers (model301) 
and amplifiers (model 205). The audio signal from a 
dynamic microphone was amplified using a Nakamichi 
preamplifier and Tascam tape recorder (model22-4) ampli
fier. 

A light spray of 2% lidocaine topical anesthetic 
was applied to the more patent nostril for force bulb insertion 
and to the oral cavity for EMG electrode insertion. The bulb 
was placed at the most sensitive location within the 
velopharynx as the subject repeated the sound Is/. 
Velopharyngeal contact was monitored during bulb inser
tion in reference to the pressure trace displayed on an 
oscilloscope as the subject produced Is/ repeatedly. The 
hooked-wire electrodes were inserted perorally, using dis
posable hypodermic needles, within the dimple of the velum 
at an angle following the course of the levator muscle. 
Details of these placement procedures have been described 
previously (Kuehn & Moon, 1998). 

Bulb force, EMG activity, and the audio signals 
were monitored on an oscilloscope (Tektronix model5111A) 
and recorded on a Sony digital instrumentation recorder 
(model PC108M). EMG signals were full-wave rectified 
and low-pass filtered with a 40 ms time constant. Voice and 
force bulb signals were digitized at 1000Hz sampling rate 
using a laboratory computer and commercially available 
analog-to-digital conversion software, CSpeech (Read, 
Buder, & Kent, 1990). Closure force signals were then 
digitally low-pass filtered at 30 Hz. Data were then dis
played and analyzed using custom graphics and analysis 
routines. Levator EMG activation levels were normalized 
within each subject. This was accomplished by identifying 
the maximum peak value across the entire data set for a given 
subject and setting that value at 100%. All other EMG 
values recorded for that subject were referenced to the 
maximum value. 

Experimental Procedure 
After placement of the electrode wires in the leva

tor muscle and the force bulb within the velopharynx, the 
tube leading outward from the bulb through the nasal pas
sage was threaded through a small hole in a nasal mask. The 
mask was then positioned over the face to cover the nose so 
that air pressure could be delivered by an external source to 
the nasal cavities. The outer end of the bulb tube that 
extended from the mask was then reattached to the trans
ducer. 
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The subjects' task was to produce the syllable lsi/ 
100 times for each of five experimental conditions. A few 
extra syllables were sometimes produced. Subjects were 
instructed to produce the syllables in a conversational man
ner using normal rate and loudness and to quickly inhale 
between breath groups. 

A reverse-flow commercial vacuum cleaner was 
used to provide the external constant air pressure source that 
was delivered to the nasal passages. A variable transformer 
was used to control the voltage delivered to the vacuum 
cleaner and thus the level of pressure output to the subject. 
The air pressures delivered to the subjects were as follows: 
0 (control condition with vacuum cleaner turned off but with 
nasal mask on), 5, 15, 25, and 35 em H20. 

Pilot work showed that the 35 em H20 was within 
safe limits. This was done by testing the tolerance level of 
each of the investigators by gradually increasing the nasal 
pressure level up to 35 em H20. Also, we measured the 
pressure generated by three adult males and two adult 
females during nose blowing. The males exhibited intrana
sal air pressures in the 50-60 em H20 range and the females 
in the 40-50 em H20 range. Therefore, we concluded that, 
although the 35 em H20 level might be uncomfortable, it 
was tolerable and safe for the relatively brief duration of the 
experiment. This conclusion was warranted based on the 
subsequent performance of the subjects. 

Each subject performed the experimental condi
tions in the same increasing sequence, from the 0 pressure 
control condition to the highest pressure condition, rather 
than randomizing across pressure conditions. This was done 
to avoid possible latent fatigue effects from influencing the 
results for lower level pressure conditions, thus giving a 
false or exaggerated impression of fatigue at lower pressure 
levels. A 1.5 minute rest interval was used between each 
pressure condition. This was done in an attempt to restore 
the neuromuscular system to a nonfatigued state and thus to 
prevent possible latent fatigue effects from influencing the 
subsequent condition. Following the 1.5 minute rest and just 
prior to the onset of the next condition, the pressure for the 
next condition was set. This was done by instructing the 
subject to prolong an /s/ sound while the investigators 
adjusted the transformer dial and observed the change in 
nasal mask pressure on an oscilloscope. This adjustment 
required about 30 sec. 

There did not appear to be a latent fatigue effect of 
one experimental condition upon subsequent conditions for 
most subjects. This follows from the fact that for nine of the 
ten subjects, the initial velopharyngeal closure force was 
either similar to or actually increased relative to the initial 
closure force of the previous experimental condition (see 
Figures 6 and 7). 
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Data Analysis and Reliability 
Force and EMG measures were obtained during 

the vowel /i/ rather than during the consonant Is/. This 
ensured that the force measures obtained were related to 
active muscle activity in holding the velum up and back 
rather than possibly related to an indirect effect of height
ened pressure within a nearly-closed chamber with the 
tongue tip making nearly complete oral closure during the 
Is/ consonant. That is, within a closed chamber, it is possible 
that the bulb could have functioned as a pressure sensor for 
heightened intraoral air pressure for /s/ in addition to contact 
pressure in relation to velum to pharyngeal wall contact. 
This was especially true once fatigue began to occur and 
tight contact between the velum and posterior pharyngeal 
wall was lost or reduced. This would not be a factor for the 
vowel/if because intraoral air pressure for vowels is at or 
near atmospheric pressure and thus the forces sensed by the 
bulb would be expected to be due solely to velum-pharyn
geal wall contact. This contact would be generated by the 
muscles of velopharyngeal closure, including that of the 
levator veli palatini. 

Intra- and inter-measurer reliability were deter
mined for similar data in a previous study (Kuehn & Moon, 
1998) by re-measuring the entire data sets for force and 
EMG activity for one subject All Pearson r values exceeded 
0.98. 

Results 
Figure 1 shows an example of the force data for one 

subject for the 25 em H20 pressure condition. Figure 2 
shows the accompanying data for the levator veli palatini 
muscle for the same subject and pressure condition. Linear 
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Figure 1. Velopharyngeal closure force values in grams across 105 
syllable repetitions for one subject. Each data point represents the force 
value obtained during the vowel of the syllable lsi/. Nasal cavity air 
pressure = 25 em H20. 
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Figure 2. Levator veli palatini EMG values for the corresponding 
velopharyngeal closure force values in Figure 1. EMG values are 
expressed as percentages of maximum activity for the individual subject 
shown. Each data point represents the levator EMG value obtained 
during the vowel of the syllable lsi/. Nasal cavity air pressure = 25 em 
H20. 

regression lines are included on each of these figures that 
indicate the slope of the function of velar closure force 
(Figure 1) and levator EMG activity (Figure 2) as a function 
of syllable number. Cyclic activity about the regression 
lines can be observed, especially for the force data. This 
cyclic activity appeared to be related to breath groups in that 
there tended to be a slight increase followed by a slight 
decrease in force associated with each breath group. Thus in 
Figure 1, approximately eleven breath groups (about nine 
syllables per breath group on average) are depicted for the 
105 syllable data points. 

In addition to the short term declinations of force 
within breath groups, it is obvious, judging from Figure 1, 
that there was an overall declination of force across the 
course of syllable production and across breath groups as 
well. This longer term force declination is reflected in the 
negative slope of the linear regression line. A slight overall 
declination in levator activity is also apparent across the 
course of syllable production (Figure 2). We interpret these 
overall declinations as depicted by the negative slopes of the 
regression lines, especially that of force (Figure 1), as a sign 
of neuromuscular fatigue. 

The prevailing level of muscle activity or change in 
that level is not consistently associated with force declina
tion and, therefore, with fatigue, as defined in the literature. 
That is, with a decrease in force, accompanying muscle 
activity might also decrease, stay relatively constant, or 
increase. Clearly, there is an interaction between peripheral 
and central mechanisms that dictate whether changes in 
muscle activity will occur and the exact nature of that change 
if it occurs. Results of the present study reflected this lack 
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Figure 3. Regression slope values relating velopharyngeal closure force 
to repeated syllable production for one subject across the jive experimental 
conditions. Experimental conditions are nasal cavity air pressures in em 
H20. The greater the negative value per experimental condition, the 
greater the force declination across syllables for each experimental 
condition. 

of systematic relation between force change and muscle 
activity in that levator activity sometimes decreased, stayed 
fairly constant, or increased over the course of syllable 
production. No obvious pattern was discernible in this 
regard. Therefore, the remainder of the results presented are 
those associated with the force data. The exact relation 
between muscle activity and force declination wiii be the 
subject of a subsequent study in our laboratory. 

Because there is no standard method of portraying 
fatigue in the literature, other than demonstrating a declina
tion in force over time, we chose to focus on the slope of the 
regression line relating force to syllable number as an 
indication of fatigue. The more negative the slope, the 
greater the rate of fatigue involved for a given condition. 
Figure 3 shows an example of slope values for one subject. 
For this subject, there was actually a slight overall increase 
in force over the course of syllable production for the control 
condition (control condition= 0 em H20). The slope value 
in this case was 0.1 which is close to zero, that is, a constant 
function. Figures 4 and 5 show that alii 0 subjects exhibited 
slope values near zero for the control condition. Because the 
slope was near zero for the control condition, this indicates 
that the subjects did not exhibit fatigue or that the rate of 
fatigue was very gradual as they repeated syllables with no 
heightened pressure introduced into their nasal cavities. 

Figure 3 shows that the slope values remained near 
zero for the 5 and 15 em H20 conditions for this subject, 
again, indicating that this subject exhibited very gradual 
rates of fatigue at these pressure levels. However, when 
nasal air pressure was increased to 25 and 35 em H20, slope 
values became progressively more negative indicating that 
greater rates of fatigue occurred as nasal air pressure in
creased. 
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Figure 4. Regression slope values for the female subjects across the jive 
experimental conditions. Experimental conditions are nasal cavity air 
pressures in em H20. 

Figures 4 and 5 show composite results for fatigue 
slope values for female and male subjects respectively 
across the experimental conditions. In general, both male 
and female subjects appear to be fairly resistant to the effects 
of induced fatigue for the control condition (0 em H20) and 
the two lowest pressure conditions of 5 and 15 em H20. 

One female subject, Subject 10, had difficulty 
sustaining syllable repetition at the 25 em H20 level. Intra
nasal pressure was reduced to 20 em H20 for this subject 
However, she could not sustain syllable repetition at this 
level either and reached a point of exhaustion during which 
no velopharyngeal closure force could be generated at the 
level of 20 em H20. Thus, 15 em H20 was the highest 
sustainable level obtained for this subject 

For the 25 em H20 condition, the remaining four 
female subjects were remarkably similar in their slope 
values. All four demonstrated declination of force but not 
extensive. The males, as a group, were more variable than 
the females for this condition. Two males, S5 and S7, 
exhibited essentially no fatigue effects whereas the other 
three males did demonstrate more substantial force declina
tion. 

At the highest level of pressure, 35 em H20, the 
subjects were quite variable in their ability to withstand the 
effects of fatigue, as shown in Figures 4 and 5. Female 
subject S10 did not participate at 35 em H20 (and did not 
complete the task at 25 em H20) because, as indicated 
above, she reached the level of velopharyngeal exhaustion 
at 20 em H20. One male subject, S3, reached exhaustion at 
the 35 em H20 level and was not able to complete 100 
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Figure 5. Regression slope values for the male subjects across the jive 
experimental conditions. Experimental conditions are nasal cavity air 
pressures in em H20. 

syllable repetitions at that level. The remaining four female 
and four male subjects were quite diverse with regard to their 
slope values. Female subjectS 1 and male subjects S5 and S7 
demonstrated essentially no fatigue effects even at this 
highest level of pressure. Female subjects S6 and S8 and 
male subject S2 exhibited moderate levels of fatigue effects 
whereas female subject S4 and male subject S9 demon
strated more marked rates of fatigue. 

Figures 6 and 7 show initial velopharyngeal clo
sure force values for each experimental condition for the 
female and male subjects. The individual data points are 
averages over the first 15 syllable productions per subject 
for each experimental condition. It can be seen that, as a 
group, the females were more similar to each other in initial 
force values than the males for nasal cavity air pressure 
conditions 0 (the control condition) and 5 em H20. Across 
all five experimental conditions, the males, as a group, 
exhibited a greater range of variability compared to the 
females. However, the initial force values dispersed rather 
widely across the female subjects as well for the conditions 
15, 25, and 35 cm.H20. At 35 em H20, the lowest starting 
value was 28 grams for female subject S6 and the highest 
starting value was 124 grams for male subject S7. In 
comparing the data in Figures 6 and 7, it can be seen that 
there is considerable overlap between males and females 
suggesting that there is no systematic difference between the 
two groups in the initial force of velopharyngeal closure for 
syllable repetition of lsi/ regardless of the experimental 
condition. 
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Figure 6. Initial velopharyngeal closure force values across the five 
experimental conditions for the female subjects. Each data point is an 
average across the first 15 syllables in a sequence for each experimental 
condition per subject. 

With regard to individual patterns, only one sub
ject, female subject S6, showed a trend of decreasing initial 
velopharyngeal force as the nasal cavity air pressure in
creased (Figure 6). All other subjects had similar or actually 
increasing initial closure forces with increasing nasal cavity 
air pressure. This suggests that for most subjects in this 
study, there was not a latent fatigue effect of one fatiguing 
stimulus upon subsequent experimental series. In other 
words, it appears that the rest period between experimental 
conditions was sufficient to reset and presumably to restore 
velopharyngeal force control. 

Discussion 
Short Term Force Declination 

Both short term as well as longer term 
velopharyngeal force declination were observed in this 
study. Short term cyclic force variation occurring within 
breath groups was observed regularly and is consistent with 
declination within breath groups reported by other investi
gators. Specifically, Krakow, Bell-Berti, and Wang ( 1995), 
using a Velotrace, reported declination of velar position 
from the beginning to the end of sentences. Presumably, 
declination of velar positions, as observed by Krakow et al. 
would be correlated with declination of velopharyngeal 
closure force, as observed in the current study. Krakow et al. 
related their findings to previous reports of declination 
involving respiratory, laryngeal, and other supralaryngeal 
structures during speech. Thus, short term declinations 
occurring within breath groups appear to be rather pervasive 
within the speech apparatus in general. 

Considering expenditure of energy associated with 
velopharyngeal control, Figure 1 of the current study sug
gests that short term force declinations occurring within 
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Figure 7. Initial velopharyngeal closure force values across the jive 
experimental conditions for the male subjects. Each data point is an 
average across the first 15 syllables in a sequence for each experimental 
condition per subject. 

individual breath groups are relatively minor in comparison 
to the longer term, potentially much greater overall force 
declination that can occur across several breath groups. 
Therefore, importantly, the results of this study demonstrate 
that short term force declinations are accommodated easily 
by the normal velopharyngeal mechanism and can be con
catenated for long stretches, much like a modulating signal, 
without failure of the velopharyngeal mechanism to achieve 
functional closure. 

Long Term Force Declination 
Rate of force declination and total time over which 

force declines are both important variables to consider in 
assessing the effects of physiologic fatigue. For most 
episodes of syllable production in this study, rate of force 
declination, as determined by the regression slopes, was 
gradual enough so that the subject could continue to achieve 
velopharyngeal closure. However, for two subjects, S3 and 
S 10, the rate of force declination was rapid at the higher 
external loads and exhaustion was reached within the time 
limits imposed in this experiment. 

The relation between rate of force declination and 
time in reaching exhaustion is depicted in the stylized graph 
of Figure 8. In reference to this figure, we define "fatigue" 
as any declination in velopharyngeal force that occurs 
steadily and continuously over time. The lighter gray 
region, between level c (starting force value for an utterance) 
and level b (force value at threshold of exhaustion}, is 
considered as the zone of fatigue. "Exhaustion" is defined 
as the end product of fatigue at which level the neuromuscu
lar system cannot maintain sufficient force to accomplish 
the intended task. The darker gray region, between level b 
and level a (zero force) on Figure 8, is considered as the zone 
of exhaustion. 
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In the case of the velopharyngeal mechanism, 
exhaustion would be manifested as the lack of a functional 
separation between the oral and nasal cavities. In the present 
study, exhaustion was signaled by the inability of the 
velopharyngeal mechanism to counteract the opposing pres
sure head of the external air pressure load. The result was 
that the external pressure source opened the velopharyngeal 
port in a retrograde manner (i.e. , from the nasal side) and a 
snorting sound was produced. The snorting sound was not 
under the control of the subject and was caused by the air 
pressure vibrating the soft palate presumably in a nasal-to
oral direction. It is possible that an individual could fai l to 
achieve sufficient velopharyngeal closure to provide a func
tional separation between oral and nasal cavities simply 
because of insufficient strength to provide the needed force. 
We would consider this as a type of neuromuscular "fail
ure." Therefore, neuromuscular failure to achieve sufficient 
velopharyngeal closure might occur due to two different 
underlying causes according to our terminology: 1) exhaus
tion, as an end product of fatigue or 2) insufficient strength. 

Figure 8 shows several regression lines each of 
which is meant to depict force over time for an individual 
speaker. In the strictest sense, the line that remains horizon
tal at level c is an example of nonfatigue, that is, no force 
declination, and all other solid lines that are diagonal are 
examples of fatigue regardless of how slight the negative 
slope value might be. 

The results of the current study indicated that the 
subjects varied in their ability to resist the effects of fatigue, 
but resistance depended on the level of the external air 
pressure load. All subjects were fairly resistant to fatigue up 
to a point. Both female and male subjects tended to cluster 
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Figure 8. Veloplwryngeal closure force versus rime. Each line mz the 
graph from starting poi Ill c represents force generation for an individual 
subject. a = zero fo rce level; b =force level at threshold of exhaustion. 
c = beginning fo rce level for a given utterance string; d = maximum 
possible force. a-b, the darker gray region = zone of exhaustion; b-e. the 
lighter gray region= zone of f atigue. x andy are shorter and longer rimes 
to exlwusrion respectively. 
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at the regression slope value of zero for the control condition 
and also for the lower nasal air pressure conditions of 5 and 
15 em H20. This suggests that forreiterati ve speaking tasks, 
normal individuals tend not to demonstrate rapid rates of 
fatigue even when some external loading is imposed on the 
velopharyngeal mechanism. These findings appear to be 
consistent with the results ofWebb, Starr, and Moller ( 1992) 
who observed little or no change in nasality in a group of 
eight normal subjects, aged 15-22, after speaking continu
ously for a period of 40 minutes. 

It is possible that individuals with impaired 
velopharyngeal mechanisms might exhibit more rapid rates 
of force declination such as that labeled x and y in Figure 8. 
In these hypothetical examples, the two speakers reach 
exhaustion as shown in the figure, with x reaching exhaus
tion sooner than y. Once in the zone of exhaustion, the 
ability to generate sufficient force to accomplish the given 
task likely continues to fall off very rapidly as suggested by 
the dashed lines. 

Figure 9 is a stylized graph that depicts the theoreti
cal relation between time to exhaustion versus percent 
maximal voluntary contraction (MVC). The latter is a 
common measure reported in the physiology literature. 
MVC is difficult to assess for the velopharyngeal muscle 
system because it is difficult to contract the muscles of 
velopharyngeal closure as forcefully as possible on com
mand. This is in contrast, for example, to a hand grip task. 
However, estimates, at least in a gross fashion, might be 
derived from our previous work (Kuehn & Moon, 1994) in 
which normal subjects tended to use levator veli palatini 
activation levels for speech that were at the lower end of the 
total range of levator activation levels as determined in 
relation to a blowing task. In reference to that work, it is 
likely that normals use roughly about 20% MVC or less 
during speech. 
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Figure 9. Time co exhaustion in arbitrary log units versus percent MVC 
(maximal voluntary contraction). 



Figure 9 demonstrates that the higher in one's 
MVC that a task is performed, the shorter will be the time at 
which exhaustion is reached. In the case of normal 
velopharygeal closure, and assuming that one uses a level of 
activation that is at 20% MVC or less, one could speak for 
a very long time without reaching exhaustion. Again, this is 
consistent with the results of the no-load and small-load 
conditions of the current study and with the results of the 
Webb et al. (1992) study discussed above. 
However, if an individual exerts more energy and uses a 
higher percent MVC for various reasons, the time to exhaus
tion might become a significant factor and could become 
very short. In the current study, several subjects increased 
their starting force values with increased external air pres
sure loads (especially Subjects 2,4,5,7,8,IO). This can be 
deduced by comparing Figure 4 versus 6 and Figure 5 versus 
7. Presumably, these subjects used a higher percent MVC as 
the external load increased. It is likely that the time to 
exhaustion for these subjects would have decreased corre
spondingly and would have been reached if the experiment 
had been prolonged in time. Indeed, two subjects, S3 and 
S I 0, did reach exhaustion within the time allotted to perform 
the syllable production task. 

Another important aspect to consider in relation to 
the possible effects of fatigue on velopharyngeal closure is 
the level of force required to achieve closure and where in 
one's total force range that level of force lies. Figure 10 
addresses this issue. Presumably, normal individuals achieve 
velopharyngeal closure with relatively little expenditure of 
energy (Kuehn and Moon, I994 ). In reference to Figure 10, 
we suggest that speakers without velopharyngeal impair
ment would achieve velopharyngeal closure with as little as 
20% MVC and perhaps touch closure with as little as 10% 
MVC. Contraction effort above about 20% MVC typically 
would be unnecessary in most speaking situations and 
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Figure 10. Degree of velopharyngeal closure versus percent MVC 
(maximal voluntary contraction). 

would be overly fatiguing in the long term. That is, in 
reference to Figure 9, increasing percent MVC reduces time 
to exhaustion owing to the more rapid rate of fatigue and, 
presumably, more rapid depletion of energy. Contraction 
much under 20% MVC would be insufficient to achieve 
consistent velopharyngeal closure (Figure IO) and logically 
would be avoided in typical situations. 

It is interesting to speculate about speakers with 
impaired velopharyngeal mechanisms in reference to Figure 
I 0. For subjects without impairment, a cluster of curves near 
the one shown in Figure I 0 would be expected. But for 
subjects with cleft palate, for example, the curves might be 
expected to be shifted downward and to the right. That is, 
even with greater levels of effort (increased percent MVC), 
speakers with cleft palate might still have lower degrees of 
velopharyngeal closure than speakers without impairment. 
This suggestion is consistent with the results of a previous 
study (Kuehn & Moon, I995) in which it was found that 
speakers with cleft palate, exhibiting some degree of 
hypemasality, tend to use levator veli palatini activation 
levels that are at the higher end of their muscle's total 
activation range as determined in relation to a blowing task. 
Thus, if these individuals used even higher muscle activa
tion levels (higher percent MVC) to achieve a greater degree 
of velopharyngeal closure (Figure I 0) they might increase 
rate of fatigue markedly (Figure 8) and quickly reach a level 
of exhaustion (Figures 8 and 9). 

Sex Comparison 
With regard to possible differences between males 

and females, Figures 4 versus 5 and Figures 6 versus 7 
indicate few if any systematic differences in either 
velopharyngeal fatigue patterns or initial velopharyngeal 
closure force values. The latter is consistent with a previous 
report in which no difference in absolute values of 
velopharyngeal closure force for speech was found between 
normal adult males and females when the data were grouped 
(Kuehn & Moon, 1998). 

Individual Differences and Implications for Future 
Research 

In reference to the highest loading provided in 
this study, 35 em H20, there was great variability among 
the normal subjects with regard to fatigability of the 
velopharyngeal mechanism (Figures 4 and 5). In typical 
circumstances, such loading would not occur. However, for 
those subjects who are more susceptible to the effects of 
induced fatigue (i.e., Subjects 2,4,6,8,9, and especially Sub
jects 3 and 1 0) it is possible that velopharyngeal functioning 
for these subjects might be affected if the velopharyngeal 
mechanism is taxed. Examples of such taxing phenomena 
might be playing a musical wind instrument extensively, 
overall bodily fatigue, trauma, neurologic insult, or perhaps 
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combinations thereof. Of course, if the velopharyngeal 
mechanism itself is frankly impaired, such as with cleft 
palate, the effects of physiologic fatigue might be amplified 
in these individuals. 

It is interesting to note in reference to Figures 6 and 
7 that several subjects actually increased their levels of 
velopharyngeal closure force in relation to increasing levels 
of nasal air pressure. This suggests that latent effects of 
fatigue did not build up from one experimental condition to 
the next for these subjects and, on the contrary, that muscle 
potentiation (Botterman, 1995) actually might have oc
curred at least at the onset of each new series of syllable 
productions. It is possible that the subjects reset their force 
output control in anticipation of greater load demands on the 
mechanism. It should be noted that the subjects were not 
given feedback about their velopharyngeal force output but 
they were expecting increasing external loads (i.e., increas
ing nasal air pressure) in subsequent conditions. 

The possibility of a potentiation effect would be 
interesting to pursue given that it might be under control of 
the central nervous system and not solely reliant on periph
eral muscle mechanics. Thus, even if the musculature is 
deficient, it might be possible to compensate for that defi
ciency, at least to some degree, by tapping into central 
control mechanisms. 

Our goal in studying physiologic fatigue of the 
velopharyngeal mechanism is to apply this knowledge in 
treating individuals with velopharyngeal impairment. A 
greater understanding of individual and group differences 
might aid in treannent regimens, especially those that utilize 
muscle resistance approaches such as that of continuous 
positive airway pressure, CPAP (Kuehn, 1991). We are 
currently studying the effects of physiologic fatigue on the 
velopharyngeal mechanism in a group of subjects with cleft 
palate. 
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AINI'act 
Glottal adduction is a primary laryngeal variable 

determining glottal configuration and phonatory output. 
Greater adduction of the vocal folds manifests as a reduc
tion of the arytenoidal vocal process gap as well as medial 
bulging of the membranous vocal fold surface. This study 
examined phonatory effects due to changing the degree of 
bulging using a computational model. Bulging was mod
eled as a quadratic surface, and the bulging parameter B was 
the coefficient (0 to I) to the active muscle stress used in our 
simulation studies. Results indicated that bulging had a 
significant effect on glottal flow resistance, maximum glot
tal width and area, and on mean glottal volume velocity. 
The results are discussed relative to clinical issues of hy
perfunction. 

Introduction 
Glottal adduction is a primary laryngeal posturing 

gesture. There are three local points of adduction which 
govern the whole of normal adduction, namely the poste
rior portion of the arytenoid cartilages, the vocal processes 
of the arytenoid cartilages, and along the mid-membranous 
portions of the glottis. 

The mechanisms for glottal adduction are not com
pletely clear. It is generally assumed that the interarytenoid 
(lA) muscles approximate the posterior portions of the 
arytenoid cartilages due to their direct attachments for such 
action1

• Adduction of the vocal processes is more compli
cated. Nasri et aP used an in vivo canine model and found 
that vocal process adduction forces were greatest via lateral 
cricoarytenoid (LCA) muscle contraction, followed by thy
roarytenoid (TA) muscle contraction and then by lA con
traction. These results are consistent with those of Hirano et 

al 1• In contrast, Farley3 used a complex theoretical biome
chanical model and found that LCA action contributed 
relatively little to vocal process adduction whereas lA 
action played a primary role, with further contributions 
from TA and cricothyroid (CT) muscles. Contraction of the 
posterior cricoarytenoid (PCA) muscles abduct and el
evate the vocal processes1, but may also add fine control to 
the level of vocal process adduction during phonation.4 

The TA muscle appears to have a primary role in creating 
additional medial adduction of the vocal folds by forming 
a medial bulge when contracted sufficiently .1.2..5 This latter 
topic, adductory effects due to bulging of the vocal folds, 
a result of increased contraction of the T A muscle, is the 
subject of this report. 

This study is related to two earlier adduction 
studies, 6•

7 in which the effects of arytenoid movement were 
examined with excised canine larynges and a human sub
ject, respectively. In those studies, the relation between 
mean subglottal pressure and mean glottal flow for each 
value of vocal process gap was reasonably represented by 
a straight line with a slope that increased with greater levels 
of adduction. The present study explored the same relation, 
and others, for parametrically increased medial surface 
bulging. Instead of a tissue model, however, a computer 
simulation model was used. 

Modeling Procedures 
The computer simulation model used in this study 

includes tissue mechanics, glottal aerodynamics, and acous
tics of the vocal tract. The tissue mechanics were modeled 
with a finite element technique. 8 The glottal aerodynamics 
were modeled with a finite volume solution of the Navier
Stokes equations. 9 The vocal tract acoustics were modeled 
using a wave reflection and transmission technique.10•11 
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None of these modeling techniques will be discussed in 
detail here, but a brief synopsis will be given. 

Tissue M echanics 
The tissue mechanics included the determination 

of the pre-phonatory shape of the vocal folds, estimation of 
the mechanical properties of the vocal fold tissues, and the 
calculation of vocal fold vibration in the time domain. 
Vocal fold vibration was modeled with a fini te element 
technique. The three-dimensional geometry of the vocal 
fold was divided into thin layers along its length (see Figure 
I). When the layers are thin enough, the displacement field 
does not change much across the longitudinal thickness of 
each layer. Thus, a two-dimensional finite element solution 

z 

~ --x 

Figure 1. The vocal fold geometry in the biophysical model. 

Figure 2. The vocal fold mesh in a media/layer during oscillation. The 
dnrk gray represents the vocal fold body, light gray represenrs the cover, 
and white region represenrs ligament. 
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with plane strain (laterally and vertically) was used in each 
layer. As shown in Figure 2, within each layer, the geom
etry and the mechanical tissue properties were quantified 
with triangular elements. The figure shows a typical mesh
ing with muscle (dark gray region), mucosa (gray region), 
and ligament (white region) as major tissue components.12 

The solution of the tissue mechanics can be outlined as 
follows:8 

1. The pre-phonatory shape of the vocal fold surface 
in the vertical direction was defined by a quadratic expres
sion, 13 with arytenoidal adduction controlled. 

2. Viscoelastic properties of each tissue component 
were read in from an experimentally oriented database.•~. • s 

3. The static nodal coordinates in each layer were 
calculated from an automatic custom-developed mesh gen
eration routine. 

4. The mass, stiffness, and damping matrices for each 
element were calculated and assembled into the corre
sponding global matrices. 

5. Aerodynamic pressures were applied to the vocal 
fold surfaces. 

6. The nodal forces for each element were calculated 
from the pressure distribution and assembled into a global 
force vector. 

7. The matrix differential equation of motion resulting 
from the finite element formulation was solved for each 
time step (the global displacement vector was obtained). 
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Figure 3. Portion of the glottal wall with parameters that define the bulging 
and adduction. 



8. The nodal coordinates were updated by adding the 
dynamic displacement vector to the previous equilibrium 
coordinates, and the boundary conditions were verified. 

9. The updated geometry was used in other modules 
(aerodynamics and acoustics). 

The parameter of primary interest in this paper, 
medial surface bulging, was modeled by a quadratic ex
pression16·17 between glottal entry and exit, as shown in 
Figure 3. In the figure, X 1 is the inferior glottal half-width 
and ~ is the superior glottal half-width, which were kept 
constant at values of 0.06 em and 0.02 em, respectively, in 
this study. The curved line is the quadratic fit between the 
upper and lower glottis. As seen on the figure, the bulging 
parameter B was defined as a function of the following: the 
upper and lower g lottal diameters, the thickness T of the 
glottis (0 .5 em), and the value of bin the quadratic function. 
The bulging parameter was placed midway between the 
upper and lower edges of the glottis. The value of bulging 
varied from zero to one. 

Bulg ing was related to the degree of tension in the 
vocal fold tissue elements corresponding to thyroarytenoid 
muscle contraction. The bulging value acts as a coefficient 
to the active muscle contraction stress as determined from 
physiological data18 and used in prior simulation studies.3·19 

It is assumed that this approach is sufficiently valid to 
pursue the phonatory effects of the bulging parameter, but 
recognize that further refinement is necessary. 

Glottal Aerodynamics 
The glottal aerodynamics module calculated the 

pressure and flow in the glottis. There were two procedures 
for this process. First, the lossless Bernoulli equation was 
combined with an exit pressure recovery term20 and acous
tic reflection pressure just above the glottis.21 This pro
vided a first order solution for the airflow and pressure, and 
was fast and easy. Second, the solution of the Navier
Stokes equations, which are more accurate but require the 
flow-field discretization and a numerical scheme, was used. 
Although this second procedure was more time consuming, 
it provided more information than was possible with the 
first, specifically the complete pressure and velocity field 
within the glottis. The flow rate obtained from the first 
procedure was applied to the Navier-Stokes equations, and 
a solution was obtained for the entire flow field. The 
combination of both procedures was highly efficient. The 
following steps were taken to determine the glottal aerody
namics. 

I. Glottal area was calculated from the tissue finite
element solutions. 

2. A two-dimensional equivalent of the glottis (with 
the same transverse cross-sectional areas) was calculated 
for use with the two-dimensional Navier-Stokes equations. 

3. The flow domain was divided into a non-uniform 
staggered grid (see Figure 4). 

Figure 4. Grids in the flow domain. 

4. The glottal flow was obtained from the transglottal 
pressure and the glottal area using the first procedure 
(Bernoulli) discussed above. 

5. The Reynolds number for the current time step was 
calculated from the flow and glottal area. 

6. The time dependent Navier-Stokes equations were 
solved for pressure and velocity distributions throughout 
the entire vocal tract with the finite-volume numerical 
method. 

7. Because the flow field (grid) extended through the 
vocal folds (see Figure 4), a large source term was used in 
the discretized Navier-S tokes equations for all cells within 
the space taken up by the vocal folds. This kept all flow 
within the airway and set the air velocity essentially to zero 
on the vocal fold surface. 

8. The SIMPLER method22 for pressure correction was 
iterated until a converged solution was obtained for that 
time step. 

9. Transglottal pressures and nodal pressure values 
were updated. 

Vocal Tract Acoustic 
The acoustics module computed one-dimensional 

wave propagation in the airways (trachea, pharynx, mouth 
and nose) on the basis of transmission-line theory10. In this 
model, the vocal tract area function for a particular vowel 
was obtained from published data.1L23 The procedure for 
the solution of the one-dimensional acoustic wave propa
gation was as follows: 

1. The vocal tract was divided into a number of 
cylindrical sections. For the vowel /a/ the model employed 
8 sections in the pharynx, 10 sections in the mouth, 12 
sections in the nose (not used in these simulations), and 16 
sections in the trachea. 

2. The reflection and loss coefficients at the section 
boundaries were calculated. 

3. Using the aerodynamic pressure profile in the 
glottis and the volume velocity, a vector of the forward 
pressure downstream of the glottis was calculated. 

4. Reflected and output pressures at the mouth and 
nose were calculated. 

5. The aerodynamic pressures in the subglottal and 
supraglottal sections were updated. The instantaneous 

NCVS Status and Progress Report •107 



transglottal pressure was strongly influenced by the acous
tic properties of the subglottal and supraglottal ducts dur
ing phonation21 • 

The independent variables of interest in this study 
were the bulging of the medial vocal folds and the lung 
pressure. The dependent variables to be reported here (with 
limited examples) are the mean flow rate, mean subglottal 
pressure, the mean transglottal pressure, mean glottal flow 
resistance and impedance, fundamental frequency, maxi
mum glottal area, and the maximum glottal amplitude. The 
vocal fold length (2.0 em) and the adduction (0.02 em) at 
the vocal processes did not vary. 

Figure 5 shows an example of four output vari
ables and two derived variables for the simulation case for 
a bulging value of 0.4 and a lung pressure of 8.0 cm-~0 for 
the /a/ vowel. The fundamental frequency was 113 Hz. The 
lowest trace is the subglottal pressure (Ps) signal. The 
variations in the pressure correspond mainly to the first 
subglottal formant frequency of approximately 500 Hz. 
The trace just above the subglottal pressure is the glottal 
volume velocity (Ug). The waveform near the baseline 

Figure 5. Typical glottal signals in the modeL 
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suggests only a brief segment near zero flow. The next trace 
(Ag) is the projected glottal area, which appears approxi
mately triangular, with again a brief moment of zero area 
The fourth trace is the (maximum) glottal width (Gw) 
calculated between the two vocal folds. It also is somewhat 
triangular in shape, but with distinct variations. The next 
trace is the trans glottal pressure (Tgp ), measured by the 
simple subtraction of the instantaneous sub glottal pressure 
and the supraglottal pressure values. The double peaks are 
dependent upon the frrst two pressure peaks of the sub glottal 
pressure. Notice that the trans glottal pressure, which drives 
flow through the glottis as well as indicates pressure differ
ences between the inferior and superior surfaces of the 
vocal folds, can be determined whether or not there is flow 
through the glottis~ The top trace is the glottal flow imped
ance (Imp), obtained by the simple division of the instanta
neous transglottal pressure by the instantaneous glottal 
volume flow. For glottal flow values less than 0.01 mVs, the 
impedance value was calculated by interpolating neigh
boring points. The largest impedance values occur near 
glottal closure when the transglottal pressures are highest 
and the flows are lowest. 

Instead of presenting each of the signals for the 
different conditions studied, we will emphasize the glottal 
volume flow here, since it (or its derivative) is considered 
to be the source of sound in phonation. Figure 6 shows four 
glottal volume velocity waveforms corresponding to bulg
ing conditions of 0.4 and 0.8 and lung pressure levels of 8 

Figure 6. Glottal flow signals for various lung pressures and bulging 
factors. 



and 16 em-H
2
0. When lung pressure was increased from 8 

to 16 cm-~0 for a constant bulging level equal to 0.4, peak 
flow increased from 364 mVs to 546 mVs and the maximum 
flow derivative increased from approximately -300 Vs2 to 
-600 Vs2

• For the same increase of pressure from 8 to 16 em 
~0 for an increased constant bulging level equal to 0.8, 
peak flow increased from 346 mVs to 530 mVs and the 
maximum flow derivative increased from approximately 
-300 Vs2 to -500 l/s2. These results suggest that increasing 
the bulging value at constant lung pressure has much less 
effect on the peak glottal flow and maximum negative flow 
derivative compared with increasing the lung pressure at a 
constant bulging value. When the bulging level increased 
from 0.4 to 0.8 at a constant lung pressure level, there was 
a longer closed time of the glottis (relatively longer zero 
flow), suggesting greater adduction and flow resistance, 
and an increase in fundamental frequency. 

Figure 7 shows the results comparing the mean 
transglottal pressure and the mean glottal flow with the 
bulging level as the parameter. These results can be com
pared to similar plots of mean sub glottal pressure and mean 
flow for different levels of arytenoidal adduction for ex
cised canine larynges6• In the excised larynx, due to the 
lack of a vocal tract, the subglottal pressure was the same as 
the transglottal pressure and the relationship was found to 
be linear for each level of adduction and essentially non
overlapping between the levels. Here, the relationships are 
not linear, the slope of the curves tending to vary with 
higher levels of pressure and flow. The data indicate that 
greater levels of bulging (closer prephonatory vocal folds) 
result in less mean glottal flow for the same level of mean 
transglottal pressure. This implies that greater flow resis
tance accompanies bulging. This is seen more clearly in 
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Figure 7. Effects of bulging factor on the pressure-flow relationships. 

Figure 8. The mean glottal flow resistance (defined as the 
mean subglottal pressure divided by the mean glottal flow) 
increased as the bulging increased for any level of sub glottal 
pressure. There are a few reversals (which need deeper 
investigation}, but the general trend is strong. The closer 
vocal folds together with the increased tissue tension ac
count for this expected finding. 

Both Figure 7 and Figure 8 appear to suggest that 
there is a difference in the spread of results at different 
levels of subglottal pressure. The least spread of flow rate 
in Figure 7, and the least spread of flow resistance in Figure 
8, across bulging levels, is shown at approximately 8 cm
H20. The greatest spread of values is seen near 14 cm-~0 
in both figures. This suggests an interesting finding, that 
bulging may create the least sensitive control of flow 
resistance at the most normal values of subglottal pressure 
(near 8 em-H

2
0), whereas the most sensitive control of flow 

resistance may occur for loud speech (near 14 cm-~0). 
The variation of mean flow resistance at 8 cm-H

2
0 is 

approximately3.6to4.6Pa/(mVs),achangeof28%, whereas 
the variation at 14 cm-~0 is approximately 3.2 to 5.4 
Pa/(mVs), a change of 69%. 

Glottal flow impedance, a time dependent quan
tity defined as the ratio of the transglottal pressure signal 
and the flow signal, was also obtained in the modeling 
study (see Figure 5). It was noticed in Figure 8 that glottal 
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resistance was nearly independent of mean lung pressure 
for a constant bulging value. Figure 9 indicates that aver
age glottal flow impedance, on the other hand, shows 
essentially increasing monotonic relationships across lung 
pressure values. The significance of this and the practical 
difference between the mean glottal resistance and the 
mean glottal impedance is yet to be determined. 

Increasing lung pressure for specific levels of 
bulging should increase both the maximum glottal ampli
tude and area due to the increased external forces pushing 
upon the vocal fold surfaces. However, for a given value of 
lung pressure, increasing bulging should reduce the glottal 
amplitude and area because of the increased adduction and 
stiffness. These expectations are consistent with the results 
shown in Figures 10 and 11. Both the glottal area contours 
and the glottal amplitude contours show increasing values 
toward the upper left of the figures. For the range of 
pressures and bulging levels used, both the amplitude and 
area nearly double. Also, the contours are nearly diagonal, 
suggesting that there is significant influence on the glottal 
area and amplitude from both the lung pressure and the 
vocal fold bulging. For example, doubling the bulging 
value decreases the maximum glottal amplitude by ap
proximately 20%, and doubling the lung pressure increases 
the amplitude by about 30% (20% to 39% with greater 
changes at higher bulging values). These results suggest 
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that bulging may have a strong controlling influence over 
glottal dynamics. 

Figure 12 shows the influence of lung pressure 
and bulging on the resulting mean transglottal pressure. 
The figure suggests that bulging has relatively little influ
ence over the transglottal pressure, which is dominated by 
the lung pressure. This holds more for lower lung pressure 
levels where the contour is relatively flat. At the higher 
levels of lung pressure, there is some effect that can be 
observed from the gradient of these contour lines. For 
example, at a lung pressure of 16 cm-~0, changing bulg
ing from 0.6 to 0. 7 increases the mean trans glottal pressure 
for about 0.5 cm-~0. 

Increasing lung pressure should increase the mean 
glottal volume velocity because of increased forces acting 
within the airflow, whereas increasing the bulging levels 
should decrease the mean volume velocity because of the 
greater membranous vocal fold adduction levels. This is 
reflected in Figure 13, showing increasing contours of 
mean volume velocity toward the upper left of the figure. 
Doubling the bulging value results in greater reductions in 
mean volume velocity as the lung pressure increases (about 
13% reduction for 6 cm-~0 to about 25% reduction at 14 
cm-~0). 

~on 
Glottal adduction, subglottal pressure, and vocal 

fold length are relatively independent variables of the 
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Figure 12. Transglottal pressure as a junction of lung pressure and bulging 
factor. 

larynx used in producing and controlling phonation. Be
cause true independent control of one without variation in 
the others is probably impossible in the human, models are 
necessary. 

This study used a biophysical model to look at one 
aspect of adduction, the medial positioning or bulging of 
the vocal folds due to contraction of the thyroarytenoid 
muscle. The results indicate that a relatively large increase 
of bulging creates significant increases in glottal flow 
resistance, reductions in maximum glottal amplitude and 
area, and decreased values of mean volume velocity. 

In this study with constant superior and inferior 
glottal width, the full range of flow resistance across the 
bulging levels (0.3 to 0.8) was approximately 3.2 to 5.6 Pal 
(mils) over the range of subglottal pressure used (5 to 25 
cm-H

2
0). This range can be compared to that obtained in 

the earlier adduction study6 using excised canine larynges, 
which was approximately 3 to 11 Pa/(ml/s). It is noted that 
the excised canine tissue did not involve bulging because 
there was no active TA contraction. Examination of figure 
5 of the canine study suggests that, over the range of 
bulging levels studied here, the range of resistance values 
is equivalent to changing the vocal process gap by approxi
mately 2 mm, a relatively large value. Thus, the bulging 
parameter may be a relatively strong determinant of the 
overall glottal flow resistance. This result is plausible only 

Volume Velocity (~/s) 

18 

16 

0:. 14 :z: 
e 
0 

12 
G) ... 
=' CQ 
CQ 10 G) ... 
g. 

~ 
c 8 
=' M 

6 

Bulging Factor 

Figure 13. Mean volume velocity as a junction of lung pressure and 
bulging factor. 

NCVS Status and Progress Report •111 



if the human actually can or does vary bulging over the 0.3 
to 0.8 range studied here. The human subject study men
tioned earlier7 appeared to be more consistent with the 
canine study, wherein the adduction value represented by 
the vocal process gap was a strong determinant of the 
relation between a given subglottal pressure and the glottal 
flow. The scatter in the human data, however, may be due in 
part to inherent TA contraction and the related bulging. The 
range of flow resistance in the human subject study, which 
included a range of adduction and voice quality from 
breathy to pressed, was approximately 0.5 to 11.5 Pa/(mVs) 
over a range of subglottal pressure of 5 to 15 cm-~0. The 
results here suggest that glottal flow resistance is shared 
between two sources, arytenoidal adduction and TA activa
tion that rounds the vocal fold medial surface and stiffens 
the vocal fold. Although a significant change in flow resis
tance is possible with TA activation, it is yet unknown 
under what circumstances people use it to control flow 
resistance. 

The increased values of glottal flow resistance 
due to increased bulging appear to be an accessible method 
to augment or perhaps fine-tune the flow resistance pro
duced by decreasing the vocal process gap. Both types of 
increases of adduction (vocal process gap, vocal fold bulg
ing) may decrease the open quotient (ref. Figure 6}, sug
gesting both aerodynamic and acoustic control through 
both methods of adduction. 

The clinical problem of tension dysphonia may be 
directly related to the results of this study. A subset of those 
with generalized laryngeal tension may combine both types 
of adduction (complete arytenoidal adduction and vocal 
fold bulging) to compress the glottis so that only large 
amounts of sub glottal pressure can be used to create vocal 
fold oscillation and the subsequent low flows (pressed 
phonation). Those with the combination of breathy-strained 
voice may use a glottal configuration with an open poste
rior glottis but compressed vocal folds24

, suggesting the 
presence of relatively high TA activation (bulging) and the 
antagonistic action of the LCA-INT-PCA complex (for 
vocal process adduction) with dominating PCA. Cases in 
which the vocal processes are touching but with a lack of 
touching of the middle of the membranous vocal folds 
suggests that theTA activation may be set at a low level or 
there is anatomical bowing of the vocal folds. Techniques 
to counteract vocal fold bowing would include the attempt 
to create high TA activation as well as increased vocal 
process adduction, as in the Lee Silverman Voice Treat
ment approach25 for louder voicing by Parkinson disease 
patients. 

In addition to these possible clinical cases, too 
much bulging may create a restricted location on the vocal 
fold (the most medial portion of the bulge) that may receive 
the primary impact forces when the vocal folds collide. 
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Thus, too much TA activation (bulging) may promote the 
creation of vocal fold swelling midmembranously. Con
trary to bulging that potentially may contribute to biologi
cal inefficiency (tissue damage) is the possibility that some 
bulging will make oscillation easier by lowering the re
quired phonation threshold pressure. This is consistent 
with Titze's theoretical suggestion26 that a closer lower 
edge of the vocal folds lowers the oscillation threshold 
pressure. Here, bulging creates closer vocal folds not in the 
lower glottis but superior to that, effectively accomplish
ing a similar contour change below the superior portion of 
the glottis. 

Conclusion 
In this study a biophysical computer model incor

porating both air and vocal fold tissue properties was used 
to investigate the phonatory effects of medial vocal fold 
bulging. The bulging was characterized by a quadratic 
function and was motivated by contour shaping due to 
contraction of the thyroarytenoid muscles. 

The results suggest that vocal fold bulging associ
ated with thyroarytenoid muscle contraction may have 
significant influences on phonation: 

1. Vocal fold bulging increases glottal flow resistance. 
2. Flow resistance is more sensitive to bulging for lung 

pressure values above 10 cm-H
2
0 (Fig. 8). 

3. Lung pressure and bulging both have significant but 
opposite effects on the maximum glottal amplitude and 
area (Figs. 10 and 11). 

4. Increasing vocal fold bulging decreases the mean 
glottal volume velocity, with greater reductions at higher 
lung pressures. 

The relative influence of glottal flow resistance 
due to vocal process adduction and to vocal fold bulging 
needs further investigation. Results of such studies may be 
highly relevant to voice therapy and training strategies 
related to adduction, vocal control in general, and to re
fined physiological-biomechanical models of phonation. 
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Intraoperative Decision-Making in Medialization Laryngoplasty 

Charles N. Ford, M.D. 
Division of Otolaryngology-Head and Neck Surgery, Department of Surgery, The University ofWisconsin 

One of the major advantages of laryngeal frame
work surgery is that it affords the surgeon an opportunity to 
obtain feedback during the procedure so that appropriate 
modifications can be made intraoperatively to achieve an 
optimal result. In order to maximize the opportunity for 
intraoperative adjustments, it is necessary to perform these 
procedures under local anesthesia. This way, the patient can 
phonate while the surgeon monitors the response perceptu
ally and observes the alterations in surface anatomical con
figuration by flexible fiberoptic endoscopy. Medialization 
thyroplasty is the most predictable of the framework proce
dures and allows the surgeon to create measured contour 
alterations of the vocal fold. Routine decisions must be made 
regarding exposure, placement of incisions, and shim de
signs. The decision to employ adjunctive procedures or 
alternative materials is often made during surgery. Above all, 
the surgeon must be prepared to alter the planned procedure 
when faced with operative complications and inadvertent 
tissue injuries that threaten the patient's well being and the 
surgical result. 

Exposure Decisions 
Adequate exposure always can be attained through 

a horizontal cervical incision eccentrically placed so that it is 
centered on the operative side but crosses the midline suffi
ciently to allow for flap elevation. Flaps are undermined in 
the subplatysmal plane and the strap muscles initially pre
served. The outer perichondrium of the thyroid cartilage is 
incised in the midline and elevated to allow visualization of 
the thyroid lamina from superior to inferior. If there is 
inadequate posterior exposure, the medial aspect of the 
sternohyoid and thyrohyoid muscles can be sectioned just 
inferior to the hyoid. For thyroplasty, it is necessary to 
identify the inferior border of the thyroid cartilage; a 
musculoperichondrial flap can be elevated and splayed out, 
thereby preserving the insertions of the cricothyroid muscle 
and avoiding injury to this richly vascular muscle (Figure I). 
If it is decided to perform adjunctive arytenoid adduction, it 
wi ll be necessary to cut the inferior perichondrial attach-

ments and remove the insertions of the thyrohyoid and 
constrictor muscles to allow adequate rotation of the larynx. 

Although some surgeons advocate routinely cut
ting the inner perichondrium, it is an unnecessary step that 
introduces additional risk to the procedure. In addition to a 
greater risk of bleeding, there is a slight risk of penetration 
of the ventricular mucosa. This risk is greatest anteriorly 
where the ventricle closely approximates the inner surface 
of the thyroid cartilage. When drilling circumferentially 
around the window or attempting to separate the cartilage 
from inner perichondrium, it is best to work fust on the 
inferior, posterior, and superior margins. This preserves the 
anterior perichondrium so that an anteriorly based inner 
perichondrial flap can be created, allowing for additional 
displacement if necessary while protecting the anterior soft 
tissues (Figure 1 ). 

Figure 1. Adequate exposure for thyroplasry is shown with a musculo
perichondrial flap elevated preserving the cricothyroid muscle insertions 
in the thyroid cartilage. A thyroid cartilage window is shown with 
incisions around three sides of the inner perichondrium preserving the 
anterior margin as a protective barrier when the entire inner perichondrium 
cannot be preserved. 
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Deciding on Proper Placement of Cartilaginous Incisions 
There are several formulae and rules that have been 

used for placement of the cartilaginous window in the 
thyroid cartilage, but size and placement decisions must be 
guided by intraoperative observations. Precise placement 
and size of the window depends on the overall size of the 
larynx, the size and shape of the planned shim implant, and 
careful attention to the internal laryngeal anatomy to avoid 
inappropriate displacement and injury. The surface anatomy 
must be adequately displayed to determine the location of 
the vocal fold. If the inferior margin is not identified, there 
is a tendency towards superior placement of the window, 
resulting in ineffectual displacement of the ventricle and 
false vocal fold. Common mistakes are: ( I) adhering to a 
formula based on the use of one type of implant when a shim 
of different design is employed; (2) not adjusting the size of 
the window to the overall size of the larynx; and (3) placing 
the window too high and too far anterior. 

The exact placement of the thyroid cartilage win
dow incisions should be dictated by the anticipated shape of 
the displacement shim (1). Once a decision is made to 
employ a shim of a particular shape, the surgeon must decide 
how that implant will displace the vocal fold and adjacent 
soft tissues. If the shim overlaps the thyroid cartilage supe
riorly, the superior level of the window must be placed 
inferior to the midpoint of the thyroid lamina to avoid 
inappropriate medialization of the supraglottis (Figure 2). 
Ignoring this detail will result in increased supraglottic 
resistance and decreased vocal efficiency (2). If the shim is 
designed to overlap anteriorly, then the window needs to be 
placed more posteriorly. Recognizing that the window is 
inappropriately sized or placed requires intraoperative sculpt
ing of the implant to adjust to the situation. When in doubt 
about the placement of the window, it is generally best to err 
on the side of a more inferior and posterior placement. 
Leaving a 3 mm inferior strut of thyroid cartilage is suffi
cient to support most implants. 

Figure 2. This shows a useful design for a silastic shim that interlocks in 
a wngue-in-groove fashion with the rhyroid cartilage. Since it extends 
above the cartilaginous window internally, it is desirable to pwce the 
superior margin of the window inferior to the estimated pwne of the vocal 
fold. 
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Placing the window too far anteriorly can have a 
detrimental effect on the voice and can promote extrusion. 
Shims extending to less than 5 mm from the anterior face of 
the thyroid cartilage will distort the anterior third of the 
vocal fold such that there is excessive homolateral convex 
anterior vocal fold displacement and stiffness. This can 
aggravate more posterior glottic insufficiency and restrict 
effective oscillation of the contralateral vocal fold anteriorly 
due to excessive contact or impaction by the displaced fold. 
A more troublesome consequence of anterior placement is 
the potential to penetrate the ventricular mucosa predispos
ing to granuloma and extrusion. The extreme proximity of 
the ventricular mucosa to the inner perichondrium is appar
ent by studying the axial sectional anatomy (Figure 3). It is 
safer to displace the posterior aspect of the vocal fold as there 
is more intervening soft tissue between the implant and 
laryngeal mucosa. 

Deciding on Shim Design 
There are several types of preformed displacement 

shims, made of different materials and in various sizes and 
shapes. Displacement shims can also be individually con
structed from silastic, Gore-Tex, or autogenous cartilage. 
Regardless of the material selected, it is important to use a 
shim that interlocks with the thyroid cartilage to prevent 
motion and deter extrusion. One approach to an interlocking 
design is to carve notches in the superior and inferior surface 
of a silastic block such that the shim snaps into place 
(tongue-in-groove) and is not easily dislodged (Figure 2). 
The basic design is then modified by trial displacements of 
the paraglottic soft tissues while the patient is asked to 
phonate and the endolarynx observed by flexible endos
copy. The implant is sculpted to achieve optimal medial 
displacement of the vocal fold, on plane with the contralat
eral fold, avoiding supraglottic displacement and assuring 

Figure 3. Axial and coronal views demonstrate the relative proximity of 
ventricular mucosa 10 the thyroid cartilage anteriorly (B) compared 10 

more posteriorly (A). 



glottic and intrafold fullness while avoiding subglottic dis
tortion. When optimal placement cannot be achieved, the 
surgeon can decide to perform an adjunctive arytenoid 
adduction. The shim is removed and the larynx rotated after 
separation of the attached strap and constrictor muscles. 
This exposure is facilitated by rongeur excision of a poste
rior rectangular strip of cartilage. Rotation should be gentle 
to avoid fracture of the cartilage. Passage of the adduction 
suture is facilitated by direct observation through the 
thyroplasty window. Satisfactory adduction should be se
cured before reintroduction of the displacement shim. Fur
ther refinement of the shim will often be necessary after the 
adduction suture is secured. 

DecisionsAddressing Intraoperative Complications 
It is important to operate with extreme care and 

meticulous hemostasis to avoid complications and tissue 
edema that can prevent adequate intraoperative voice as
sessment. The major cause of operative complications is 
inadvertent damage to vocal fold structures. Medialization 
thyroplasty as described by Isshiki (3) preserves the carti
lage window and attached inner perichondrium. Once the 
cartilaginous window is removed, as in the technique de
scribed here, there is a risk of tearing inner perichondrium, 
damaging the thyroarytenoid muscle, and inducing bleeding 
and edema. Preserving the inner perichondrium reduces 
these risks, but if damaged, it is helpful to preserve the 
anterior margin as a protective barrier that still allows for 
generous displacement but with decreased risk of muscle 

Figure 4. A flap comprised of an inferiorly based medial slip of the 
sternohyoid muscle is shown routed on the outer surface ofrhe cricothyroid 
membrane deep ro the thyroid cartilage ro fill the paraglorric space. 
maintain media/izarion of the vocal fold. and seal any defects present in 
the ventricular mucosa. 

damage or ventricular mucosal penetration. In the event of 
inadvertent penetration of mucosa into the laryngeal lumen, 
it is not advisable to proceed with shim placement since the 
exposure and contamination will likely result in granuloma 
and extrusion. A decision to abort the procedure or change 
to an arytenoid adduction approach is in the patient's best 
interest. 

The use of a muscle flap is an alternative that we 
have used successfully to correct mucosal tear, substitute for 
a displacement shim, and replace foreign body granulomas 
associated with extruding prostheses. This approach origi
nally described by Netterville (4) to manage Teflon granu
lomas entails the use of a medial slip of the sterno-hyoid 
muscle to fill the space normally occupied by the shim. The 
inner perichondrium is widely separated from the inner 
surface of the thyroid cartilage and the elevator is used to 
create a communication from the window to the external 
surface of the cricothyroid membrane. A medial slip of 
sternohyoid muscle is mobilized with a Metzenbaum scis
sors and passed through the window to create medialization 
of the vocal fold (Figure 4). While not as precise as a solid 
shim, it provides sufficient bulk while functioning as a 
physiologic sealer. 

Another intraoperative complication that warrants 
immediate attention is accidental laryngeal fracture. While 
this is rarely a problem with thyroplasty, the additional 
torque often needed to rotate the larynx during arytenoid 
adduction can lead to unintentional fracture of the thyroid 
cartilage. When arytenoid adduction is performed in con
junction with thyroplasty, several factors favor fracture: ( 1) 
the presence of the thyroplasty window; (2) the possible 
additional excavation of cartilage from the posterior edge of 
the thyroid cartilage; (3) extensive cartilage calcification; 
and ( 4) a noncompliant larynx requiring extensive rotational 
force for posterior exposure. In most instances it is possible 
to continue on with the arytenoid adduction but the thyroplasty 
wi ll occasionally need to be modified. The interlocking 
shim described here is often sufficient to stabilize the carti
laginous skeleton. If not, then either sutures or microplates 
can be used. Gore-Tex can be used alternatively as an 
implant since it does not require rigid stabilization to be 
effective. 

Summary 
In summary, the greatest advantage of medialization 

thyroplasty is the opportunity afforded the surgeon for 
intraoperative adjustments to optimize the voice result. To 
take advantage of this opportunity, it is essential to perform 
the surgery under local anesthesia so that various soft tissue 
displacements can be tried, anatomical changes assessed, 
and intraoperative voice results appreciated. The surgeon 
should have several alternative approaches for dealing with 
undesirable results and events. It is often useful to add 
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arytenoid adduction to achieve optimal vocal fold place
ment, airway protection, and voice. Intraoperative decision 
making is critical in both achieving the best result and 
dealing with operative complications. Bleeding, soft tissue 
damage, mucosal penetration, and framework fracture are 
some of the problems that must be addressed during surgery 
to avoid poor outcomes and assure the very best results. 
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Removal of the larynx is the most definitive proce
dure for achieving airway protection in patients with life
threatening aspiration. However, it is difficult for surgeons 
to sacrifice this structure and subject the patient to lifelong 
alaryngeal communication, especially if there is any chance 
of neuromuscular recovery. Because of this, a number of 
techniques that preserve the larynx have been attempted, 
including adjacent tissue flaps, laryngeal closure, obturators 
to occlude the laryngeal lumen, and variations on laryn
gotracheal separation (I). In our experience, the most grati
fying results have come from performing tracheoesophageal 
diversion as described by Lindeman (2). In this approach, a 
low tracheostomy is performed and the superior segment is 
anastomosed to the adjacent esophagus such that all oral 
contents are routed into the esophagus, either directly or via 
the laryngotracheal segment. Since the innervation is not 
disturbed, this is a potentially reversible procedure. 

Jn patients who have shown signs of neurological 
recovery after diversion surgery, we perform a swallow 
study to determine if there is sufficient laryngeal control to 
warrant attempted takedown of the diversion (Figure 1). 
Over the past 4 years, patients who have failed to show 
sufficient laryngeal functional recovery were offered an 
alternative method of phonation in which a shunt is created 
from the trachea at the posterior wall of the tracheal stoma to 
the superior laryngotracheal segment. This tracheo
tracheolaryngeal shunt (TTLS) affords the patient the op
ponunity to generate a near-normal voice using a technique 
similar to the routine tracheoesophageal puncture, but with 
the added benefit of using a structurally intact larynx. One of 
the 4 patients who underwent this procedure required a 

subsequent takedown, and the lessons learned in this case 
have helped us to modify the technique to enhance success. 

Operative Technique 
The basic technique of the tracheoesophageal di

version as described by Lindeman (1) is performed to 
resolve the aspiration problem. Key points that are particu-

Figure I . The incision is placed through the posterior wall of the tracheal 
sronw parallel to the plane of the tracheal rings to avoid cutting across 
cartilage. Note the gentle curvature of the superior tracheal segment 
allows the incision to be favorably placed. 
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Figure 2. This preoperative magnetic resonance imaging study in the 
sagiual plane depicts the relationship of the air-containing comiguous 
traclzeal segments and the laryngotrachealesophageal passageway is 
clearly depicted (clear white arrow). 

larly relevant to the subsequent performance of the TTLS 
are: (I) avoiding a high tracheotomy-preservation of 5 
rings is desirable; (2) placing the esophageal incision suffi
ciently low in the neck to avoid substantial kinking of the 
upper tracheal segment and assuring that the outflow point 
is most dependent; and (3) making a sufficiently large 
esophageal opening through a vertical incision to facilitate 
easy egress of food into the esophagus. Performance of the 
TILS should be deferred 6 to 12 months to determine if the 
patient shows sufficient signs of recovery from their neuro
logical deficit to warrant takedown of the original laryn
gotracheal shunt and re-establishment of normal laryngeal 
function. 

The TTLS procedure can be performed under local 
or general anesthesia. An incision is placed in the posterior 
wall of the inferior segment of the trachea, parallel to the axis 
of the tracheal rings. It is important to avoid cutting across 
the rings to facilitate adequate collapse of the soft tissues 
around the obturator and subsequent sealing around the 
valved prosthesis. The optimal level for placement of the 
incision can be judged by assessing a preoperative magnetic 
resonance imaging (MRI) study. The MRI shows the rela
tionship of the tracheal segments to the esophagus and helps 
to determine where an incision can be placed in the most 
horizontal direction to avoid pooling at the site of placement 
(Figure 2). The incision can be stretched in the horizontal 
plane with a hemostat and a foley catheter inserted for 5 to 
7 days before replacing it with a flanged Blom-Singer 
prosthesis (In Health Technologies, Carpinteria, CA) (Fig
ure 3). 
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Figure 3. This shows the traclzeo-tracheolaryngeal shunt maintained with 
the flanged valved prosthesis. 

Summary and Keys to Avoid Complications 
*Place tracheostomy at approximately the interspace 

between the 5th and 6th tracheal ring. 
*Make a generous vertical incision in the esophagus to 

facilitate passive egress of contents into the esophagus. 
*A void kinking or dependent sink in laryngotracheal 

segment of trachea. 
*Place incision as near to horizontal plane as possible 

and avoid cutting across tracheal cartilage. 
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AISract 
Newly developed glottographic sensors, utilizing 

high frequency propagating electromagnetic waves, were 
compared to a well-established electroglottographic de
vice. The comparison was made on four male subjects 
under different phonation conditions, including three lev
els of vocal fold adduction (normal, breathy, and pressed), 
three different registers (falsetto, chest, and fry), and two 
different pitches. Agreement was always found for the 
movement of glottal closure, but for the general waveshape 
the agreement was better for falsetto and breathy voice than 
for pressed voice and vocal fry. Possible differences in the 
field patterns and scattering mode were addressed. The 
hypothesis that the electromagnetic sensors could operate 
in either the forward scattering (diffraction) mode or in the 
backward scattering (reflection) mode was tested. Results 
favor the diffraction mode, but reflections may contribute 
to the signal. Several observations are made on the uses of 
the electromagnetic sensors for operation without skin 
contact and possibly in an array configuration for improved 
spatial resolution within the glottis. 

Introduction 
Glottography is a measurement of the time varia

tion of the glottis during phonation, where the glottis is 

defined as the airspace between the vocal folds. 
Glottography usually involves the transmission of a probe 
signal from one side of the larynx to the other, with the time 
variation of the glottis modulating the probe's properties. 
The modulation is then detected and interpreted in terms of 
the expected geometry of the glottis, which is formed by 
laryngeal tissues that are in partial stages of contact during 
the phonation cycle. The probes used in the past have been 
electrical current flow, ultrasonic waves, light transmis
sion, and airflow as generated by the speaker. Recently, 
propagating high frequency electromagnetic waves (EM 
waves) have been used to measure tissue motions in con
cert with glottal time variation (Holzrichter et al. 1998). In 
this paper, the properties of such an EM wave device are 
compared to those of an electric current flow device. 

As in many scanning and imaging techniques, 
there are two traditional modes of probing an air-tissue 
interface: the transmission mode and the reflection mode. 
In the transmission mode the received signal passes through 
the interface (or a series of interfaces), whereas in the 
reflection mode, the received signal is scattered (i.e., re
flected in the sense of ray optics) off the interface. As 
discussed below, when the wavelength of the probe be
comes comparable or larger than the size of the object 
being measured, the concepts of transmission and reflec
tion are better described by wave scattering concepts. 
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Examples are wave diffraction (usually defined as forward 
direction EM wave scattering), and backward EM wave 
scattering (due to a reflection from an interface). Generally 
speaking, the motion and geometry of a tissue interface can 
be detected in both forward and backward scattering modes. 
This is true provided there is adequate spatial and temporal 
resolution of the sendingreceiving probe, that there is 
sufficient signal relative to the background noise, and that 
there is a clarity of signal interpretation with respect to the 
physical phenomena causing the tissue interface modula-
tion. 

Both transmission and reflection modes have been 
attempted in glottography. In almost all attempts in the 
past, the interface of interest has been the medial surface of 
the vocal folds. This interface (or pair of interfaces for two 
vocal folds) is on the order of 1 em horizontally (front to 
back) and 0.5 ern vertically (top to bottom) and has signifi
cant curvature that varies over the glottal cycle. Thus, any 
signal reflecting from this interface involves rapid changes 
in direction. For transmission, there are always at least two 
interfaces, frrst a tissue-to-air interface on one vocal fold 
and then an air-to-tissue interface on the other. When 
contact between the vocal folds occurs (over all or part of 
the medial surfaces), scattering from either of the inter
faces begins to vanish and transmission approaches unity. 
The opening and closing of the glottis happens cyclically at 
frequencies of 100-1000 Hz; thus, instrumentation resolu
tion times are from several hundreds of microseconds to 
several milliseconds. 

Under the highly variable reflection and transmis
sion conditions of the vocal fold structure, the choice of a 
probe signal is important. As stated above, the classes of 
signals that have been tried have been electric, ultrasonic, 
and electromagnetic (in the form of visible light). In 
addition, flow glottography has been used, which uses the 
airflow signal that the larynx itself creates in the process of 
phonation. 

With the use of electric current signals 
( electroglottography, or EGG), there is no scattering from 
the interfaces because the electric probe current does not 
propagate as a wave in the tissue; rather, electrons or ions 
are moving over very short mean free paths. The transmis
sion mode reduces to a conduction mode. Wherever the 
tissues are in contact, there is conduction across the glottis; 
wherever there is an air gap, there is no direct conduction. 
Because the carrier signal is usually chosen to be an alter
nating current at a high frequency (in the MHz range), the 
capacitance of the vocal fold air gap does allow some 
displacement current to be transmitted across the gap. 
However, unless the gap is very small, the impedance of the 
gap is much larger than the impedance of the tissue, and the 
signal is determined by ionic conduction through the con
tacting tissues that surround the air gap (Titze, 1990). 
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With propagating electromagnetic and ultrasonic 
waves, there can be both transmission (e.g., forward scat
tering or diffraction) and reflection (e.g., backward scatter
ing) from the larynx tissues. Ultrasound waves used for 
tissue probing usually have wavelengths of 0.1 to 1 milli
meters, and follow ray optic trajectories when used in 
probing glottal structures. Ideally, when used in the trans
mission probe, they can quantify the contact area; when 
used in the reflection mode, they can quantify the medial 
surface motion.Hamlet and Reid (1972) used 
ultrasonoglottography (UGG) in the transmission mode. 
The receiving transducer was placed on the other side of the 
neck. Hamlet had better success with this arrangement than 
with reflection, but in general the contact area signal was 
not very stable. The amplitude was very sensitive to head 
and neck movement, especially vertical movement of the 
larynx within the neck. In the ultrasound reflection mode, 
Zagzebski et al (1983) placed a signal transducer on one 
side of the neck, acting both as a sender and receiver. 
Owing to the non-parallel orientation of the transducer 
relative to the tissue-air interface in the glottis, the signal 
transducer received little of the reflected signal. Most of 
the wave was reflected away from the incident direction, 
making the detected interface signal very noisy. 

Incoherent, visible light has been used as an elec
tromagnetic probe, and is known as photoglottography 
(PGG). The measurement has been used for a number of 
decades (e.g. Lofqvist and Yoshioka, 1980). Although 
coherent light sources (i.e., lasers) can be used, light scat
tering in tissues is sufficiently intense that the measure
ment mode becomes essentially incoherent in nature. Be
cause visible light is highly attenuated by tissue, a signal 
path has to be chosen that minimizes the loss. Usually, one 
transducer is placed above the glottis inside the throat 
(using a fiber-optic cable) while the other is placed outside 
the throat, usually below the thyroid prominence and, 
thereby, below the glottis. The signal propagation mode is 
transmission though the horizontal plane of the glottis and 
the surrounding vocal fold tissues, from top to bottom of 
the glottis. This direction of the probe signal is perpendicu
lar to that used by UGG and EGG, which are directed along 
the horizontal plane of the glottis and perpendicular to the 
midsagittal plane. Thus, PGG provides information that 
differs from UGG and EGG, a minimum projected glottal 
area rather than the contact area measured by EGG and 
UGG. 

Finally, in flow glottography (FOG) the signal is 
associated with the stream of air forced through the glottis, 
from the lungs to the lips. As in all other forms of 
glottography, the movement of the vocal folds modulates 
the signal. What is profoundly different in FGG is that the 
probe is self-generated by the speaker. The signal is a 
natural part of the phonatory process. The FGG receiver is 



a flow mask placed over the mouth and nose, which mea
sures the oral flow, as produced by the glottis and modu
lated by the vocal tract. From the measurement of oral 
airflow out of the nose and lips, the actual glottal flow 
versus time is estimated by inverse filtering, a process that 
attempts to remove the flow modulations imposed by the 
vocal tract. The estimated glottal airflow is then further 
inverse-filtered to obtain the time-varying glottal area by 
using a nonlinear airflow model that has glottal area as an 
input (Rothenberg, 1973). 

ElectromagneticGiottography 
Electromagnetic glottography (EMGG) is a new 

technique, whereby an electromagnetic wave in the GHz 
range is propagated and then detected to obtain informa
tion on the condition of the larynx tissue interfaces 
(Holzrichter et al, 1998). A transducer arrangement for 
combined EMGG and EGG measurements described herein 
is shown in Figure I . The EM antennae are placed on the 
front of the neck near the thyroid prominence (Adam's 
Apple) and the EGG electrodes are placed on both sides of 
the neck. The transmitted EM wave is a pulse containing 
about 10 wave cycles at 2.3 GHz, with a wavelength of 13 
em in air and 1.8 em in tissue. The average power emitted 
is about 10 microwatts/CM2 and the energy per pulse is 
< 10·9 joules. The pulse is transmitted at 2 MHz (see 
McEwan 1994-1996), and reception is accomplished using 
a homodyne mode detector, signal integration, and bandpass 
filtering. The system can detect motion in the near and 
intermediate-field, with one antenna being used as a trans
mitting and the second as a receiving element. The transmit 
and receiver antennas are simple monopoles, about 2 em 
long, placed end to end, about 2 millimeters apart, along a 
common horizontal axis (Figure 2). 

Figure 1. Two right side-views of a subject showing positions of EMGG 
and EGG sensors. The left image shows the locations of the EGG electrode 
and the EMGG sensor, and rhe right image illustrates the vocal traer. along 
the mid sagirra/ plane of the neck and head. and the EMGG sensor 
location. The axis of the transmit and receive antennas of the EMGG is 
perpendicular w the figure plane. When the sensor is placed against the 
neck. below the thyroid prominence. the antenna axis is rang em to the neck 
ar the midsagittal plane. 

The antenna radiation pattern is toroidal around 
the horizontally oriented monopole element axis (with the 
center toroidal radius determined by the antenna conduc
tor), whereupon the electric (E) field oscillates in the poloidal 
direction, and the magnetic (B) field in the toroidal direc
tion. In the horizontal plane of the sensor, cutting across 
the neck at the level of the vocal folds, the E field is 
horizontal, as shown by the arrows near the sending elec
trode. With the sensor centered on the mid-sagittal plane 
(0" azimuth), the transmit antenna is located about I em to 
the right side of the mid-sagittal plane, and the receive 
antenna about 1 em to the left. The angle of the sensor axis 
relative to the midsagittal plane, in the horizontal plane of 
the vocal folds, defines the azimuthal angle used in experi
ments described below. 

Many other EM sensor modes of operation can be 
used. For example, for operation at a longer distance from 
the subject, a far field mode sensor (i.e., radar mode with a 
directional antenna) can be employed (Skolnik 1990). The 
EMGG device used for these experiments was operated in 
the near to intermediate field, where the antenna elements 
were about one wavelength from the internal glottal struc
ture (about 13 em in air or 1.8 em in tissue, where the 
relative dielectric constant of the tissue is about 50). The 
1.8 em wave length is similar in size to several of the glottal 
tissue structures and thus both wave scattering and diffrac
tion methods are needed to describe the detailed EM wave 
trajectories. Numerical modeling validates this assump-

neck 
skin 

arytenoid canilages 

EMG~ 
receiving 
electrode 

0° azimuth, 
midsagittal plane 

Figure 2. EMGG and EGG electrode placement in a horizontal plane, with 
a cross section through the neck and larynx Expected electric (E) field 
parrerns are shown for the EGG electrodes from right to left across the 
glorris and the propagating E field is shown with arrows near the sending 
electrode. 
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tion. The sensor transmits an EM wave pulse train toward 
the interior of the neck, and receives a diffracted or back
scattered signal a few nanoseconds or so later. The signal 
is either backscattered (e.g., reflected) from tissue-air or 
tissue-tissue interfaces or forward scattered (e.g. transmit
ted and diffracted) across or around the partially sealed 
glottal structure. 

The signals received from each transmitted pulse 
are integrated and filtered so that only those tissue inter
face motions that occur with rates > 70 Hz and <7 kHz are 
detected. Thus, reflections from stationary or slowly mov
ing tissues, such as slow artery blood flow pulsation, are not 
detected. This high-pass filtered mode is called the "field 
disturbance" mode and is particularly useful for survey 
work, where absolute tissue interface locations relative to 
the antennae are uncertain. The field disturbance mode has 
the advantage that very small tissue interface motions, with 
position changes as small as 10 micrometers, are easily 
detected in the presence of other stationary anatomical 
structures. However, it has a disadvantage in that it is 
difficult to accurately identify the absolute locations of the 
moving, reflecting structures. 

The initial experiments described in previous pub
lications (Holzrichter et al 1998, 1996; Burnett et al1997) 
showed that the EMGG sensors detect tissue motions that 
oscillate in phase with the closure and opening of the vocal 
folds. Because the antenna used with the EMGG was non
focusing, and because several EM wave cycles were trans
mitted per pulse, it was not possible to measure which 
oscillating tissue interfaces were directly responsible for 
the signals. However the position of the sensors, located 
directly under the thyroid prominence, together with the 
longitudinal range limit of the sensor (due to time gating of 
the received signal) restricted the sight of oscillation to 
either the vocal folds or the nearby tracheal wall motions. 
The association of the signal with specific tissue interfaces 
is ambiguous, as presently understood, because the sensors 
measure the product of tissue area and vibration amplitude 
(i.e., a volume displacement). As an example, for the vocal 
fold medial surface, the area is relatively small, 1-2 cm2

, but 
the amplitude of motion is relatively large, 0-0.5 em; whereas 
for pressure induced tracheal wall motions, the area can be 
relatively large 5-10 CW, with the amplitudes being rela
tively smaller, perhaps< 0.1 em. The waveforms for EMGG 
will be shown to be so consistent with EGG signals that it is 
"natural" to associate the EM scattering site with changes 
in the glottal tissue configurations. However, Burnett et al. 
( 1997) stress that EM wave reflection from subglottal 
tracheal wall motion, induced by pressure buildup as the 
glottis closes, can lead to similar appearing EMGG signals. 
Focusing and time gated EM sensor systems are being 
developed to accurately measure the tissue interface mo
tions of the differing tissues to determine the exact sources 
of EM wave reflections. 
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At this point both hypotheses of forward scatter 
(diffraction) and backscatter (reflection) must be consid
ered. For forward scatter, the waves are diffracted (due to 
phase cancellations from boui1Clary conditions at or near 
the electrodes) from the sending electrode through the 
glottal gap to the receiving electrode, as shown by the bent 
dashed lines in Figure 2. The anterior part of the glottal gap 
is the preferred path because the bending (diffracting) 
angle is less severe and the pathlength is smaller than for 
waves penetrating the posterior gap. For backscatter, the 
waves are likely to be reflected frrst from the vocal fold 
medial surfaces, toward the dorsal region of the neck, as 
shown by the straight dashed line and the scattering arrow. 
There would then have to be secondary reflections from 
cartilages and other interfaces back to the receiving elec
trodes. It is not clear which part of the glottis would be 
favored by backscattering. In any case, a reflected signal 
from the air-tissue interface should assume more of the 
shape of the glottal area function (or PGG) than the contact 
area function. 

Note that for both types of scattering, theE field of 
the EMGG device has the same orientation in the horizontal 
plane as the E field of the EGG device at the sending 
electrode (see arrows to the left in Figure 2). At the 
receiving electrode, the direction of the E field is not clear 
because of the uncertainty of the scattering mechanism. 
Further studies are underway at Lawrence Livermore Na
tional Laboratories to determine the relative strengths and 
directions of EM wave scattering from the folds under 
varying conditions of contact and from the nearby tracheal 
walls. The experiments presented in this report are de
signed to compare, under a variety of conditions, well 
understood EGG signals associated with vocal fold contact 
to those obtained by an EMGG sensor measuring laryngeal 
tissue conditions associated with vocal fold action. 

Methods 
To test the scattering hypotheses, a side-by-side 

comparison of the EGG and EMGG devices was under
taken. Because of the difference in design and construc
tion, the two devices did not interfere with each other, 
neither in terms of physical placement nor in terms of 
carrier frequency and spurious EM noise generation. Their 
simultaneous use enabled simple one to one comparisons 
of the two systems' measurements. 

At the University of Iowa, four subjects were 
asked to perform phonatory tasks that produced a range of 
voice types and transducer placements. The subjects were 
all young to middle-aged males (ages 28, 31, 55, and 57). 
The male gender was preferred for this study because males 
have greater protrusion of the thyroid cartilage than fe
males, making their EGG signals stronger. For this com
parative study, we felt that the stronger signal-to-noise 



ratio was an advantage to tease out the signal differences. 
Also, none of the subjects had excessive fat in the neck, the 
presence of which would have limited the signal to noise 
ratio of the EGG signal as well (Titze, 1990). The subjects 
are identified by ascending age with the following sym
bols: S 1, S2, S3, and S4. 

The vocal conditions included three different lev
els of vocal fold adduction (normal , breathy, and pressed), 
three different registers (falsetto, modal and fry, and two 
pitches (low and high). It is known that variation in 
adduction and register cause major changes in the wave
form of the EGG signal (Childers et al. 1986). In particular, 
breathy voice and pressed voice create differences in the 
vocal fold contact patterns in the anterior and posterior 
regions of the glottis. These differences should be notice
able in the glottographic signals. All in all , each subject 
phonated five tokens of a steady /a / vowel for each of three 
levels of adduction, three registers, and two pitches. 

To test the scattering hypotheses, the EMGG elec
trodes were moved azimuthally around the neck (Figure 3). 
The azimuthal rotation around the neck (away from 0°) 
should increase the EMGG signal strength if the transducer 
acts in a reflection mode because the scattering angle from 
the medial surface of the vocal folds would be reduced. 
However, the distance of the total signal path also increases 
with angle, making the advantage of off-axis placement 
somewhat less obvious. On the contrary, the azimuthal 
rotation should clearly decrease the EMGG signal strength 
if the transducer acts in the transmission mode because less 
contact surface would be in the field path. As seen in Figure 
3 for 8 = 45" (5 em right), any near-field diffraction from 
one electrode to the other would include little of the glottis, 
whereas fore= 0 (centered) the anterior glottis is likely to 
be in the diffraction path. 

The signals were recorded using a Sony PC-108M 
digital tape recorder at the University of Iowa and pro
cessed at Lawrence Livermore, with Matlab and other 
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Figure 3. Transverse sections through the neck at the level of the glottis. with the EMGG sensor placed at different locations around the neck. 

NCVS Status and Progress Report • 125 



conventional signal processing software. In all cases, 
instrumental induced filtering of the signals (i.e., internal 
high pass and low pass filtering) was removed from the data 
sets before display in the following figures. 

Accurate glottal timing infonnation was obtained 
from the EGG signal, which is unambiguously associated 
with the opening and closing of the vocal folds. The EMGG 
signal corresponded well to the EGG signal for glottal 
closing, but for some conditions the detailed differences 
for glottal opening were large. 

Figure 4 compares the EMGG signal with the 
acoustic (audio) signal and the EGG signal for modal 
(chest) voice, normal adduction, and low pitch (161 Hz) 
from subject 1. In this example, as in other figures to follow, 
the acoustic signal was shifted 1.4 ms in time to correct for 
the relatively slow sound speed from the glottis to the 
microphone, in contrast to the near instant measurement 
time of the EGG and EMGG. The negative peak on the 
acoustic signal is associated with the closure of the glottis. 
Both sensor signals show agreement on glottal closure and 
glottal opening, as well as the general shape of the contact 
pattern. This is a case for best agreement between the two 
waveforms. 

The timing between EMGG and the 
photoglottography (PGG) have also been validated by 
employing high speed photography systems, coupled to a 
laryngoscope (Burnett et al. 1997; Holzrichter, 1996 and 
1998; Burnett and Leonard). Results showed that opening 
and closing events were consistently correlated. 

The data in Figure 5 show the EGG and EMGG 
signals from all four subjects, phonating in modal register. 

The fundamental frequency (F) was in the 100 to 120Hz 
range for all subjects. Bold lines are for EMGG and fine 
lines for EGG. The wavefonns have similarity, but there are 
considerable differences between them for all subjects 
except S 1. Note, for example, the shape differences for 
subject S2 in the early contact phase. The EMGG does not 
rise to the same initial height as the EGG, but rises later. A 
similar effect is seen for S3. For subjects S 1 and S4, the 
differences are greater in the low contact phase. These 
differences are likely to be the result of different field 
intensity distributions over different portions of the tissue 
in contact 
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Figure 5. Signals from EGG and EMGG from each of the four subjects for 
modal phonation for the vlJwel Ia/. Fundamental frequencies ranged 
between 100-120 Hz across the subjects; EMGG is in bold lines and EGG 
in fine lines. 
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Figure 4. An acoustic (microphone) signal, the EMGG signal, and the nmc (msec) 
corresponding EGG signal measured simultaneously on subject S1 for Figure 6. Four examples of falsetto voice, with F" ranging form 266 to 578 
three pitch periods, modal phonation, and vowel Ia/. Hz: EMGG is in bold lines and EGG in fine lines. 
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Figure 6 shows examples of falsetto voice, with Fo 
ranging from 330 to 550Hz. Waveforms for S 1, S2 and S3 
are similar, with the main differences being a slight phase 
offset for S2 and S3, but for subject S4 there is little 
similarity. The width of the contact pulse is smaller for 
EMGG than EGG in this subject; since contact is incom
plete in falsetto voice, the two systems may be measuring 
different spatial contact conditions. 

Figure 7 shows examples of breathy voice for the 
four subjects. The fact that the overall agreement between 
the two sensor systems is best for this phonation type 
(except for subject S3) speaks in favor of the diffraction 
(forward scattering) hypothesis. This is because the pri
mary contact region for breathy voice is normally in the 
anterior glottis (the nearest field region), where maximum 
diffraction would occur. 

Figure 8 shows examples of pressed voice for the 
four subjects. There are substantial variations in the shapes 
of the EMGG signals compared to the EGG signals for all 
individuals. These larger differences again support the 
diffraction hypothesis because more contact area variation 
occurs in the posterior glottis during pressed voice than 
breathy voice, primarily at the bottom of the vocal fold 
where contact is incomplete and spatially nonuniform. But 
the reflection hypothesis would also claim less agreement 
for pressed voice because the tissue-air interfaces are only 
partially preserved with high degree of contact over the 
entire vocal fold. In spite of these disclaimers, some of the 
important timing events, such as glottal closure, are pre
served between the EGG and EMGG sensors. There is less 
agreement between the two signals regarding glottal open
ing. 

Figure 9 shows a modal-fry register transition for 
subject S2. Measured signals are again audio, EMGG, and 
EGG. In modal voice, represented by the first six or seven 
cycles, the waveforms have similar shapes, as previously 
discussed. After about 70 ms, the EMGG shows a strong 
negative thrust that corresponds to glottal closure and the 
upward movement of the EGG. Here a reflected (backward 
scattered) signal may be starting to mix with the forward 
scattered signal, which gets smaller as the vibrational am
plitude decreases in vocal fry. At about 125 ms, the 
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Figure 8. Four examples of "pressed" voice; EMGG is in bold lines and 
EGG in fine lines. 
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Figure 7. Four examples of "breathy" voice; EMGG is in bold lines and 
EGG in fine lines. 

Figure 9. Transititm from "modal" speech to vocal "fry", spoken by 
subject S2. Measured signals are audio, EMGG, and EGG. 
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downward thrust becomes a spike, apparently cancelling 
the upward thrust associated with increasing contact area. 
It is possible that a reflected signal from the expanding 
tracheal wall at glottal closure can cause this phase cancel
lation (Burnett et al, 1997). Notice that this is precisely 
what was beginning to be seen in pressed voice from the 
same subject in Figure 5, a lower dip prior to closure, 
followed by a delayed rise. 

Figure 10 shows the normalized root mean squared 
(RMS) amplitude of the EMGG signal as a function of 
azimuth displacement (measured in em around the neck in 
reference to the thyroid prominence). The sensor positions 
agree roughly with those shown in Figure 3, although the 
transverse sections through the neck in Figure 3 were not 
obtained from any of the four subjects. It is clear that the 
signal strength decreases in both directions with azimuth 
for all four subjects. There is a little ripple in the general 
maximization of the signal strength near 0, but this is 
attributed to system and measurement noise. These data are 
quite compelling in favor of the diffraction mode, for which 
the 0° azimuth is a clear advantage, as was argued earlier. 
However, because of the differences in path length, near
field scattering, and multiple moving tissue surfaces (such 
as the trachea in combination with the medial surface of the 
vocal folds), the reflection mode hypothesis cannot be 
discarded. 

Conclusiom 
It appears that electromagnetic glottography, 

EMGG, may be a viable alternative to electroglottography 
(EGG) for pitch and vocal fold contact measurement. The 
EMGG signals are basically similar to those of EGG, but 
some differences exist as a function of phonation type, 
subject, and sensor placement. Closer agreement has been 
found with phonation types for which the anterior glottis is 
assumed to be the primary probing region, suggesting that 
the sensor operates more in a diffraction mode than in a 
reflection mode in the near-field. 

A clear advantage of the EMGG approach is that 
contact with the subject's skin is not needed. The capacity 
of the EMGG to provide sensing "at a distance" (with 
distances up to 50 em measured) leaves space for other 
sensors to be used simultaneously in clinical applications. 
In the near field, however, as shown in this study, there may 
be a confounding between reflected and diffracted waves. 
Because the EMGG signal has the potential of measuring 
medial surface movement (and perhaps tracheal move
ment) under conditions of contact as well as non-contact, it 
is neither a pure contact area nor a pure glottal area detec
tor. In the future, more spatial discrimination may be 
attainable with arrays of sensors that could be designed to 
focus the EM wave onto a specific tissue subsurface to 
measure glottal positions as a function of both space and 
time. 
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This paper will discuss multiple sound sources of 
the vocal tract, focusing specifically on one type of multiple 
sound source, that of (imitated Tibetan) chant. First I will 
present a physiological outline of multiple sound sources, in 
order to better understand chant as just one of the many types 
of multiple sound sources that composers and performers 
might utilize. The main body of the paper will then describe 
a collaborative study between Drs. Khidr, Bless and the 
author, which is designed to quantify the physiologic and 
acoustic parameters of chant. By doing so, this paper will 
attempt to merge current musical compositional imperatives 
with current scientific rigor and rationale. Ultimately, this 
cross-disciplinary work will impact both voice science and 
musical expression as much more needs to be learned re
garding the limits of the voice. Compositionally, the value 
for introducing scientific rigor into the world of new music 
has been well understood by those associated with electronic 
and computer music, acoustic modeling and design, or for 
composers exploring the limits of expression associated 
with the extensions of performance technique. However, the 
voice has been treated much with the same musical aesthetic 
and principles of phonation that existed during the 18th and 
19th centuries. So that while instruments have incorporated 
multiphonics, complex (noise-based) frequency signals, and 
transient gestures, the voice has remained, for the most part, 
the carrier of simple melodic formuli. Therefore, this paper 
will suggest that by knowing the limits of the voice and what 
is pedagogically safe, contemporary performance/composi
tional practices will begin to explore and expand upon the 
current trends of positing simple solutions when approach
ing the voice. 

Multiple sound sources have been identified as 
important instrumental resources for contemporary, avant
garde instrumental music since the late 1950's, when Bruno 
Bartolozzi attempted to systematize a theory behind the 
production of multiphonic sonorities (Bartolozzi, 1969). 
This conceptual innovation led, in the 1960's, to the devel
opment of expanded sound resources for the contemporary 
voice through important works such as Maxwell Davies's 
"Three Songs for a Mad King," Ligeti's "A ventures" and 
"Nouvelle Aventures," and others. All of these works 
featured expanded vocal resources and were important 
early explorations for the development of an extended vocal 
technique. 

The difficulty of presenting new techniques for the 
voice has much to do with the fact that we are living, breathing 
instruments and cannot be taken apart (and put back together 
again) nor manually adjusted to the same degree that instru
ments are. As a result composers have tended to explore 
contemporary performance techniques utilizing phonetic 
based articulatory procedures, and have not examined source, 
resonance or multiphonic principles outside of a few isolated 
sound poets and/or vocal improvisers. 

Between the late 60's and the late 90's a few 
composers have continued to explore the voice. These 
explorations have frequently incorporated more precision 
regarding the acoustic output of complex sound sonorities, 
though rarely physiological behaviors. It is the purpose of 
this study to introduce a systematic physiologic and acoustic 
framework, from which we will present an analysis of one 
form of voiced and voiced multiple sound source behavior, 
that of (imitated Tibetan) chant. 
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There exists a significant body of literature that 
discusses multiple sound sources, not as a desired musical 
expression, but rather as part of a dysfunctional makeup. 
Various forms of multiple sound sources have been de
scribed as dysfunctional and functional (Large and Murray, 
1979; Nonomura,Seki,etal, 1966; TerrioandSchreibweiss
Merin, 1993; Mckinney, 1982; Kaufman, 1975; Herzel, 
Berry, Titze, Saleh, 1994 ). Although the classification of 
multiple sound sources as dysfunctional is quite the opposite 
of my intentions, we are able to gather valuable information 
regarding the physiology and anatomy involved with differ
ing sound sources. As we will see during the course of this 
paper, multiple sound sources can be well maintained and 
non-vocally violent, and should be viewed as another legiti
mate mode of expression. Of particular relevance to our 
understanding of the physiology of multiple sound sources 
may be the literature on Diplophonia. Gerratt (Gerratt, 
Precoda, et al., 1984; Gerratt, Precoda and Hanson, 1987), 
Ward (Ward, Sanders, Goldman and Moore, 1969) and 
Marasovich (Marasovich, Gopal, Gerber and Gibson, 1992) 
used physiological and acoustical data to make some infer
ences about the etiological bases of diplophonic patterns. 
They suggest that there are several possible causes of 
diplophonia, including: unilateral vocal fold polyps causing 
different vibratory patterns of the two folds; ventricular 
folds (or false folds) acting as an additional source; congeni
tally absent or rudimentary vocal folds; assymetricalload
ing of mucous on the vocal folds; adolescent voice changes; 
and the voluntary control of assymetrical vocal fold vibra
tion. What this should mean to composers and performers 
wishing to explore the multiple sound source phenomenon 
is that many ways exist to produce these sounds and that the 
ability to produce certain techniques will most likely have 
significant variation between performers. 

In addition to the articles that focus on dysfunc
tional, multiple sound sources, there is a growing body of 
literature that suggest that "functional" multiple sound sources 
are the bases for chanting and various forms of extended 
vocal techniques (Herzel, 1996; Herzel, 1994; Large, 1979; 
Anhalt, 1984; Wishart, 1979; Wishart, 1983; Jensen, 1979; 
Kavasch, 1980; Clark, 1985; Newell, 1970; Barnett, 1972; 
Chase, 1975). 

Multiple sound sources may occur at any level of 
the vocal tract and include voiced or unvoiced sounds within 
a variety of simultaneously produced combinations. Whether 
the multiple sound sources are considered a problem to be 
corrected, a technique to substitute alternative vibrating 
sources for aberrant structures, or a viable singing tech
nique, it seems clear that it is necessary to understand the 
physiology of production and its acoustic result. 

The following outline presents numerous multiple 
sound source (or combinatorial) possibilities. The underly
ing principle involves a simple additive procedure that will 
combine two separate sources. 
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A. Voiced and Voiced 
1. chant 

similar to and including Tibetan Chant, with two sources of oscillation 
(London -Psalm of these Days II) 

2 falsetto with 'tiy' 
falsettowithvocalfry (Wishart-OnSonicArt) 

3. ingressiveglottalpitchwithingressive 'fry' 
similar to chant, but peljonned on inhalalion (Edgerton -In America ) 

4. asymmetrical vocal fold vibration 
left and rightvocalfoldsoscillate at different frequencies, producing 

true 2 voice polyphony (very rare) 
5. subhannonic. voiced. 'gravel' voice 

vocal fold source withsensationof2ndsource being produced below 
vocalfolds(Christi-lnstantReality) 

B. Voiced and Unvoiced 
1. voice with lip buzz 

(Edgenon-MountainSongs) 
2 voicewith whistle (lateral or rounded) 

phonation while whistling (London -Psalm of these Days II) 
3. voice with pharyngeal articulation 

(Hirsch-Haiku Lingo) 
4. voice with articulation in the oral cavity 

(Monk-Key) 
5. voicewithnasalarticulation 
6. voicewithsalival articulation 

(Edgeron-Syale#J) 
7. voicewithlingualabial 

phonation with Up-tongue flutter (London-Psalm of these Days II) 
8. voicewithlingual 

phonation with tongue flutter (London- Psalm of these Days II) 
9. voicewithair 

(Dutton- Fugitive Forms) 
10. vocalfrywithair 

(Edgenon-MountainSongs) 
11. voice with velar articulation 

(Dubreuil) 
12 voicewithuvula 

(Kavasch-The Owl and the Pussycat) 

C. Unvoiced and Unvoiced 
1. pharyngeal articulation with lip buzz 
2 pharyngeal articulation with oral cavity frication 

(Edgerton-*&%$*) 
3. whistle with sustained oral cavity fricative or approximation 
4. whistle with oral cavity articulation 
5. whistlewithpharyngealarticulation 
6. lateral whistle with egressive nasal fricatives or approximations 
7. double tongue vibration 

(Wuhan-OnSonicArt) 
8. lingua with labial flutter 

lip- tongue flutter (London- Psalm of these Days 11) 
9. salivalfrication-dental 

(Edgerton-Mountain Songs) 
Io. saliva! frication -cheek 

(Stabler- Druber) 
11. salivalfrication-bilabial 

spitroU ("R" -Frank Cox) 
12 salivalarticulationwithpercussivedentalarticulations(staccalOauacks) 
13. egressive nasal fricative or approximation with percussive dental 

articulation 
14. egressive nasal fricative or approximation with bilabial articulation 
15. egressive nasal fricative or approximation with percussive alveolar 

articulation (lingual) 
16. egressivenasal fricative or approximation withsustainedalveolaror 

palatalapproxorfrication 
(Continued ... ) 



17. egressive nasal frication or approximation with lip buzz 
18 egressive nasal frication or approximation with ingressive lip buzz 

D. Three or More 
1. Ingressive dental. sal ivai fricative with an egressive nasal fricative/ 

approximation 
2 Ingressive bilabial, salival fricative with an egressive nasal fricative/ 

approximation 
3. glottal pitch. alveolarorpalatal fricative and salival fricative between 

cheek and gum 
4. glottal pitch. pharyngeal articulation, tongue vibration 
5. glottal pitch. tongue vibration, bilabial fricative(wide perturbation) 
6. glottal pitch, tongue vibration. lip buzz (unvoiced pitch) 
7. glottal pitch, rear tongue vibration, fronttongue vibration 
8. glottal pitch. tongue vibration.labialdental frication 

(Please hear the workofWishart. Minton. Dutton. Moss, Reynolds, Kubota. 
Sutherland. Blonk. Brooks. Stratos, Cobbing. Kennani,Mirana. Newton. 
Bijma for many of the techniques listed above) 

Figure 1. Combinatorialprincipleswithbriefdescriptionandselectedmusical 
citations. 

All of the techniques listed above have been used 
by vocal artists for many years, but composers have been 
slow, negligent or resistant to using such combinatorial 
principles in their work. This has made the task of finding 
these techniques in composed, written scores a difficult 
task. Without a doubt there are many other artists in many 
other areas that will be included within such an outline. In 
an attempt to counterbalance this lack of compositional 
activity into such sound complexities, this author has be
gun to develop systematic approaches to introducing ex
tended vocal techniques through a series of pedagogical 
pieces that are designed for non-specialists, as well as 
expert performers. For an in-depth description of the 
combinatorial elements listed above, please see my upcom
ing book on extended vocal techniques. 

However, as stated earlier, this paper will not 
present a comprehensive analysis of all of the elements 
listed in figure 1 , but will rather focus upon the frrst 
combinatorial principle under the voiced and voiced cat
egory, that of chant. 

<l1ant 
Introduction 

The central task to our understanding of chant is to 
develop an appropriate and meaningful hypothesis of the 
physiologic and acoustic elements. Generally, voice sci
ence classifies phonation according to four central pre
cepts: airflow, source, resonance and articulation. Airflow 
refers to the fluid upon which molecular pressure will 
propagate along, across or within a medium; source refers 
to the physical element responsible for setting up a distur
bance within a medium (such as a string, reed, or vocal 

fold); resonance refers to the acoustic properties of a 
system (and in our case is central to our understanding of 
the voice, as the resonating characteristics are a way of 
tracking the almost constant change of the acoustic tube 
that occurs during speech and song); articulation refers to 
the movement of the vocal tract articulators (lips, jaw, 
tongue, palate, velum, uvula, pharynx and vocal tract walls). 
Although important, airflow, resonance and articulation 
are secondary considerations in this discussion of chant, as 
the source characteristics present the dominant perceptual 
and performative feature of chant. 

Our central question will ask, what constitutes the 
double source phenomenon of (imitated Tibetan) chant? 
For the purposes of this discussion, the double source 
phenomenon consists of: I) the combination of two ele
ments that produce the low, gravelly, growl-like sound of 
chant; 2) two elements that seem to involve the combina
tion of a vocal fold pitch with another periodic source; 3) 
two sources that generally vibrate at a ratio of 2:1, with the 
vocal folds comprising the higher pitch, while the 'other 
element' sounds the lower pitch; 4) two sources that 
combine in a simple additive process, in which it is possible 
(and pedagogically effective) to begin with a normal vocal 
fold source, then to add the 'other element' (or vice-versa), 
making sure to retain both during the radiated signal (see 
figure 2). 

Theoretically, it is vital to conceptualize chant as 
two independent sources that may be 'played' separately or 
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Figure 2. Elements of double source. 
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together, as this will allow us a greater flexibility of musical 
expression through the addition of another sound source. 
There are reported instances when the two sources are 
tuned, not only to the octave, but that have also occurred at 
the 12th, 16th, and at non-harmonic intervals. Research 
into these non-linearities are currently being investigated 
and will not be reported further in this paper. That the 
double source phenomenon is capable of producing non
linear and chaotic behavior should suggest exciting poten
tials for true non-harmonic, multiphonic sonorities that are 
not stressful or vocally violent behaviors. An example of 
such behaviors might be notated as such: 

Aurally, the precise identification of such low 
frequencies may be difficult to perceive for the perfonner. 

Figure 3. Harmonic and ntJn-harmonic chant notations. 

This should be an important consideration for the com
poser, so that the performer need not necessarily identify 
specific frequencies of the second source (around 40 to 75 
Hz, for example), but might be asked to encompass move
ment towards or away from whole number multiples or 
harmonic relationships. 

Figure4. Alternative notation procedures for the lower source. 

Six subjects took part in this study (TC, BD, ME, 
DH, DM, SS). Their ages were between 25 and 50. Their 
country of origin included four from the U.S., one from 
France, one from Tibet. Of the six subjects there were no 
expert Tibetan chanters. All of our chanters produced a 
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style of imitated Tibetan chant. Our two best chanters were 
both from the U.S., although all subjects produced the 
double source characteristic similar to the sound of Tibetan 
chant. All subjects had the distinct, though subjective, 
impression of the existence of the second source by iden
tifying a physical sensation of engaging a second oscilla
tor. Aurally and kinetically, this sensation resembled a 
vocal fry for most. 

Two sets of recordings were obtained during both 
habitual phonatory mode and imitated Tibetan chant. The 
frrst set of recordings took place in a sound proof-booth at 
the University of Wisconsin where all six subjects were 
seated with a cardioid microphone placed at a distance of 12 
inches from each subjects' mouth. Each subject was asked 
to sustain one vowel (ie./il) while switching from 'normal' 
to 'chant' phonation using his habitual pitch and loudness 
levels. Each subject was asked to repeat the procedure for 
other vowels (/a/, /o/, lui, lei). A OAT recorder (SONY 
TCD-010 PRO II) was used to record four of the subjects, 
while a reel-to-reel tape recorder (NAGRA LVII, model 
1716903) was used for the other two subjects. The acoustic 
samples were later digitized and analyzed using C-Speech, 
an acoustic analysis package developed at the University of 
Wisconsin by Paul Malenkovich. Power spectra and 
wideband analyses were used to measure resonant charac
teristics, while narrowband and glottal waveform measures 
were used to measure the source characteristics. 

The second set of recordings took place at the 
University of Wisconsin's Hospitals and Clinics in the 
Department of Otolaryngology. Laryngeal behavior was 
visualized during examinations using 90 and 70 degree rigid 
endoscopes followed by a nasofiberscope. All were coupled 
to a Wolfe Endocam Camera and a Bruel and Kjaer Strobo
scope light generator. Laryngeal images were recorded on 
a Hitachi (VT -SA) ~" VHS videocassette recording system 
for further analysis. 

Findings 
Visual Observations 

Two methods were found to be responsible for the 
production of the double source phenomena. The first 
method produced by four subjects, involved assymetries of 
vocal fold oscillation. The precise methods varied slightly 
from subject to subject, but all involved assymetries of 
closure of the vocal folds from anterior to posterior and 
inferior to superior. The second method of double source 
production was produced by two subjects and featured 
medial approximation and/or constriction of the supraglot
tic structures. 



Endoscopic View Mid-Saginal Representation 
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Figure 5. Methods of double source production. Top row - assymetrical 
vocal fold oscillation; bouom row - supragloual oscillation. 

Although not a significant difference in the sound 
between the double source produced by assymetrical vocal 
fold vibration and supraglottal oscillation, there seems to be 
a subjective rougher, and more resonant quality to supra
glottal oscillation. It has been reported elsewhere that the 
supraglottic structures may serve as an alternative method of 
phonation for persons with laryngectomies. If this is indeed 
probable, then it might seem that persons producina chant 

• 0 

wtth supraglottal oscillation will have a greater ability to 
assume a limited independence from the 2: 1 double source 
coupling than when the double source is produced entirely 
within the folds themselves. Though not quantified, we 
might assume that two separate instruments will have ~rreater 0 

degrees of freedom of frequency and amplitude for two 
sounds than for one instrument which will produce two 
sounds. Additionally, we must consider the construction of 
the instrument. As the vocal tract is made up of fleshy, 
pliable material, we must remember that such materials tend 
to constructively couple, also as we get closer to the original 
source this coupling effect becomes stronger, so that the 
coupling within one system will have a stronger tendency to 
oscillate with each other, while the coupling of two adjacent 
structures will tend to have more degrees of freedom. 

Both methods of this type of double source produc
tion are very complex that may have numerous neurological 
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Figure 6. Ukely coupling characteristics. 

More likely to decouple 

Supngloual 

Vooal foldJ 

2 butrumta.ts, 
2 sources 

·r r. > 

a?d biomechanical causes, and might very well involve 
different physiological behaviors from subject to subject, 
when examining a larger set of subjects and samples. 

What we do not know is how the laryngeal physi
ology differs across larger numbers of subjects who pro
duce a reasonable facsimile of chant. While the arytenoids, 
false folds and aryepiglottic structures appear to have 
sufficient vibratory energy, there seems to be skepticism 
regarding the ability of the supraglottic structures to act as 
the point of absolute impedance which is necessary to 
function as the second (or 'other' ) source of periodic 
disturbance. 

These findings are significant, as the literature on 
the double source phenomena are few and those that do exist 
mostly treat this type of phenomena as aberrant behaviors to 
be avoided. Other studies assume that one type of method 
is the only way of producing chant, while others are based 
mostly upon anecdotal evidence with little scientific proof 
or rationale for their findings. More importantly, these 
findings give us observations into the complex and little 
understood world of multiple sound sources, which serves to 
inform us about the possibilities and limits of such tech
niques, which immediately serves the artist with imaaina-

. 0 

liOn and an explorative personality. 

Acoustic Measures 
Source Characteristics 

All subjects showed evidence of a double source 
signal. Acoustic analyses served to confirm the subjective 
impression that the additional frequencies functioned as a 
second regular voiced source. Using a narrowband spectro
gram we were able to compare the spectral characteristics 
from normal to chant. The findings showed that the distance 
between harmonics halved when moving from normal to 

chant phonation. This tells us that the vocal fold vibration 
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Figure 7. Source doubling; narrowband and waveform analysis. 

retained its fundamental frequency and attendant harmon
ics, while the additional intermediate frequencies were the 
attendant harmonics of the lower vibrating frequency. Ad
ditionally, a glottal waveform provided exact readings of 
the fundamental period when switching from normal to 
chant (normal at 130 Hz, chant at 65 Hz). Our findings 
showed a doubling of the fundamental period when switch
ing from normal to chant phonation. 

Resonant Characteristics 
Acoustic analysis has been a central tool of voice 

scientists for many years, as we are limited in our capacity 
to visualize vocal tract movements. However, scientists 
have been able to measure vocal tract movements indirectly 
by analyzing the acoustic output. It is through a separation 
of the source and resonant characteristics that we are able to 
analyze the vocal tract. Thus, we understand vocal tract 
movements through the movements of regions of high and 
low acoustic pressure. This is a very complex procedure, but 
is made accessible through widely available acoustic analy
sis packages which allows us to easily visualize these pock
ets of energy throughout the vocal tract. Most reliable is the 
wideband spectrogram window that allows us to pick up the 
regions of high energy that the tract exhibits at any given 
point in time. This method of analysis faithfully follows 
movements of the articulators within the vocal tract to such 
a high degree of reproduction that we are able to pretty 
successfully predict large trends of a given speech signal 
from a given spectral output. Most important for this 
audience is that certain movements of the formant frequen
cies will suggest certain articulatory movements and serve 
to present close approximations for complex questions of 
area functions and 3-D tube segmentation. 

The four subjects with assymetries of vocal fold 
behavior featured no formant frequency movement (and 
thus no shift of the regions of high and low pressure) when 
changing from normal to chant, while retaining the same 
vowel. This lack of formant frequency movement suggests 
that the vocal tract retains the same area function when 
moving from normal to chant. Therefore, the acoustic 
signal seems to support the visual endoscopic observations 
that this subject produced the second source at the level of 
the vocal folds, thus retaining the length of the vocal tract. 
For this study we will not include interpretations of ampli
tude and airflow. 
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Normal Chant 

spectrogram for vowel /a/ 

Figure 8. Formant frequency analysis; wideband analysis for assymetrical 
vocal f old source. 

The two subjects who were observed to have 
supraglottal approximation/closure featured formant fre
quency movement when changing from normal to chant 
phonation, while retaining the same vowel. This formant 
frequency movement, when switching from normal to chant 
phonation, indicates that a change in the length of the tube 
has occurred. 

Normal Chant 

spectrogram for vowel/a/ 

Figure 9. Formam f requency analysis; wideband analysis for supraglottal 
oscillation. 

How do we interpret the formant movements 
occuring during supraglottal oscillation? 

Our conceptual model will be based upon pertur
bation theory (or how vowels are considered acoustically), 
and will be calculated following the following seven steps, 
using a 1.4 wavelength principle within a straight and uni
form tube: 

I) calculate the first three formant frequencies of a 
normal adult male (17.5 em) 

2) place upon the 17.5 em tract, the perturbations for 
vowels /a/, /if, /of, lui (remember that a constriction in a 
region of high pressure will raise formant frequencies, 
while a constriction in a region of low pressure will lower 
formant frequencies) 

3) compare formant frequencies of straight tube with 
the changes made allowing for perturbation 

4) shorten tract to 16.5 (approximating the height of 
the supraglottal elements) 



5) apply perturbation theoryforvowels/a/,/il,/o/,/u/ 
6) compare 16.5 with 17.5 will they lower, stay the 

same or raise when switching from normal to chant 
7) compare the findings of step 6 with the tracings of 

formant frequency movement when switching from normal 
to chant phonation; the 17.5 represents normal phonation, 
while 16.5 represents the chant phonation. 

1. Formant frequency calculations for Fl - F3 for a 
normal adult male (17.5 em) 

Fr = (2n- 1) * c/41 
Fr = resonant frequency 
C = constant (speed of air in sound) 
L = length of tube 
N = resonant frequency 

F1 = 480, F2 = 1440, F3 = 2400 

2. Perturbations for vowel/a/ for a normal adult male 
(17.5 em) 
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F2 raise 
1200Hz 
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3. Compare uniform tube with perturbation analysis 
for 17.5 em tract 

Uniform 
tube /a/ Iii /of lui 

Fl 480 775 237 452 345 

F2 1440 1200 2400 700 818 

F3 2400 2700 2990 2400 2560 

4. Shorten tract to 16.5 em, compare normal to chant, 
will they lower, raise, stay same 

Fl 

F2 

F3 

Normal to Chant 
(17.5) (165) 

IV lol lui 

715 %37 45Z 34$ Raile 1bhe 

J200 2G) 700 Ill lbio& lilabe 

~ Jtaloc 
Z700 mo :woo 2561 

Majorrqloa 
ofCIOIISSric:doa 
for .-dial 

E ------------r31 
~---3>E:i-31 

I 
I 

~--X--~ 

EE--ZE7---tfl 
I 

n raiJe 
715Hz 

Flraise 
1200Hz 

F3raise 
2700Hz 

Fl-Raise 

Fl-Raise 

lol 1D1 

11M lbioc 

s-c tMraf 
s-. 

ll8loo .. 

F3-Lcnrer 

5. Compare theoretical model with tracings of our 
subject 
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Figure 10. Conceptual model of supraglottal oscillation, steps 1 - 7. 
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Although these are idealized conceptualizations 
of a 3-dimensional and highly variable resonant system, 
the above calculations seem to provide a measure of evi
dence that the supraglottal oscillators do indeed function 
as a point of absolute impedance, and thus provides inde
pendent confrrmation that the vocal tract is indeed shorten
ing when switching from normal to chant for these two 
chanters. 

More analysis and research is needed to determine 
more precisely the methods and modes of both types of 
double source phenomenon, but our initial findings seem to 
strongly indicate that at least two methods of double source 
production do occur with this type of chant and quite 
possibly more. 

~on 
Musically, these findings inform us about the 

construction and capabilities of the vocal instrument For 
chant, we have primarily observed tuning between the two 
sources at the octave, but other relationships do occur and 
have been reported by other researchers. Generally, chant 
is mostly produced with the normal glottal pitch in the 
lower register, but is possible with the glottal voice in a 
higher, even falsetto (for males) register. In all cases, the 
non-glottal pitch assumes the lowest member of the dyad, 
although it would be most welcome to observe cases of the 
non-glottal pitch oscillating at a higher frequency. This 
author's observations conclude that amplitude is generally 
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Figure 11. Potential relationships between sources. 
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reduced when switching from normal to chant, although a 
seasoned performer can produce quite a robust sound. 
Although not vocally violent if done naturally with not a 
lot of stress, some performers do not seem to be able to 
sustain chant equal to normal phonation, but this has not 
been quantified and is purely anecdotal. Lastly, our 
discussion of chant assumes an outgoing (or egressive) 
flow of air, but all of the above uses are possible on 
inhalation (or ingressive airflow) with, potentially, an 
even greater variation of behavior possible. 

Additionally, it was suggested that the two meth
ods of producing chant were mos~y similar, but that the 
supraglottal oscillation had a rougher and more resonant 
timbre. It was also suggested that the supraglottal, double 
source oscillation might have more independence, such that 
the two instruments control the pitches at a ratio of I: I and 
thus carry less of a load, whereas the assymetrical vocal fold 
oscillation, controlled within one instrument has a ratio of 
I :2, in which the single instrument has twice the frequency 
load and thus taxing the vocal fold system to a much higher 
degree, which then suggests that in order to produce a 
periodic source of oscillation, the folds must carry a far 
higher degree of efficiency with any aberrant behavior 
potentially serving to disrupt the entire phonatory system. 
Thus, we might build a working hypothesis that the two 
instrument system will have the propensity towards a 
greater, limited independence, while the one instrument 
system will be effected more highly by the internal stresses 
and strains upon the delicate vocal fold mechanism. 

p 4 

i 3 
t 
c 2 
h 

1 

s (?) 

s 
A s 
A 

1 2 
Source 

A = assymetrical chant mode 
S = supraglottal chant mode 

Figure 12. Source to pitch co"espondence. 



Because of the increased load upon the (1:2) 
initial integer, it will be harder to break from constructive 
coupling in this system of fleshy and compromisable mate
rial, while the source to frequency ratio of the supraglottal 
method has a lessor load and may destructively couple the 
two sources, which to our modem ears and those involved 
with contemporary art recognize as desired of part of our 
natural landscape. 

ConcltSon 
This paper is an initial step designed to fill a void 

within the new music community. For years instruments 
have had systematic explorations into the extensions of their 
sounding principles, but the voice has not had that same 
lineage. As a Research Fellow with the National Center for 
Voice and Speech my research is designed, in part, to 
address those needs and concerns of instrument design and 
development of the contemporary voice. This research will 
encompass many projects, including chant, ingressive pho
nation, voiced and unvoiced multiple sonorities, reinforced 
harmonics, etc. The significance should not be lost on 
composers as instrument design and its understanding is 
central to the conceptions of timbre, gesture and the explica
tion of the reproducible, legitimate sound of our contempo
rary art. 
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Compositiom'ArtistsListed 

GreetjeBijma 
Jaap Blonk 
William Brooks 
Ellen Christi 
Bob Cobbing 
Frank Cox 
Bernard Dubreuil 
Paul Dutton 
Michael Edward Edgerton 

Shelley Hirsch 
Deborah Kavasch 
Elise Kennani 
Nabuo Kubota 
Edwin London 
Fatima Miranda 
Phil Minton 
Meredith Monk 
David Moss 
Lauren Newton 
Roger Reynolds 
Gerhard Stabler 
Demetrio Stratos 
W. Made Sutherland 
Trevor Wishart 

various 
various 
Madrigals 
InstantReality(CD) 
various 
"R" 
not commercially available 
FugitiveFonns 
In America ..... . 
Mountain Songs 
Syale #1 
*&%* 
Haiku Lingo 
The Owl and the Pussycat 
various 
various 
Psalm of These Days II 
various 
various recordings 
Key 
various 
various 
Voicespace 
Druber 
various 
various 
On Sonic Art 
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Exploring the Human Voice With Computer Simulation 

Ingo R. Titze, Ph.D. 
Department of Speech Pathology and Audiology, The University oflowa 

Introduction 
When I think of Carl Seashore, I think of a man who 

did not comparunentalize science into natural versus behav
ioral, hard versus soft, clinical versus basic, or any other type 
of dichotomy. Problems had to be solved, and formal 
disciplines were just labels on tool boxes that one needed to 
solve the problems. Clearly, he himself owned a large 
number of those tool boxes. 

The study of human vocalization has thrived on 
precisely this multidisciplinary approach. Understanding 
the human voice requires some psychology, some physiol
ogy, some linguistics, some physics, some engineering, 
some music, some medicine, some speech-language pathol
ogy, and a lot of open eyes and ears for even more intruders. 
As I have studied human sound production for the last 20 
years here at Iowa, I have found that the larynx is one organ 
in our body that attracts a multitude of disciplines like a 
magnet. When we make sound, we vibrate tissues, move air, 
and radiate acoustic waves. There is a lot of physics and 
engineering involved in describing these human sound emis
sions. But as we emit the sound, we also reveal much about 
our inner selves, not only our anatomy, but our personality, 
emotional state, health, and (in some cases) our artistic 
ability. This brings the whole spectrum of arts and humani
ties into the sphere of investigation. 

The Brain and The Larynx 
Lel's begin with the physiology of voice produc

tion. How is the brain involved in making sounds? Figure 
I shows the brain separated from the skull, with the larynx at 
the bottom. It is connected downward to the windpipe and 
ultimately to the lungs. Our intent to vocalize is formulated 
in the cerebral cortex. The speech motor area is then 
activated and all commands to the larynx go through the 
nucleus ambiguous, right above the brain stem in the skull 
section of the diagram. But we must distinguished between 

vocalization and speech. Speech usually includes vocaliza
tion, but vocalization can exist entirely out of the context of 
speech. Animals vocalize, infants vocalize, speech-im
paired or speech-deprived persons vocalize. It is currently 
believed that the larynx, which is the major sound producing 
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COATE X 
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IN MOToR 
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PRECENTRAL 
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Figure I. Connections between the brain and the /aryi!JC (from Satalnff. 
1992. Scientific American: used with permission). 
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organ in humans is driven by two systems of neural path
ways, the speech motor system and the limbic system. The 
limbic system, activated by emotions and the environment 
(internal and external to the body) has a strong grip on the 
larynx and the lungs. Sometimes called the fight or flight 
system, the limbic system of neural pathways produces 
motor patterns for cries, grunts, shouts, squeals, moans, and 
laughter. Thus, we vocalize to locate, to be located, to 
express anger, fear, joy, and disgust, as do many animals. 
All of this can be done in or out of the context of speech. 

The effect of the limbic system on the larynx is 
powerful. As a child, I had to walk past a building with a 
siren on topofiton the way to and from school. Ididn' tcarry 
a watch, but knew approximately when the siren would go 
off. I tried never to be at the side of the building, because the 
sound was so intense and frightening that it caused me to run 
and shout in an uncontrolled way for several blocks until I 
finally calmed down. I had little control over my flight 
responses. 

Consider a simple block diagram of the brain
larynx-lung connections as shown in Figure 2. In addition 
to the limbic system, the speech motor system (top middle) 
also activates the larynx, but it engages it together with the 
tongue, the lips, and other speech articulators. It could be 
hypothesized that the speech motor system is free of emo
tion and unaffected by the environment, coding only speech 
gestures into strings of sound. In a newscast, or reading 
instructions out loud, the system is used that way, a straight 
line from cortical language and speech centers to vocal 
output. The main task of the brain is then to coordinate the 
timing of all the movements. But how detachable is speech 
from the emotions? Some scientists believe that the speech 
motor system always engages the limbic system, making 

Figure 2. Block diagram ofrhe brai1l-lary1lx-lu1lg C01l1lecrio11S rhrough rhe 
limbic and speech moror sysrems. 
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optimal use of neural wiring that already exists for primal 
sounds (Davis et al., 1996). If this is true, emotions and 
rhythm cycles for breathing and laughter could enhance 
vocal communication. They become the building blocks for 
speech. Others believe that the speech motor system is 
specially wired. Infant cries change to coos, which change 
to babbles, which change to vowels and consonants, which 
change to words. Articulatory development, they would 
say, is part of the human genetic code, perhaps somewhat 
independent of the limbic system, and unique to humans 
(Lieberman, 1991). If this is true, emotions may compete 
with speech for the use of the larynx and the lungs. When 
you bear spiritual or emotional testimony and you "choke 
up", your pitch sometimes rises in an uncontrolled fashion. 
A sob can block your respiration and phonation, and tears 
and extra mucus can cause you to misarticulate. That's poor 
speech or poor singing, but extraordinary vocal communica
tion. Some listeners are enraptured by it, others are embar
rassed by it. Emotion talks to emotion. 

Another part of the nervous system that is deeply 
involved in vocalization is the spinal reflex system (right 
side of Figure 2). Breathing is autonomic; it requires no 
conscious voluntary action. Because the amount of air and 
carbon dioxide exchanged in the lungs must be regulated, 
there is an inherent feedback control between the lungs, the 
larynx, and the spinal cord. The larynx acts as a valve, 

Figure 3. The vocal folds as see1lfrom rhe rop. These folds 1101 o11lyvibrare 
10 produce sound. bur they act as a valve w regulare air movi11g ill and our 
of the lu11gs. 



opening and closing the gate for more or less air to be 
exchanged (Figure 3). When we vocalize, the breathing 
rhythm is altered, and the reflex system may get in the way. 

Coughing is an example of a respiratory reflex. 
The slightest touch on the vocal folds with a foreign object 
will elicit a cough reflex. But why don't we cough when the 
vocal folds touch each other in collision? One theory is that 
the speech motor system must inhibit the reflex system (see 
the dashed line in Figure 2). If this is true, then some voice 
disorders may result from a malfunction of this inhibition of 
the reflexes. The reflex system may be triggered too easily 
and the speech motor system gets tripped up by it. This may 
be the case in a symptom known as spasmodic dysphonia, 
where a person speaks with many voice interruptions and 
much tension. 

The main message to be understood here is that the 
larynx is multi-functional and hard-wired to several major 
parts of the nervous system. Anatomically, it sits in the 
middle of the neck, surrounded by all lifelines of the body. 
It's a busy highway there. The jugular vein and carotid 
artery pass along-side the larynx, as does the vagus nerve. 
Food passes directly behind the larynx, and air is drawn 
through it. Is it any wonder that our voice is a mirror of most 
of our body functions? Syrus said: "As the man, so is his 
speech." Voice reflects our age, gender, disease, fatigue and 
physical fitness. Vocal tremors are like earth tremors, 
revealing much of what lies under the surface. Shakespeare 
had Cleopatra utter the following words after learning of the 
death of Antony: "His legs bestrid the ocean; his rear' d arm 
crested the world; his voice was propertied as all the tuned 
spheres," (Antony and Cleopatra; Act V, Scene I) . 

Figure 4. Histological cross-section through the larynx showi11g the 
thyroid cartilage (semi-circular boundary around outside), and the 
arytenoid carrilnges (darker areas in the bottom half). and rhe vocal folds 
(muscle tissue in upper lwlj). 

Shakespeare perhaps recognized that if all the biological 
systems are functioning synergistically, like pulsating oscil
lators, human vocal expression can be divine. 

Control Dimensions of the Voice 
We all know intuitively how to make our 

voices higher and lower or how to make them louder and 
softer. But in addition to pitch and loudness, there are at least 
four other vocal variables we can control: tightness, register, 
resonance, and roughness. 

Consider first how all six of these variables are 
perceived on a scale: 

Perceptual 
Control Variable 

loudness 
pitch 
tightness 
register 
resonance 
roughness 

Scale 
soft-loud 
low-high 
breathy-pressed 
fry-chest-falsetto-whistle 
dull-ringing 
smooth-rough 

Most of the scales are continuous, but register is a 
more quanta! (categorical) perception. Listeners perceive 
one register or another with not much mixture (or overlap) 
between the perception. Roughness may also be more 
quanta! , but more research is needed on the perception of 
vocal roughness. We all can distort our voices somewhat, 
but the mechanisms for control of deliberate distortions are 
not yet clear. 

Loudness Control 
The primary control variable for loudness is lung 

pressure. As lung pressure increases, the aerodynamic 
power delivered by the lungs to the vocal folds increases; 
this aerodynamic power is the product of pressure and 
airflow. 

But what is the valve that regulates the amount of 
flow through the larynx? It is the arytenoid cartilages, 
shown in cross-section in Figure 4. These cartilages are 
positioned by various groups of muscles. Adductory muscles 
move the cartilages together and abductory muscles move 
them apart. This valving, then, controls the amount of 
airflow. But more importantly, valvingcontrols the way that 
airflow is continually interrupted when the edges of the 
vocal folds vibrate. A sudden interruption of airflow creates 
sound at high frequency, as in a handclap. Thus, in every 
cycle of vibration of the vocal folds, airflow must build up, 
then collapse rapidly, if a wide spectrum of frequencies is to 
be present in the sound produced. 
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Figure 5. Voice range profile for a normal subjecr (riglzr side) and a 
parielll wirlz unilarerallaryngeal nerve paralysis (lefr side). 

A convenient measure of pitch and loudness range 
in a human subject is the Voice Range Profile (Figure 5). 
This graphic representation of intensity on the vertical axis 
and fundamental frequency on the horizontal axis presents 
a clear picture of the range of phonation, much like an 
audiogram depicts the range of hearing. The lower bound
ary represent phonation threshold, like the threshold of 
hearing, and the upper boundary represents the threshold of 
vocal risk, analogous to the threshold of pain in hearing. 
Note that the area of the Voice Range Profile is much smaller 
for a person with unilateral vocal fold paralysis than for 
someone with nonnal vocal function. 

Pitch Control 
Pitch is controlled primarily by two agonist-an

tagonist muscles in the larynx: the cricothyroid (CT) muscle 
and the thyroarytenoid (TA) muscle (Figure 6). TheTA 
muscle is the major portion of the vocal fold, hidden behind 
the thyroid cartilage in the diagram. Cricothyroid action 
stretches the vocal folds, and thereby tenses them. Without 
this increased tension, the longer vocal folds would vibrate 
at a lower pitch, just as in stringed instruments. A long piano 
string, for example, vibrates at a lower pitch than a short one. 
But, if the tension of the long string is made to be signifi
cantly higher, it is possible to have a higher pitch with a 
longer string. 

In addition to the stretching of the vocal folds by 
the CT muscle, theTA muscle can contract and stiffen itself 
internally. In this process, it tends to shorten the vocal folds. 
In controlling pitch, then, the thyroarytenoid muscle and the 
cricothyroid muscle are agonists and antagonists, opposing 
each other. 

A third muscular system involved in pitch control 
is the respiratory system. As lung pressure is increased by 
the abdominal muscles and other respiratory muscles, air-
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cartilage 

Figure 6. Side view of rlze framework of rlze larynx. The rlzyroaryrenoid 
(TA) muscle and rhe cricorlzyroid (CT) muscle are usedforconrrol ofpirch. 

flow increases through the vocal folds. This tends to 
increase their amplitude of vibration. As amplitude of 
vibration increases, the average tension of the of the vocal 
folds also increases. This is the effect you may have noticed 
when blowing a New Year's Eve noisemaker; as you blow 
harder into this instrument, the pitch tends to go up. This 
pitch-loudness interaction reflects the nonlinearity in an 
acoustic oscillator and can give rise to chaotic behavior. In 
an infant cry, for example, the frequency of vibration is so 
dependent on amplitude of vibration that large pitch fluctua
tions occur with increased lung pressure. Often the vibration 
patterns becomes very irregular when the infant "bears 
down". 

Control of Tightness 
As already stated, the val ving action of the arytenoid 

cartilages brings the vocal folds together or moves them 
apart. If we use too much force with the adductory muscles, 
the voice becomes tight or pressed. If we use too little 
adductory effort, the vocal folds do not approximate tightly 
enough, and we get a breathy voice. 

Tightness and breathiness are symptoms of a num
ber of voice disorders. If the adductor muscles are hyperac
tive, the voice is judged to be tight, strained, or even 
strangled. Spasmodic dysphonia has those symptoms; in 
addition, the tightness appears in spasms rather than in a 
continuous fashion. In some disorders, the vocal folds are 
bowed in the middle, but at the endpoints the arytenoid 
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Figure 7. Bulging of bouom of vocal folri for the modal (chest) register 
production. 

cartilages are pressed together tightly. Thus, air can escape 
in the middle and noise is produced during phonation. 
Tightness and breathiness may therefore appear together in 
some disordered voices, but in normal voices the two sounds 
are generally distinct. 

Control of Register and Resonance 
A register is a specific vocal quality that can be 

maintained over some range of pitch and loudness. Ex
amples are modal (or chest) register, falsetto register, fry (or 
pulse) register and whistle register. The change from modal 
register to falsetto register is controlled primarily by the 
thyroarytenoid muscle; that is, the maj or belly of the vocal 
folds. As this muscle contracts, the bottom of the vocal fold 
bulges more medially (Figure 7). As this happens, the 
bottom of the vocal fold is set into vibration more vigorously 
by lung pressure. This more vigorous vibration at the 
bottom of the fold creates an effectively thicker vocal fold 
and more area of collision over its whole surface. With more 
collision there is more abrupt disruption of airflow and the 
excitation of higher frequencies. So, the modal register has 
a rich timbre, with many harmonic frequencies present, 
whereas the falsetto register has fewer harmonics and a 
weaker timbre. 

Resonance of the voice (a ringing quality) is prima
rily controlled by the epilarynx tube. It is a very narrow, 
short tube just above the vocal folds (Figure 8). This tube 
functions like the narrow mouthpiece of a trumpet that is 
directly coupled to the lips. For the trumpet, the mouthpiece 
and lips create a tight acoustic unit that promotes oscillation 
of the lips. Similarly, the epilarynx tube and the vocal folds 
form a tightly coupled oscillating system in the larynx. The 
narrower the tube, the easier it is for the vocal folds to be set 
into oscillation. The sound produced when the tube is 

Figure 8. Sagiual (side) view of the human ainvay as obtained by electron 
beam computed tomography. The vowel shape is an Ia/ as in "fqther". 

narrow contains a lot of high frequency energy, which is 
sometimes called vocal ring or resonant voice. 

Operatic singing is characterized by lots of vocal 
ring, but so is twang, which is heard in some speech dialects 
and in some country-western singing. In producing twang, 
the pharynx tends to be narrow also, and there is less low 
frequency acoustic energy than in opera quality. The nasal 
port may also play a role in controlling this vocal resonance 
quality (hence, the term nasal twang), but this involvement 
of nasality in vocal resonance is still heavily debated. 

VoiceAnalysis 
Traditional voice analysis is based on extraction of 

temporal and spectral features from a microphone signal. 
This observation-at-a-distance via the airborne signal has 
limitations, especially if sound production at the larynx and 
sound transmission through the airways arc to be studied 
separately. The microphone signal is an unfortunate mix
ture of the combined properties of the source of sound and 
the propagation of sound through the airways (known as the 
fil ter). Thus, speech scientists have been looking for addi
tional information to augment acoustic recordings of human 
voices. The source-filter theory of voice production can 
then be studied in greater detail. In particular, the use of 
fiber-optic viewing of the vocal folds (as in Figure 3) has 
provided important information about the source, while 
volumetric imaging of the vocal tract (as in Figure 8) are 
basically static, affording no temporal resolution of dynami
cally changing airway structures in speech or singing. But 
the spatial resolution of these images is so good that even 
these static shapes help to uncouple the propagation charac
teristics from the source characteristics. A subject typically 
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spends many hours in the magnetic resonance imaging 
machine to map out his or her articulatory space by mimick
ing the vowels and consonants in speech and holding each 
steady for several minutes. A complete volumetric scan, 
with millimeter accuracy, is obtained for each shape, includ
ing the oral cavity, the nasal cavity with the sinuses, the 
pharynx, the larynx, and the trachea. In and around the 
larynx are small pockets of air that make interesting resona
tors for sound (the piriform sinus, vallecula, epilarynx tube, 
and glottis; recall Figure 8). 

Analysis of Singing Voice 
Recent research has shown that trained singers are 

able to optimize their source-filter interactions to obtain 
easier and more efficient voice production. Singers open 
their mouths wide, particularly at high notes. This has the 
acoustic benefit of producing a better impedance match 
from the airway to free space, much like the flare of a 
trumpet Impedance (the ratio of acoustic pressure to 
airflow) is high at the larynx and low in free space, requiring 
a megaphonelike transformation. A wide mouth also has the 
benefit of getting the jaw out of the way of the larynx. Often 
a tense jaw restricts the larynx in finding a position that can 
be held over a wide range of pitches. 

The makeup of a premier singing voice, one that 
appears only once in a decade and is universally recognized 
as special, is still speculative; but some hints are beginning 
to emerge. Naturally great voices tend to have a 
nonencumbrance of skeletal structures in and around the 
larynx. This involves, at a minimum, the shoulders, the 
neck, and the jaw. As a wide range of pitches and loudnesses 
are accessed, soft and hard tissues do not interfere with each 
other. There is enough room for expansion, contraction, and 
linear displacement of the larynx, rib cage, abdomen, dia
phragm, and airways as necessary. These organs do not 
move a lot-on the contrary, a firm equilibrium position 
(posture) is desirable-but the critical movements must be 
unencumbered. This applies particularly to the use of 
opposing muscles (agonist-antagonist pairs). They must not 
fight each other, but be able to turn on and off gradually (like 
a dimmer switch) to move structures and change tensions 
precisely and differentially. Jerky on-off movements are 
seldom seen in a premier singer. Rather, there is a deathlike 
calmness on the surface, underneath which huge muscular 
efforts are expended. 

Within the larynx, there are likely to be some 
morphological differences between ordinary and premier 
singers, although direct verification by inspection of the 
organs of deceased singers has not been possible. Scientists 
have relied on simulation, therefore, to test the optimal 
structures for sound production. Symmetry between the left 
and right vocal folds seems to play an important role. In 
principle, the two vocal folds have their own characteristic 
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modes of vibration (like drums, bells, or strings). These 
modes depend on the viscoelastic properties of the vocal 
fold tissues and the boundaries that surround the tissues (the 
cartilages). If either the boundary structures or the internal 
tissue properties of the vocal folds are asymmetric, different 
modes (with different natural frequencies) can be excited. 
These modes can fight each other. A common airflow 
between the vocal folds does help to entrain the modes, but 
there is a limit to this entrainment If large ranges of pitch 
and loudness are to be achieved, a highly symmetric pair of 
vocal folds has a much better chance of avoiding chaotic 
oscillation. 

There is large benefit in having a thick, pliable 
mucosa as a covering of the vocal folds. This mucosa 
propagates a surface wave while the vocal folds are vibrat
ing. In fact, it is the surface wave that facilitates the energy 
transfer from the airstream between the vocal folds to the 
tissue itself, thereby producing self-oscillation. Highly 
gifted singers probably have the genetic construct of a thick 
and pliable vocal-fold mucosa, although direct histological 
verification is yet pending. 

Underneath the loose, pliable mucosa must be a 
tough ligament that can support large tensions, much like a 
piano or violin string. For high pitches, this ligament 
absorbs most of the tension in the vocal folds. The amount 
and the type of collagen and elastin fibers that make up this 
vocal ligament may again be genetically determined. Thus, 
some people may be born with better material properties 
than others, much like certain woods or metals are more 
desirable for musical instrument design. 

Voice Synthesis 
Synthetic speech is beginning to play a role in 

many facets of our everyday life. Artificial voices are now 
a familiar sound in phone messages, warning signals, enter
tainment and computerized self-instruction. There will be 
many more applications in the future. In particular, we will 
hear synthesizers with transformed personalities, with exag
gerated and diminished emotions, with different dialects, 
and with voice qualities that will go beyond the dimensions 
of the human voice. 

Speech Synthesis 
For many speech synthesis applications, the only 

measures of success is producing synthetic speech are its 
intelligibility and naturalness. What comes out of the box is 
more important than what is in the box. Many coding, 
storage, and transmission strategies can therefore be used to 
convert one form of speech to another, or text to speech 
(Klatt, 1987). There are other applications, however, for 
which the final output is not the most important product; 
rather, the principal goal is an improved understanding of 
the speech production mechanism. What's in the box 



matters more than what comes out of the box. The speech 
may indeed be of lesser quality, but because it helps to 
illuminate the physical and physiological processes in speech 
production, it is precisely what the investigator is focusing 
on. 

Clinical Applications of Speech Synthesis 
In medicine, the most exciting prospect is predict

ing the outcome of special types of head and neck surgery; 
that is, making a model of the entire mechanical or biome
chanical process of speech production and then introducing 
a pathology, such as a vocal fold paralysis (Isshiki & 
Ishizaka, 1976) or a tissue resection (Fujimura, 1994). The 
abnormal speech behavior can be quantified in a parametric 
way. Corrective surgery can then be carried out on the 
model before any procedures are carried out on humans. In 
particular, the more radical procedures can be taken to their 
extremes. Certain parameters in the speech production sys
tem can be exaggerated and distorted to find out what lies 
beyond the limits of normal production. This is very useful 
in predicting breakdowns of the human speech production 
system. 

With applications to speech training and habilita
tion, we envision that a vocologist (one who trains and 
modifies voices) can use simulation to alter any particular 
voice quality of a client. In addition to giving examples with 
his or her own phonation, the vocologist can use a synthe
sizer to play variations of sound qualities, speech dialects 
and emotions. This will probably be an improvement over 
the all-human model, because it would allow one variable to 
be changed at a time. The vocalist will be able to interpret 
clearly what the acoustic result of a physiologic change in 
his or her voice will be. 

Simulation of the Singing Voice 
Although on the surface it would appear that simu

lation of the singing voice presents a greater challenge than 
simulation of speech (because of the added artistry), one 
finds that what is difficult for humans is easy for machines, 
and what is easy for machines is difficult for humans. For 
example, humans have great difficulty producing high and 
loud sounds, that is, sustaining muscle contractions for long 
periods of time. This is trivial for machines. There is no 
fatiouino and tirino of muscles. Hence, long, sustained 
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sounds present no difficulty. Furthermore, in singing, much 
is prescribed by the musical score. Movement from syllable 
to syllable is coded by meter and rhythm. Thus; it is 
relatively easy to incorporate articulatory timing into a 
singing simulation strategy. The melody is also prescribed, 
whereas in speech the " melody" is free-running (dialect 
dependent and speaker dependent). 

In our work at the National Center for Voice and 
Speech, we have been reasonably successful in producing 

some of the sounds of operatic tenors. We have called our 
singing robot "Pavarobotti" (Figure 9), in honor of our great 
contemporary tenor, Luciano Pavarotti. Some of the tenor 
characteristics, such as the vocal ring and the dramatic rich 
timbre, are surprisingly easy to simulate. Vocal ring is 
modeled by inserting a small quarterwave resonator above 
the vocal folds, approximately one-sixth of the length of the 
vocal tract and one-sixth of the cross-sectional area of the 
pharyngeal input to the vocal tract (Sundberg, 1987). This 
quarterwave resonator, tuned to approximately 3000 Hz, 
mimics the narrow acoustic channel (the epilarynx tube) 
above the vocal folds. Vibrato can be introduced with 
sinusoidal frequency modulation of the air pulses emitted 
from the larynx, but this modulation must also include some 
neurologically-based randomness. 

We have found that the glottal airflow pulse in 
operatic sounds is not substantially different from that found 
in normal speech production. Hence, we have concluded 
that singing is not fundamentally different from speech 
(acoustically), but it takes great amounts of training and 
building of muscles to maintain this constancy over a two 
octave range. 

We believe that a future version ofPavarobotti will 
become a very exciting teaching tool for those who provide 
voice training and vocal habilitation. Much of what is now 
done laboriously --- off-line --- will be able to be accom
plished in real time. Perhaps a singing robot will be part of 
every studio and clinic; buttons can be pushed and knobs can 
be turned to create a variety of sound qualities that vocalists 
can listen to and evaluate. Beginning with a model of a 
beginner's voice, attributes of long-range training can be 
added, one by one, to project the voice of a pupil or client into 
the future. This is not to say that Pavarobotti will become the 
teacher, but rather the teacher' s aid. By displaying his vocal 
tract anatomy, there will be some direct visual confirmation 
of what the system is and what the system does. 

Figure 9. The author with his singing robot, "Pavarobotti". 

NCVS Status and Progress Report • 147 



Summary 
Where does this take us in the future? I hope that 

simulated speech and song will never replace human sound
ings. Vocalizing, like general body exercise, is a necessary 
part of life. It is the best emotional and spiritual outlet we 
have. But with a simulator, we can explore, with little risk 
and cost to human health, the dimensions of many of our 
voices. We can explore these dimensions one at a time, 
slowly and carefully. Even if we take sizes and forces 
beyond their extremes, we cannot break anything. Further
more, we can predict some effects of training, surgery, 
injury, and aging in a matter of minutes. Instantly, we can 
project a voice into the future, and perhaps recover its past. 
I have taught Pavarobotti how to sing, but it has also taught 
me how to sing. The real world and the virtual world will co
exist, side by side, for the betterment of all of us. 
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