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Abstract

Vibration and morphology of the vocal folds studied by excised larynx experiments,
electroglottography, high-speed imaging and computed tomography

Voice production is a very complex process. Voice research laboratories all over the
world have brought important knowledge on voice production principles, particularly by
observing vocal fold vibrations in vivo or in vitro using excised larynx experiments. Although
general knowledge about the voice production principles has expanded during last decades
many questions still remain to be answered. In order to find answers for some of them,
methods for assessing the properties of the vocal folds and their vibration characteristics
need to be improved. This dissertation is devoted to studying the morphologic and
oscillatory characteristics of the vocal folds. In particular, three topics were addressed:

Firstly, an excised larynx setup was improved by designing and constructing an
adjustable subglottal resonance tract in order to better control the influence of the
subglottal tract on the oscillatory behavior of the vocal folds. Although the subglottal
acoustics may considerably influence vocal fold vibrations the subglottal resonance
properties have mostly not been properly specified in studies utilizing excised larynx
experiments. The developed subglottal tract provides a possibility to set the desired
subglottal resonance frequency or to change it continuously. This is desirable for obtaining
comparable results from different laboratory setups.

Secondly, the relationship between electroglottographic (EGG) signal and vocal fold
contact area (VFCA) was investigated. Electroglottography (EGG) is a widely used non-
invasive method for assessment of vocal fold vibrations that purports to measure changes in
relative vocal fold contact area (VFCA) during phonation. Despite its broad application, only
a single study has so far attempted to verify the direct relationship between the EGG signal
and vocal fold contact area [Scherer, R. C., Druker, D. G., and Titze, I. R. (1988).
"Electroglottography and direct measurement of vocal fold contact area," in Vocal
Physiology: Voice Production, edited by O. Fujimura (Raven Press, Ltd., New York), pp. 279-
291]. That study found approximately linear relationship; nevertheless, the relationship was
investigated under non-physiologic conditions and flow-induced vocal fold vibrations were
not studied. A rigorous empirical evaluation of EGG as a measure of VFCA under proper
physiological conditions was therefore performed in this thesis using three excised red dear
larynges. A strong correlation between the EGG signal and VFCA was found, but some
discrepancies were observed in the contacting and decontacting phases of the glottal
oscillatory cycle. In the contacting phase the EGG signal systematically preceded the visually
measured VFCA in all larynges. In the decontacting phase two of the larynges showed good
agreement between the EGG signal and VFCA, but considerable disagreement was found in
one of the larynges. This larynx differed from the other two by showing a slight anomaly of
the medial vocal fold surface, known as sulcus vergeture. The role of pathology and other
factors on the potential discrepancies between the EGG signal and VFCA should be explored
in future studies.

Thirdly, computed tomography (CT) was used in order to study changes in vocal fold
configuration induced by a special therapeutic method, i.e. phonation into a tube. This
method uses a narrow constriction at lips formed by a tube in which the subject phonates.
Previous studies showed that phonation into a tube caused clear changes in vocal tract
cavities which endured also after the exercise was finished. The purpose of the present study
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was to show whether the adjustment of the vocal folds and their morphology were also
affected by the exercise or not. Two subjects underwent the examination using CT device.
The collected data were used to measure vocal fold vertical thicknesses, cross-sectional
areas and lengths. Interestingly, the results of this double-case study did not show any clear
systematic common trends in vocal fold adjustments between the two subjects suggesting
that the adjustments of the vocal tract shape play a more important role for the voice
improvement after the therapy than the vocal fold adjustments. Nevertheless, more studies
with larger number of subjects are needed to better understand the influence of the vocal
fold and vocal tract adjustments caused by voice therapy on the resulting voice quality and
verify these results.



Souhrn

Studium kmiti a morfologie hlasivek pomoci experimentli s preparaty hrtand,
elektroglotografie, vysokofrekvencnich zobrazovacich metod a vypocetni tomografie

Tvorba hlasu je velmi slozity proces. Vyzkumné hlasové laboratore z celého svéta jiz
ptinesly celou fadu dulezZitych poznatki o principech tvorby hlasu, a to zejména diky
pozorovanim kmitQ hlasivek in vivo i in vitro za pouziti preparatQ hrtan(. Ackoliv znalost
principu tvorby hlasu za posledni desetileti vzrostla, mnoho otazek je stale nezodpovézeno.
Predpokladem nalezeni odpovédi na nékteré z nich je zlepSeni metod pro studium vlastnosti
hlasivek a jejich kmitani. Tato dizertace se vénuje studiu morfologickych a oscila¢nich
vlastnosti hlasivek v rozsahu nésledujicich 3 témat:

Za prvé, sestava pro experimenty s preparaty hrtant byla vylepsena navrienim
a zkonstruovanim nastavitelného subglotického rezonancniho traktu, ktery slouzi k lepsi
kontrole vlivu subglotického traktu na oscila¢ni vlastnosti hlasivek. Navzdory tomu, Ze
subglotické akustické jevy mohou znacné ovlivnit kmitani hlasivek, subglotické rezonance
vétsinou nebyvaji ve studiich s preparaty hrtan( dostateéné specifikovany. Vyvinuty
subgloticky trakt poskytuje moZnost nastavit pozadované frekvence rezonanci nebo je
plynule ménit. Takové nastaveni je duleZité pro opakovatelnost experimentd i pro ziskani
vzajemné porovnatelnych vysledkd mezi riznymi laboratornimi sestavami.

Za druhé byl studovan vztah mezi elektroglotografickym (EGG) signadlem a kontaktni
plochou hlasivek (VFCA, z angl. "vocal fold contact area”). Elektroglotografie je neinvazivni
metoda pro sledovani kmitQ hlasivek, jejimzZ cilem je méfit relativni zmény kontaktni plochy
hlasivek. | pfes jeji ¢asté pouziti v odbornych pracich, vsak existuje jen jedind studie, jeZ se
pokusila ovéfit pfimy vztah mezi EGG signdlem a VFCA [Scherer, R. C., Druker, D. G., and
Titze, I. R. (1988). "Electroglottography and direct measurement of vocal fold contact area,"
in Vocal Physiology: Voice Production, edited by O. Fujimura (Raven Press, Ltd., New York),
pp. 279-291]. Zminénd studie ukazala pfiblizné linedrni vztah, nicméné neprobéhla za
podminek podobnych fyziologickym, tj. kmitani hlasivek nebylo vyvoldno proudénim
vzduchu. Z tohoto dlivodu byl vztah mezi EGG signdlem a VFCA podrobné studovan v této
disertaci, a to za podminek, které Iépe odpovidaji fyziologickym. Experimenty byly provedeny
za vyuziti 3 jelenich hrtan(. | pfes to, Ze vysledky ukdazaly silnou korelaci mezi EGG signdlem a
VFCA, byly nalezeny i vyznamné rozdily v rdamci kontaktni a dekontaktni faze hlasivkového
kmitu. Béhem kontaktni faze EGG signal systematicky predbihal vizualné mérfenou VFCA.
Béhem dekontaktni faze dva ze tfi hrtand vykazovaly velmi dobrou shodu mezi EGG a VFCA,
ale u jednoho hrtanu se pribéh kfivek znacné lisil. U tohoto problematického hrtanu byla na
medidlni strané hlasivkové tkané nalezena lehkd anomadlie odpovidajici klinickému nalezu
tzv. sulcus vergeture. Vliv patologii hlasivek a dalSich faktor(i na ptipadné rozdily mezi EGG
signdlem a VFCA je tfeba podrobnéji objasnit v budoucich studiich.

Za treti, zmény v nastaveni hlasivek vyvolané specidlni terapeutickou metodou
zvanou “fonace do trubice” byly studovany za pomoci pocitacové tomografie (CT, z ang.
“computed tomography”). Hlasova cvi¢eni pomoci fonace do trubice vyuZivaji zuzeni v
oblasti rth zpUsobené rezonancni trubici. Pfedchozi studie ukdzaly, Ze tato terapeuticka
metoda vyvolava prokazatelné zmény ve tvaru rezonancnich dutin, jez setrvavaji i po
ukonceni cviceni. Cilem této studie bylo zjistit, zda ma fonace do trubice vliv také na
nastaveni hlasivek a jejich morfologii. Dvé osoby podstoupily CT vysetieni. Pofizena data byla
pouzita pro méreni vertikalni tloustky, plochy prifezu a délky hlasivek. Pfekvapivé, vysledky



této dvoijité kazuistiky neprokazaly zjevné systematické zmény v nastaveni hlasivek podobné
pro oba subjekty. To naznacuje, Ze pro zlepSeni hlasu pomoci fonace do trubice jsou
pravdépodobné podstatnéjsi zmény rezonancnich dutin vokalniho traktu nez zmény
v nastaveni hlasivek. K lepsimu pochopeni vlivu zmén v nastaveni vokalniho traktu a hlasivek
zpUsobenych fonaci do trubice a k ovéreni obdrienych vysledk( je nicméné vhodné provést
dalsi studie s vice subjekty.



Goals of the thesis
The aims of this thesis were to:

1) design a new subglottal tract with adjustable length and resonance
characteristics to be used for excised larynx experiments;

2) validate the method of electroglottography on excised hemilarynges by directly
comparing the electroglottographic signal and vocal fold contact area observed
by means of high speed video recordings;

3) investigate whether the therapeutic method called ,phonation into a tube” causes

distinct changes in the vocal fold adjustments, in order to clarify the physiologic
mechanisms of this method
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Introduction

Voice research is a highly inter-disciplinary field. There are various aspects of voice
production which are of interest for different kinds of professions. Physicists, physicians,
biologists, singers, engineers, mathematicians and other specialists study voice from
different perspectives. Large effort is devoted to improving examination methods ordinarily
used in clinical medical practice or in voice science in order to understand principles of voice
production. Despite of the fact that voice has been studied since the invention of
laryngoscopic mirror in 19" century many aspects of its creation remain poorly understood.

This thesis consists of two main parts. The first part provides a theoretical overview
of the topics related to the work of the author. The second part consists of the original work
by the author.

1. Theoretical section and basic principles

1.1. Basics of voice anatomy

Voice is normally created in laryngeal part of the breathing airways by a pair of

oscillating tissues, i.e. vocal folds (VFs). This process is called phonation. Phonation is,
however, only the latest acquired function of the larynx (Asher et al., 1996).The primary
function of the larynx is to prevent foreign substances (i.e. liquids, food or any other solid
particles which could potentially be inhaled) from entering the trachea and lungs.
A gap between the VFs is called glottis. The cavities above the glottis (superiorly, i.e.
epilarynx, pharynx, oral and nasal cavities) are called supraglottal, whereas the cavities
below (inferiorly) are called subglottal. The supraglottal cavities involved in the vocalization
process are frequently denoted as the vocal tract.

Oscillation of the vocal folds is initiated by air flowing from the lungs using breathing
muscles (diaphragm, intercostal muscles, etc.). Thus, the compressed air in lungs acts as a
power source. The scheme of these anatomical structures is depicted in Figure 1. As soon as
the VFs are approximated (see Figure 2, right) by laryngeal muscles and the airflow is
established, the vocal fold oscillation begins.
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Hard palate Nasal cavity i - ®

Soft palate Velum T L %,3

Filter Tongue Oral cavity — uﬁ?%
Pharynx o

. Epiglottis
Voice  rynx Vocal folds ——————— % Glottis
source Esophagus Trachea
Power Lung volume —— g §
source Lungs “ 59
V]
Diaphragm Musclt force

Figure 1. Scheme of the structures involved in the voice production (blue — supraglottal tract; red — voice source;
black — subglottal tract): left — basic anatomical structures, right — scheme modified after Fant (1960).

x Arytenoid cartilage
‘ Posterior commissure
7 Trachea
Vocal processus
Vocal fold
Ventricular fold

Anterior commissure

Anterior «=—— > Posterior

~ B Epiglottis
Figure 2. Laryngoscopic view of the vocal folds and surrounding structures. Left — open glottis during breathing;

right —vocal folds closed during phonation.

Epithelium
Lamina propria:
Superficial layer

Intermediate layer
Deep layer

Figure 3. Vocal fold tissue structure (Titze, 2000).
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The anatomical scheme of a vocal fold (VF) is depicted in Figure 3. The VF is formed
by a layered structure (Hirano, 1975; Hirano et al., 1981; Titze, 2000), which consists of
epithelium, lamina propria (superficial, intermediate and deep layers) and thyroarytenoid
muscle.

The VFs are anteriorly attached to the thyroid cartilage and posteriorly to the

arytenoid cartilage. The length and tension of the vocal folds are mainly controlled by
cricothyroid and thyroarytenoid muscle (Titze et al., 1988; Titze, 2000).
Activation of the thyroarytenoid muscle shortens and bulges the VF body (Hirano, 1975). In
contrast, when the cricothyroid muscle is activated, the thyroid cartilage is pulled inferior-
anteriorly and rotated around the cricothyroid joint (Figure 5, arrow) resulting in elongation
of the VFs (Van den Berg et al., 1960; Titze, 2000).

Glottal contact is reached by approximating the VFs caused by activation of intrinsic

laryngeal muscles [for more details on the anatomy see related literature; e.g. Cihdk (1988),
Diano (2006), Hampala (2011), Olias (2004), Svec (1996), Titze (2000) or any anatomical
atlas]. The muscles taking part in the approximation are called adductors (i.e. lateral
cricoarytenoid and interarytenoid muscles) whereas those pushing them apart laterally are
abductors (i.e. posterior cricoarytenoid muscle) (Figure 6).
The terms adduction and abduction denote the process of approximating and spreading
apart the VFs and are also commonly used to describe the level of vocal fold medialization.
Thus, whenever the VFs are approximated and touching along their length it means they are
adducted and vice versa. Since the activation of cricothyroid and thyroarytenoid muscles
affects the VF shape (Figure 4) it influences also the overall adduction.

slight aBduction aDduction
+thinning +bulging
+lowering +rising

pT 90% Contrc:l 'I;A 116 % Contro\l

Figure 4. Effect of cricothyroid and arytenoid muscle activity on cross-sectional
vocal fold shape according to Hirano (1975).
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Thyroid cartilage

Arytenoid cartilage

=
-
==

Thyroarytenoid muscle
Cricothyroid muscle
Cricoid cartilage

...... Cricothyroid joint

I

Figure 5. Principle of vocal fold elongation caused by activation of cricothyroid
muscle. The contraction of cricothyroid muscle causes rotation of the thyroid
cartilage around the cricothyroid joint while elongating the vocal folds.

Posterior cricoarytenoid muscle
(aBductor)

Interarytenoid muscle (aDductor)
Arytenoid cartilage

Lateral cricoarytenoid muscle
(aDductor)

Thyroarytenoid muscle
Cricoid cartilage

Thyroid cartilage

Figure 6. Intrinsic laryngeal muscles responsible for adduction and abduction of
the vocal folds.

1.2. Principles of sound production

Although the presence of vibrating VFs is necessary for producing the primary
acoustical signal, the resulting vocal output is influenced by resonance cavities. Therefore,
the knowledge of basic voice production principles is crucial for voice research purposes. It is
related also to Paper Il of this thesis (Hampala et al., 2015b) where the interaction between
the vocal folds and the vocal tract is partially discussed.
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1.2.1. Source-filter theory of voice production

The oscillating VFs turn a steady airflow into a sequence of flow pulses created by
opening and closing of the glottis. This is a primary sound signal which acoustically excites
the resonance cavities of the vocal tract and is modified by them (Figure 7). The resonances
are damped (Figure 7) due to radiation loses and energy dissipation in soft tissues covering
and surrounding the airways.

Airflow at the level of glottis

ey A\ A
z [ . . . . .
§:<—>°:4 € e © e
2
=
@
£
E
(<]
> . -
. T . .

Resulting signal

Time =3
Figure 7. Airflow pulses at the level of glottis and the simplified
view of the influence of resonance cavities on the resulting signal
according to Rothenberg (1973) and Svec (1996) modified by the
author. Legend: O — open phase, C — closed phase, T — period of
vocal fold oscillation, T, — period of damped supraglottal
resonance.

The most important resonance cavities are particularly the supraglottal ones. However, since
the sound is spread to all directions, the system of subglottal cavities (i.e. trachea, bronchi,
lungs) also acts as a resonator (Hala and Sovék, 1941; 1962; Kitzing and Loquist, 1975; Koike,
1981; Cranen and Boves, 1985; 1987; Sundberg et al., 2013).

Fant (1960) introduced the source-filter theory of voice production assuming that the
resulting acoustical spectrum is created by a linear superposition of harmonic spectrum of
the voice source, vocal tract transfer function and mouth radiation (Figure 8). In other
words, the acoustical properties of vocal tract have an influence on the resulting acoustical
output.

VOICE SOURCE (harmonic spectrum) VOCAL TRACT - Transfer function Resulting harmonic spectrum
F
oo NN L8
- - b
a a a
E E E
< < <
Frequency Frequency Frequency

Figure 8. Simplified spectra illustrating the origin of acoustic output according to Fant (1960); Sundberg (1977);
Svec (1996); Titze (2000); Howard and Murphy (2008) modified by the author. Legend: F,.; — formants.
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1.2.2. Myo-elastic aerodynamic theory of vocal fold vibration

To explain the principles of vocal fold (VF) vibration, the voice science community
generally accepts the so called myo-elastic aerodynamic theory. Its fundamentals were
formulated by Van den Berg (1958) and later developed by many other scientists, including
the notable work by Flanagan (1965), Titze (1980) and others. The most detailed information
about this theory can be found in Titze (2006a).

The myo-elastic aerodynamic theory assumes that the vocal fold vibration is a result
of the interaction between airflow which drives VFs by aerodynamic forces and elastic
properties of VFs influenced by activity of laryngeal muscles. During phonation the
properties of the VF tissues can be consciously and voluntarily controlled by laryngeal
muscles (particularly cricothyroid and thyroarytenoid muscle). This is desired since the VF is
not uniformly structured (Hirano et al., 1981) and, when the tension is applied, different
tissue layers are not tensed equally. In order to study the role of cricothyroid and
thyroarytenoid muscle activity in control of VF vibration, a two-layer cover-body theory was
established (Hirano, 1974; Fujimura, 1981; Hirano and Kakita, 1985; Titze et al., 1988). The
cover consists of the epithelium and the superficial and intermediate layers of lamina
propria (recall Figure 3) whereas the body incorporates the deep layer of lamina propria and
the thyroarytenoid muscle (Hirano and Kakita, 1985). The thyroarytenoid muscle forms a
major part of VF; therefore, its active tension can significantly influence the overall VF tissue
properties (e.g. thickness and tension) and thus partially compensate for the tension
inequalities in different tissue layers when the VF is passively tensed and stretched by the
cricothyroid muscle. This is demonstrated in Figure 9 which shows possible ratios of
thyroarytenoid vs. cricothyroid muscle activity for different lung pressures while keeping the
same fundamental frequency.
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Figure 9. Relative cricothyroid and thyroarytenoid muscle activity
(acr and ar,) for different lung pressures (PL) after Titze (2000).
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The airflow blown through the VFs is necessary to set them into a vibration and
produce a time-varying glottal flow. The VF oscillation is self-sustained due to the flexibility
of the VF tissues. During this process VFs vibrate with a vertical phase difference (Titze,
1988), i.e. they change their shape according to Figure 10. The vertical phase difference
results in a wave-like motion referred to as mucosal wave traveling on the VF surface from
its inferior to superior edge (Titze, 1988; Berke and Gerratt, 1993; Titze et al., 1993) (Figure
10, arrows). The mucosal wave has been studied by a number of authors [e.g. Moore and
von Leden (1958); Hollien et al. (1968); Sovak et al. (1971); Hirano (1974); Hirano et al.
(1980); Titze (1988); (Berke and Gerratt, 1993); Yumoto et al. (1993a)] and its presence
during phonation is considered to be very important for healthy VF vibrations. The mucosal
wave propagation is dependent on the viscosity, mass, length or tension of vocal fold and
any changes of these properties may cause abnormalities in the resulting phenomena (Qiu et
al., 2003; Svec et al., 2007).

When opening, the shape of glottis is convergent, whereas while closing it is
divergent. The airflow streaming through the open glottis is accelerated resulting in a local
drop of transglottal pressure which “sucks” the VFs medially (Flanagan and Ishizaka, 1978;
Broad, 1979). This phenomenon is known as the “Bernoulli effect” and in combination with
VF elasticity and change of VF shape it closes the glottis (Titze, 1976; 1988). Also, an inertia
of the air column above the closing glottis leads to a drop in the air pressure which aids VF
closure (Titze, 1988).
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Figure 10. Change of the vocal fold (VF) shape during phonation according to
Titze (1988): a — glottis is opening, glottal shape is convergent; b — glottis is
closing, glottal shape is divergent. Legend: P; — supraglottal pressure; & —
displacement of the VF tissue; arrows — propagation of mucosal wave on the
VF surface.
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1.2.3. Supraglottal cavities

Supraglottal cavities are the most important part of the vocal resonance system.
Since the cavities between VFs and mouth opening are most involved in voice production
they are also called the vocal tract. For sake of simplicity, the nasopharyngeal port is often
considered to be closed by velum. In such case the average male vocal tract is approximately
17,5 cm long (Titze, 2000). Its acoustical properties are described by the so called formants,
i.e. maxima in a transfer function of the vocal tract (Figure 8, middle). Any change of vocal
tract shape has an effect on its transfer function, and thus, on the position of formants in the
spectrum. This can be nicely illustrated by an example of the shape changes induced by
pronunciation of different vowels (Figure 11). Vowels are characterized by the frequencies of
their first two formants (i.e. Fy, F;) and together with higher formants they influence voice
timbre. Figure 11 compares the difference among vowels [a], [i] and [u] which are mainly
based on a position of tongue (Singh and Singh, 1976; Mackay, 1978; Wolfram and Johnson,
1982; Ladefoged, 1990)(Figure 11, left). Corresponding vowel spectra and the example of
positions of formants Fy, F, are shown in Figure 11, right.

[a] vowel o
©
2
=
E
o
(]
2
g |
m - L Ll T
500 1500 2500
Frequency (Hz)
[i] vowel P .
N
3 F,
E I 7\
L]
@
=
® |
r |
x| } -
500 1500 2500
Frequency (Hz)
[u] vowel
3 1
2| il F,
2 I
£
]
H !
(' l .
500 1500 2500

Frequency (Hz)
Figure 11. Shapes of the vocal tract (left) and corresponding spectra
according to Titze (2000).
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1.3. Instrumentation in voice research

Voice research often needs an inter-disciplinary approach. It uses techniques and
instruments adopted from various fields including medicine, acoustics, explores technical
solutions concerning electrical and physical measurements as well as imaging techniques.
The following text describes the methods or techniques which are related to the subjects of
this thesis.

1.3.1. Imaging techniques

1.3.1.1. Classical radiography

Classical radiography is based on the attenuation of X-rays while passing through
examined tissue. The first imaging detectors of transmitted X-ray radiation consisted of
photographic plates or films. Nowadays they are mostly replaced by digital flat detectors
(Spahn, 2013).

The major disadvantage of the classical radiography is the superimposition of all the
structures on the film. This makes it sometimes difficult to recognize detailed structures,
especially when the tissue is of similar density (i.e. tumors and its surrounding tissue). One
way how to deal with the superimposition is to move the film and X-ray bulb simultaneously
which results in blurred tissue below and above the focal plane (Seeram, 2009). This method
is called laminagraphy.

In voice research the radiography was particularly used in 1960's when Hollien and his
colleagues used the so called laminagrams to investigate the changes of VF thickness and
tilting related to changes in fundamental frequency (Hollien, 1960; Hollien and Curtis, 1960;
Hollien and Moore, 1960; Hollien and Colton, 1969; Hollien, 2014). For this purpose original
systems of reference lines and points were designed.

Figure 12 illustrates the system for measurement of cross-sectional areas used by
Hollien and Curtis (1960). First, the shapes of laryngeal cavity, i.e. supraglottal laryngeal walls
(lines A and A’), VFs, and subglottal laryngeal walls (lines B and B), were carefully outlined on
laminagrams. In order to measure the VF cross-sectional areas lateral boundaries had to be
established. Since there were no sharp limits a system of parallel lines was used. First, the
midline was identified using points Z and Z° which bisected the distance between most
medial surface of VFs and most lateral parts of the subglottal laryngeal wall. Then, two sets
of lines (CD, C'D" and EF, E'F’) parallel to the midline were drawn. Lines CD and C'D" were
positioned to intersect points X and X', i.e. the base of VFs where the laryngeal wall sharply
inflected towards the midline. Since the laryngeal ventricles did not always reach the lines EF
and E'F the outlined superior VF surface was extended resulting in lines G and G'. This
allowed the measurements of cross-sectional areas denoted by grey color in Figure 12.
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Figure 12. System of reference lines and points used for measurei
areas (grey color) on laminagrams after Hollien and Curtis (1960,

Apparently, this system had limitations. In Figure 12 the lines G and G representing
the VF surface were drawn manually. In such approach there was a room for potential error
originating from wrong sloping of these lines.

Nevertheless, Hollien's approach inspired the work of the author of this thesis for
designing an alternative system of measurements (see Chapter 2.4.1.) used in Hampala et al.
(2015b) which is the Paper lll in this thesis.

1.3.1.2. Computed tomography (CT)

The computed tomography is based on transmission of X-rays through an examined
object/subject similarly as the classical radiography. The limitation of classical radiography is
the inability to image small differences in tissue density. This makes the tissue identification
complicated. In contrast, the CT method provides a minimal superimposition, improved
image contrast and it enables imaging of small differences in tissue contrast (Hounsfield,
1973). In CT X-rays are highly collimated into a very narrow beam which is transmitted
through a specific cross-section. After the beam passes through the subject’s body it is
captured by special electronic detectors. In order to reconstruct the image of the desired
cross-section the analogue signal from the detectors is converted to digital data and then
processed in computer using mathematical algorithms.
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Physical principles of CT method

Basically, there are two ways of collecting the transmission measurements
dependent on the acquisition geometries as illustrated in Figure 13. Figure 13a shows the CT
device geometry where only the X-ray tube is rotating 360 degrees around the subject. The
X-ray tube is placed inside the ring of the stationary detector array. Figurel3b shows the
second possibility. In this case, both the X-ray tube and the detector array are moving
simultaneously around the patient. The second geometry is more commonly used in the
modern CT devices (Zuna and Pousek, 2002).

Stationary
detector
array

. E Moving
. R detector
A W
array

Figure13. Possibilities of CT device construction geometries.

According to the way how the x-ray tube rotates around the examined subject we
distinguish between conventional slice-by-slice data acquisition and volumetric data
acquisition (Figure 14). In the conventional method X-ray tube rotates to collect data from
one slice. As soon as the tube finishes the revolution a table with the patient is moved to
collect the data for the next slice (Figure 14a). This is repeated until whole the required
segment is scanned. In the volumetric method the tube rotates in a helical way to scan
certain volume of the tissue (Figure 14b). One revolution refers to a single slice, i.e. single
slice computed tomography (SSCT). Nowadays, multislice helical CT (MSCT) has become
available which rapidly increases the scanning procedure. The standard CT devices are able
to scan 4, 8, 16, 32, 40, or 64 slices per revolution and since 2007 there has been
commercially available MSCT scanner able to produce 320 slices (Seeram, 2009).
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Figure 14. Conventional slice-by-slice (a) and volumetric method (b) for the CT data acquisition.

During the scanning procedure a large number of measurements from many different
views are performed. Since the intensity of the x-ray source is known, the detectors measure
the transmitted radiation. Thus, the relative transmission (T,) can be calculated from these
two values as follows:

T, =log 170, [Equation 1]

where [y is the intensity of x-rays at the source and / is the intensity measured at the
detector.

The energy of the transmitted x-ray beam is always lower because some photons are
absorbed or scattered. The basic goal of CT is to determine the attenuation. In the first
experiments homogenous radiation from a gamma source was used since it fulfills Labert-
Beer law according to Seeram (2009):

I = I,e ™™, [Equation 2]
u = {U/x) - (nly/I), [Equation 3]

where | is the intensity transmitted through the tissue, Iy is the initial intensity, e is Euler’s
constant, u is the linear attenuation coefficient and x is the thickness of the object. The
homogenous beam is linearly attenuated as it passes through the homogenous substance.
However, the disadvantage of this method was too long time period necessary to scan and
produce image. The conventional X-ray tube produces a heterogeneous beam which results
in a non-exponential attenuation due to photoelectric and Compton effects (Kallender,
2011). The photoelectric attenuation occurs mainly in a high density tissue (i.e. bone)
whereas the Compton interactions are characteristic for the soft tissue. Therefore, it is
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necessary to approximate the equation for the heterogeneous beam to the homogenous
one as follows:

I = Iye~BP+EOX | [Fquation 4]

where Lp is the attenuation originating from photoelectric effect and uc is the attenuation
due to the Compton effect (Kallender, 2011). Since the beam is heterogeneous it is better to
use a number of photons rather than to calculate the intensity according to:

N = Nye~BP*HOX [Fquation 5]

where N is a number of photons passed through the tissue and Ny is the initial number of the
photons. These equations hold for a homogenous block of substance. However the patient
body is a heterogeneous structure composed from different tissue types. This is solved by
dividing the slice into a large number of regions where each of them is represented by its
own attenuation coefficient. The readings are then preprocessed, some corrections are
applied, and the image is reconstructed using special algorithms.

There is also another important parameter, i.e. the beam energy controlled by X-ray
tube voltage [denoted as peak kilovoltage (kVp)]. Typical values of X-ray tube voltage range
from 80 to 140 kVp (Shaw, 2014). The operator of CT device can change the tube voltage in
order to reduce the artifacts and to keep an optimum detector response for particular
scanned body region. The scans of higher attenuation regions (such as head or pelvis) are
normally acquired with the highest kVp whereas pediatric patients are examined using the
lowest values (Shaw, 2014).

Hounsfield units

Each pixel in the reconstructed image is represented by so called “CT number” which
is related to the measured attenuation. This number is calculated as:

CT number = "T;—"R - K, [Equation 6]
R

where uris the attenuation coefficient of the scanned tissue, uz is the reference attenuation
coefficient of water, and K is a contrast factor. The scale which is given if the contrast factor
equals to 1000, is called Hounsfield (H) scale. There are also other scales, e.g. E.M.I. scale
which was used in the first E.M.I. x-ray devices (Hounsfield, 1977). The reference CT number
for the Hounsfield scale is 0 (CT number of water). Then, the H numbers for bone and air are
+1000 and -1000, for blood between 40 — 60 (Seeram, 2009; Molteni, 2013) and they are
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around 50 (Seeram, 2009; Molteni, 2013) for muscle tissue which constitutes a major part of
VF tissue. Based on this, the values for VF tissue may be expected somewhere in a range
from slightly below +40 to slightly above +60 H units as illustrated in Figure 15.
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Figure 15. Hounsfield scale for several body tissues
Kallender (2011) and expected H units corresponding to
vocal fold tissue.

To visualize the image the H units are converted into shades of grey where air is black and
bone is white. This is demonstrated in Figure 16. The collected CT data also enables 3D
reconstruction of the scanned object. The basic volumetric unit is then called voxel (similarly
as pixel in 2D image).

Figure 16. Sagittal CT image of a human vocal tract and vocal fold.
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Voice research and CT method

The CT method has been successfully used in many studies concerning anatomical
structures and their relationship with voice, e.g. in measuring the dimensions of vocal tract
(Guzman et al., 2013) or laryngeal structures (Shin et al., 2009; Hiramatsu et al., 2012) and
their three-dimensional reconstruction including VFs (Bakhshaee et al., 2013), investigation
of pathologies concerning voice and vocal apparatus (Yumoto et al., 2004; Rubin et al., 2005;
Berjawi et al., 2010; Raj et al., 2011; Chaudhry et al., 2014), surgical interventions (Benninger
et al., 2015), and others. The CT data was also used for acoustical simulations which clarified
the relationship between vocal tract shape and acoustical output (Vampola et al., 2011;
Vampola and Svec, 2013). Nevertheless, nobody has so far applied the approach of Hollien
(see Chapter 1.3.1.1.) for measuring the vocal fold shape based on CT data.

The use of CT method is always related to potential radiation hazards. For this reason
there is a general tendency to use less invasive imaging methods whenever possible. A
magnetic resonance imaging [MRI, for extensive information see Bushong and Clarke (2015)]
is a possible alternative to CT method since it does not employ any ionizing radiation. The
MRI has been used in voice research in order to study e.g. the shape of the vocal tract [Baer
et al. (1987); Demolin et al. (2003); Vasconcelos et al. (2011); Ventura et al. (2013); Miller et
al. (2014) and others] or visualize laryngeal pathologies [e.g. Malcolm et al. (1997)].
Unfortunately, the resolution of the routinely available MRI method has been lower than
that of the CT for displaying the tissues of vocal organs (Story et al., 1996). When
investigating MRI images from a study on the vocal tract adjustments caused by a
therapeutic method phonation into a tube (Laukkanen et al., 2012), the data did not allow
visualizing the vocal fold shape clearly, whereas the CT method allowed displaying the vocal
fold outlines in addition to the vocal tract shape [see the Paper lll, which uses the same CT
data as used for studying the vocal tract shape in the studies of Guzman et al. (2013) and
Vampola et al. (2011)]. Therefore the CT method was used for the Paper lll of this thesis,
and the MRI method is not described here in detail.

1.3.2. Electroglottography (EGG)

Generally, there is an interest to obtain detailed information on VF behavior under
various conditions of phonation. The most direct way is viewing the VFs using rigid or flexible
laryngoscope. Methods as high-speed laryngeal videoendoscopy (Rubin and LeCover, 1960;
Moore et al., 1962; Hertegard, 2005; Deliyski et al., 2008), videostroboscopy (Bless et al.,
1987), or videokymography (Svec and Schutte, 1996; Svec et al., 2007; Svec and Sram, 2011)
can be utilized. However, the laryngeal endoscopy has an impact on examined person’s
habitual comfort and it provides only a superior view of the VFs in vivo. Therefore, other
methods were developed (Fabre, 1957; Holmer et al., 1973; Rothenberg, 1973; Sondhi,
1975; Rothenberg, 1977) to record a signal representing an oscillation cycle of the VFs.
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A non-invasive method electroglottography (EGG) was introduced by Fabre (1957)
who was the first to design an electroglottographic device. This device has also been called
by some scientists “laryngograph”. EGG devices have been manufactured in various
countries (e.g., USA, Sweden, Denmark) and the term “electroglottograph” (Figure 17) has
been generally used.
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Figure 17. Front panel of EGG device (a) and electrodes attached to the neck (b).

The EGG is based on variable electrical impedance of the neck tissues during the VF
oscillation. As soon as VFs are separated the impedance increases due to the decreased
contact between them. Depending on the particular instrument, the electrical signal
generated by the oscillator may have a frequency ranging from hundreds of kHz to a few
MHz and the current is limited to 10 mA or less (Baken, 1992). This typically corresponds to a
voltage across the neck of about 0.5 V (Baken, 1992) which is not perceived by the examined
subject.

In order to pass the electrical current through the neck tissues, two electrodes are
placed laterally on sides of thyroid cartilage. Unfortunately, there are many paths for the
current to flow through the neck and only a small portion goes through the VFs while the
glottis is being closed. This results in quite low amplitude high frequency changes of the
current. In addition, there are low frequency changes originating from other events such as
movements of the larynx, muscle contractions, and changes of blood flow through arteries
and veins (Orlikoff, 1998). Therefore, the EGG device contains circuits for high-pass filtering
of the original signal and amplification of the dynamic changes caused by glottal opening and
closing.

1.3.2.1. Interpretation of the EGG signal

Since the EGG signal waveform is quite simple in comparison to the acoustic signal, it
has been successfully used for a quick extraction of fundamental frequency (Chevrie-Muller
et al., 1983; Baken and Orlikoff, 1987; 1988) but its true physiological correlate has been
unknown and investigated for decades. First hypotheses assumed that the EGG signal
correlated to glottal width or area [Chevrie-Muller and Grémy (1962); Grémy and Guérin
(1963) cited in Baken (1992)] or that the variations of EGG signal were caused by
compression of perilaryngeal tissue due to resonances in the vocal tract. However, this was
disproved by Gilbert et al. (1984) who performed an experiment with insertion of a high-
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resistance slit between the VFs. The EGG signal amplitude considerably increased after the
slit was removed indicating that the EGG signal could rather be related to VF contact area
(VFCA).

In order to validate the EGG waveform features and its relation to vibratory
characteristics of VFs a number of comparative studies has been conducted using,
stroboscopic photography (Fourcin, 1974; Lecluse et al., 1975; Pedersen, 1977),
photoglottography (Kitzing, 1977; Dejonckere, 1981; Kitzing, 1982; Baer et al., 1983a; Baer et
al., 1983b; Kitzing, 1983; Titze et al., 1984; Berke et al., 1987), inverse filtering (Fourcin,
1981; Rothenberg, 1981; Childers et al., 1983b; Rothenberg and Mahshie, 1988),
videostroboscopy (Anastaplo and Karnell, 1988; Karnell, 1989), high-speed cinematography
(Baer et al., 1983a; Childers et al., 1983b; Childers et al., 1984; Childers and Krishnamurthy,
1985; Childers et al., 1990), and measurements of subglottal pressure (Kitzing, 1982; Gilbert
et al.,, 1984). For an extensive review of these studies, see Childers and Krishnamurthy
(1985). These studies indirectly supported the assumption that the EGG signal was strongly
related to VFCA. The expected relationship between VF vibrational pattern and the EGG
signal as a measure of VFCA is depicted in Figure 18 as proposed by Orlikoff (1998).

Il ) Beaw U
2 1y 75 IR
P O T
far J 02 ot

Figure 18. Schematic representation of the relationship between typical EGG signal waveform (a) and the
corresponding phases of (VFs) during vibration (b) viewed coronally (left) and superiorly (right) as proposed by
(Orlikoff, 1998). The blue panels represent vertical and horizontal conductive pathway dimensions throughout
the VFs. The numbers of the pictograms in (a ) correspond to the numbers denoted in the EGG curve (b): 1 and
10 — VFs just before the opening, 2 to 3 — glottis is open, 4 — 5 approximation of the lower VF lips, 6 — initial
contact of lower VF lips, 7 — increasing contact between VFs, 8 — maximum VF contact, 9 - lower VF lips start to
separate.

27



It is important to note that EGG curve is only a relative signal and that it does not
reveal whether there is a complete closure or full opening of the glottis at its maximal or
minimal levels. Also, it converts overall 3D vibrational pattern into 2D information, making
the exact interpretation of the EGG signal rather complex as shown in Figure 18.

Interestingly, there has been only a single formal study directly investigating the
relationship between EGG and VFCA (Scherer et al., 1988). The authors conducted an
experiment using two canine larynges. The scheme of the setup used in Scherer et al. (1988)
is depicted in Figure 19.

The VF was driven against a glass plate covered with conductive layer with a
mechanical arm covered with plastic. The VF movement was not flow-induced but
mechanically pressed against the glass plate, which resulted in a sinusoidal movement at
frequencies around 10 — 30 Hz. During the experiment the larynx specimens were placed in
horizontal position and the VFCA was assessed using videostroboscopy which provided
illusory slowed-down vibrations. Since the vibrations were not self-sustained and the VFCA
was not visualized at high-speed frame rates, there has been a need to verify the EGG signal
as a measure of relative VFCA using more advanced imaging techniques under more
physiologic conditions. Such a study is described in (Hampala et al., 2015a) which is Paper Il
of this thesis.
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Figure 19. Scheme of the setup used in Scherer et al. (1988). The function generator provided the basic
sinusoidal signal for a custom controller (servocontrol positioner) of the mechanical arm position and for the
triggering of stroboscopic light. The EGG device used three electrodes (SynchroVoice) — two (E1 and E2)
positioned on the hemilarynx and one on the conductive layer (R) of the glass electrode. The output signals from
the egg, arm position controller and signal used for triggering the stroboscopic light were collected with a
digital analyzer and stored to disk. The VFCA was recorded using a standard video camera and a cassette video
recorder.
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1.3.2.2. The EGG contact quotient

The EGG signal is frequently analyzed using the so called contact quotient (CQgss)
which represents glottal contact phase relative to whole VF oscillation cycle period, i.e.:

__ VF contact duration

cQ

= Equation 7,
glottal cycle period [Eq ]

The concept of using CQggg has its limitation. The problematic issue is an identification of the
glottal contact within the glottal cycle. In most cases the EGG waveform does not provide a
clear break point (particularly when the glottis is opening). Therefore, several methods for
estimation of the glottal contact phase using CQggs were developed.

A
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glottal cycle
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Figure 20. EGG waveform and glottal contact determined by criterion level (CL).

Rothenberg and Mahshie (1988) proposed a method using a criterion level (CL, Figure
20) to estimate the CQgss. The peak-to-peak amplitude is calculated for each cycle. The
criterion level is usually determined as a percentage of the peak-to-peak amplitude. As soon
as the signal exceeds certain threshold (i.e. CL) it is considered to be a point of the contact.
The criterion levels between 20% and 50% have been used in various studies (Herbst, 2011).
Alternatively, the first derivative of EGG signal (dEGG) was used by Childers et al. (1983a);
Childers and Krishnamurthy (1985); (Childers et al., 1986); Childers et al. (1990) and others in
order to investigate VF physiological correlates of the EGG signal and to estimate the CQgge.
Henrich et al. (2004) described a sophisticated method called DECOM for estimating the
CQgss based on dEGG. The dEGG signal has recently also been explored for visualizing
dynamic changes within the EGG signal by creating the so called wavegrams (Herbst et al.,
2010a). In addition, a hybrid method for calculation of CQgss Was proposed (Howard et al.,
1990; Howard, 1995). In this method the contacting event is determined by the strongest
positive DEGG peak whilst 42% CL is used for the decontacting analysis. Despite of the fact
that CQggs has been used broadly in recent voice research (Herbst et al., 2010b; Andrade,
2012; Awan and Awan, 2013; Enflo, 2013; Guzman et al., 2013; Kankare et al., 2013; Li et al.,
2013; Master et al., 2013; Andrade et al., 2014; Bier et al., 2014; Granqvist et al., 2014;
Herbst et al., 2014) it was shown that CQggc is highly dependent on choice of algorithm
(Kania et al., 2004; Herbst and Ternstrém, 2006; Echternach et al., 2010; Mecke et al., 2012;
L3 and Sundberg, 2015) and therefore it should be used cautiously.
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1.3.3. Phonation into a tube

Phonations into resonance tubes and other semi-occluded vocal tract exercises are
therapeutic methods used by speech-language pathologists for vocal training or
rehabilitation purposes (Laukkanen, 1995). The name “resonance tube” comes from feeling
vibrational sensation (i.e. “resonance”) in the face and lips while the subject is phonating
(Laukkanen and Titze, 2007). Phonations into resonance tubes or straws can positively
influence VF vibrations and the subject can practice e.g. high frequency voice with high lung
pressures without risking injury of VFs (Titze, 2002a; b). The method is simple and user
friendly. One end of the resonance tube is inserted between the patient’s lips while the
opposite one can be inserted into water or left pointing into free airspace.

The phonation into resonance tubes started to be used in early 20" century [Spiess
(1904) cited in Bele (2005)] and was originally found to be useful in treatment of
hypernasality (Habermann, 1980; Bele, 2005). The phonation into tubes became popular in
voice therapy and training especially in Finland (Simberg and Laine, 2007; Laukkanen et al.,
2008). It has also been used for vocal care in heavy voice users because the voice is
perceived to be louder and easier to produce after such an exercise (Laukkanen et al., 2008).
The resonance tube is considered to be an extension of the vocal tract. It was found that the
interaction between the voice source and the vocal tract can change the vibration properties
of the VFs due to the changes in the supraglottal tract (Titze, 2008; Titze et al., 2008). Since
the vocal tract is artificially elongated during the phonation into a tube, the first formant F;
drops (Story et al., 2000) which increases the inertance of the vocal tract resulting in
increased source-filter interaction (Titze, 2006b).

The resonance tube creates a narrow constriction at the lips. This reduced diameter
increases a supraglottal pressure during the phonation resulting in decreased transglottal
pressure, i.e. difference between the subglottal pressure and supraglottal pressure
(Laukkanen, 1995; Bele, 2005). The sufficiently low transglottal pressure is thought to
preserve the VFs from powerful collisions and allows the phonation to be more economical
in terms of achieving the maximal outcome with minimal effort (Bele, 2005; Titze, 2006b). A
recent study of Enflo et al. (2013) reported an increase of the collision threshold pressure
(i.e. the minimum subglottal pressure for which the vocal folds collide during phonation)
after the phonation into a tube.

Recent study of Vampola et al. (2011) used computed tomography to show the
changes in vocal tract shape after the exercise and reported transversally enlarged cross-
sectional areas of the oropharyngeal and oral cavities, and tightened velo-pharyngeal
closure during and after the resonance tube exercise. Finite element modelling in the same
study confirmed increased input reactance of the vocal tract and acoustic output. These
findings are in line with Laukkanen et al. (1995) and Guzman et al. (2013) who also measured
acoustic output and vocal tract dimensions.

While the above mentioned studies showed changes in vocal tract shape caused by
the resonance tube exercise, so far it has not been clear whether this exercise stimulates
also changes in the configuration of the VFs. There are some indications that an increased
effort (needed to overcome the resistance introduced by the narrow tube) might result in an
increased activity of thyroarytenoid (TA) muscle (Laukkanen et al.,, 2008). According to
Hirano (1975) and Yumoto et al. (1995) the increased activity of TA muscle should be
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projected in VF bulging and thickening. In addition, Chhetri et al. (2012) found that increased
TA muscle activity also helped to close mid-membranous glottis. However, indirect studies
using electroglottography (Laukkanen, 1992; Guzman et al., 2013) report inconsistent results
not allowing making any conclusive statement.

The changes in vocal fold configuration as a result of the phonation into a tube are
investigated in Paper Ill of this thesis (Hampala et al., 2015b).

1.3.4. Excised larynx experiments

1.3.4.1. History and overview

Excised larynges have been helpful in a very broad spectrum of fields within voice
research. One of the first documented attempts to investigate general principles of voice
production using excised larynges was performed in 18" century by Antoine Ferrein [Mdiller
(1837) cited in Cooper (1986)]. First he tried to blow into a trachea of a cadaver with no
apparent acoustical output. Then, he used a canine (dog) larynx with approximated VFs
which resulted in a sound production. His further research showed that the fundamental
frequency of phonation was not primarily influenced by changing the airflow rate but by
changing the VF tension. Subsequent experiments were performed by Johannes Midiller, a
German physiologist. He reported his findings about the relationship of subglottal pressure
and VF tension [Mdiller (1839) cited in Cooper (1986)]. In his experiments he used the so
called “compressorium” which was a set of pulleys used for medialization of VFs and rotating
the thyroid cartilage around cricothyroid joint to simulate the activity of CT muscle.

. The formulation of the classic Myo-elastic aerodynamic theory of phonation (Van den
Berg, 1958) was also supported by studies of excised larynges (Van den Berg and Tan, 1959;
Van den Berg, 1962). The theory combined fluid mechanics of the airflow interacting with
the mass of the VFs whose tension was controlled by muscular activity.

The role of mucosa was found to be important for VF oscillation. Fournié (1866) [cited
in Cooper (1986)] removed superficial VF layer and found that it was no longer possible to
establish the phonation.

In order to find out how VFs vibrate various techniques have been used in combination
with excised larynges. There were attempts to observe VF vibrations with a light beam
projected through the glottis and recording it on a sensitive moving film tape [(Weiss, 1914)
cited in Cooper (1986)] or a method using capacitive displacement transducer for recording
of vertical VF movement [(Trendelenburg and Wullstein, 1935) cited in Cooper (1986)]. A
stroboscopic imaging method was introduced to excised larynx experiments by Harless
(1853) and then applied by Réthi (1896) and later by Baer (1975) to discover vibrational
patterns of VF surface, i.e. downward and upward movement of the VF edges. Fukuda et al.
(1983) adopted the idea of using lead particles from Baer (1975) and injected them into the
VF mucosa (in vivo) with and without the muscle stimulation using X-ray stroboscopy. The
trajectories of the particles enlarged under the stimulation of recurrent nerve. Both Baer
(1975) and Fukuda et al. (1983) suggested that in high-pitched voices (i.e. falsetto) only the
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superficial VF layers were involved. Also studies of Yumoto et al. (1993b); Kusuyama et al.
(2001); Jiang et al. (2008); Zhang et al. (2009) investigated VF vibration dynamics. Under
certain conditions nonlinear phenomena (irregular vibrations, amplitude and frequency
modulation, subharmonics, chaos etc.) can occur. Berry et al. (1996); Svec et al. (1999); Jiang
et al. (2003); Zhang et al. (2007); Tokuda et al. (2008) studied phonation instabilities
thoroughly, particularly in phonation onset, offset, or during transitions between different
vibrational modes. The excised larynges have also been used for validating the signals
obtained from electroglottography [Lecluse et al. (1975); Lecluse (1977); see Chapter 1.3.2]
which is based on dynamic changes of laryngeal impedance.

Nowadays, technologies such as high speed video (HSV) cameras and particle image
velocimetry (PIV) cameras allow more detailed investigations of the voice production
principles such as advanced analysis of vortex creation during each oscillation cycle
(Murugappan et al., 2009). The collected data from excised larynx experiments are helpful in
computational models which provide a simplified version of VFs and allow simulating
changes of parameters which are difficult or impossible to control in laboratory approach.

1.3.4.2. Experimental specimens

Animal larynges have been used as physiological models for over hundred years. Each
animal species has its specific features, i.e. dimensions and shapes of cartilages, VFs (true
VFs), ventricular folds (false VFs) and their tissue composition and structure. Canine larynx
has been the most commonly used specimen due to its size, gross structure, ease of
manipulation and similarity with VF vibrations observed in humans (Garrett et al., 2000;
Regner et al., 2010). Alipour et al. (2011) compared VF elasticity properties of pig, sheep and
cow larynges and found that pig VFs had highly non-linear stress-strain relationship similarly
as the human ones. In later study Alipour et al. (2013) concluded that the pig VFs oscillation
behavior and wide frequency range were similar to human larynges. However, canine
larynges are being used more frequently [e.g. Herbst et al. (2014)] since practical experience
shows that pig larynx contains two pairs of VFs (true and false) where both of them seem to
participate in phonation. In humans, the structures corresponding to false VFs in pigs are
called ventricular folds and do not usually participate in phonation; therefore, suitability of
pig larynges for experiments related to human phonation is questionable. The pig larynges
are more accessible than canine larynges, however, since they can be easily collected from
slaughter houses. There, however, the pig cadavers are commonly put into a bath with
water heated to approximately 70°C for cleaning purposes. This may constitute a problem
since VF mucosa is likely to be damaged during the cleaning procedure. In this sense a wild
boar larynx may be considered as a proper replacement for domestic pig larynx, because no
potentially damaging procedures are needed before the collection of larynx specimens. Not
only dog, pig, sheep and cow larynges have been investigated. Hertegard et al. (2009)
studied phonation in models of rabbits with phonotrauma and Maytag et al. (2013) designed
a setup for rabbit excised larynges. Despite its physiological differences (Hertegard et al.,
2003) the rabbit larynx appeared to be useful in in vivo/ex vivo and histologic studies of VFs,
mainly for studies investigating biological processes during treatment and healing (Flint et
al., 1997; Dufresne and Lafreniere, 2000; Thibeault et al., 2002). Lately, the deer larynx was
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found to be suitable for certain kinds of experiments (Herbst, 2014) due to a very stable
phonation and clearly defined VF shape. This makes the experiment easier if one is
interested e.g. in tracing the VF edges or when long-term stable phonations are needed. For
these reasons the red deer larynges were chosen for the experiment in Chapter 2.3.

The voice research is generally not only focused on mammals. In the last decade, the
sound production in birds has also been successfully studied using excised syringes, which
fulfill similar function as the larynx in mammals (Elemans et al., 2004; Elemans et al., 2006;
Elemans et al., 2008).

1.3.4.3. Adduction of vocal folds (VFs) in excised larynges

A practical way how to reach the VF adduction in excised larynges is using prongs as
described in Titze (2006a) (Figure 21). The prongs are equipped with needles (Figure 21). The
insertion of the needles allows for direct positioning of arytenoid cartilages as illustrated in
Titze (2006a) (Figure 21). Each needle is attached to a holder with a screw enabling the
needle to be moved in or out according to desired position.

The same or similar prongs to those described by (Titze, 2006a) have been often
utilized in studies with excised larynges [e.g Alipour et al. (1997); Alipour and Jaiswal (2009);
Finnegan and Alipour (2009); Herbst et al. (2014) and others] and are also used in the Paper
Il of this thesis (Hampala et al., 2015a).

a holder b
— /
[ 17 @
upper needle
_______ anterior_| |_posterior
_______ needle @G)@ needle
lower needles middle
needle
screw
C

vocal folds

arytenoid
cartilages

posterior needles middle needles anterior needles

Figure 21. Schema of prongs as described in Titze (2006a) used for VF adduction: a — side view; b — front view; ¢
— positioning of arytenoid cartilages.
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1.3.4.4. Hemilaryngeal setup

The excised larynx experiments provide a good insight into voice production
mechanisms. However, the use of full larynx has its limitations. The superior and inferior
views do not provide much information about what is happening on the medial surface
because it is not visible especially when VFs are closed. Thus, it is difficult to quantify, e.g.,
the medial mucosal wave propagation which is directly related to glottal airflow dynamics or
the collision forces between the VFs (in case the contact occurs). To gain knowledge about
these phenomena a hemilarynx setup can be used as it allows an experimenter to observe
the VF from superior, inferior and medial view during the oscillation.

The early version of hemilaryngeal setup was developed by Hiroto (1968). Later, Jiang
and Titze (1993) validated the use of hemilaryngeal setup and f found that vibrations of
single VF in hemilarynx had similar amplitude and frequency of VF vibration (as a function of
subglottal pressure) to those of the full larynx. Also, the subglottal pressure at which the
phonation started, i.e. the phonation threshold pressure (PTP), and the range of subglottal
pressures over which the larynges phonated, were similar to full larynx experiments. The
average airflow in hemilaryngeal setup was approximately half that of the full larynx and the
sound pressure level (SPL) was about 6 dB less, under similar conditions. The difference in
airflow and SPL appears to be logical since the second VF was not present. These results
validated the use of the hemilarynx setup as an analogue for full larynx preparation. Later,
Berry et al. (2001) conducted hemilaryngeal experiments in order to reveal spatio-temporal
eigenmodes of self-sustained oscillation with micro-sutures placed on the medial VF surface
using high-speed video camera. Eigenmodes of VF vibrations in human hemilarynges were
further analyzed by Déllinger et al. (2005) and Déllinger and Berry (2006b). Together with
the computational study of Dollinger and Berry (2006a) they analyzed two essential
eigenmodes of which the largest one covered the alternating convergent/divergent shape of
the medial surface, while the second largest represented the lateral vibrations of the VF.
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2. Original work by the author

2.1. Motivation for the work of the author

Despite the fact the voice production has been studied for centuries, some aspects of
the voice production mechanisms have remained under-researched. Studies utilizing excised
larynx experiments have strived to explain, e.g. the influence of various factors on the
characteristics of the vocal fold vibrations. Often, however, these studies did not provide any
information on subglottal acoustic properties. Nevertheless, the subglottal resonances
potentially could affect the gathered results since it has been found that supra- and
subglottal acoustic pressures interact with VF vibrations (Titze and Story, 1997; Titze, 2008).
In addition, another aspect has mostly been neglected in excised larynx experiments - the
subglottal systems and the corresponding resonances in various species differ. Therefore,
there has been a need for a setup which would allow setting the subglottal resonances so
that they correspond to the acoustic properties of examined species in vivo. This problem
has been addressed in

Paper I: V. Hampala, J. Svec, P. Schovédnek, D. Mandat (2013). Uzitny vzor €. 25585: Model
subglotického traktu. Soukup, P. 2013-27834(CZ 25505 U1), 1-7. 24-6-2013. Praha,
Utad primyslového vlastnictvi. / Utility model no. 25585: Model of subglottal tract.
Soukup, P. 2013-27834(CZ 25505 U1), 1-7. 24-6-2013. Prague, Industrial property
office.

The paper presents a technical design of a new subglottal tract which allows smooth
adjustment of the length of the subglottal resonator and thus provides the means to
smoothly change the resonance frequencies of the subglottal tract. Such model can also be
used to investigate behavior of excised larynges from different species and adjust the
subglottal resonance frequencies accordingly.

In order to understand the voice production in living subjects, there has been a need
to investigate the VF vibrations in vivo. The most direct imaging methods for humans
observe the VF using laryngoscopy. These imaging methods, however, are limited to
observing mainly the superior surface of the VFs. The phenomena happening in the inferior
and medial part of the VFs remain hidden in the laryngoscopic view, especially during the
phase when the VFs are closed. Furthermore, the laryngoscopic methods are practiced
under medical supervision as they require inserting endoscopes into the vocal tract
potentially causing discomfort to the examined subject. In contrast to these, the method of
electroglottography (EGG) is noninvasive and can be used to monitor the vocal fold
vibrations without any discomfort also in non-medical setup. Therefore, electroglottography
(see Chapter 1.3.2.) has frequently been used in research studies, although the exact
interpretation of the EGG signal has been rather complex. Previous research has strongly
indicated that the EGG signal during phonation is directly proportional to the vocal fold
contact area, VFCA, which is varying as the vocal folds vibrate during phonation.
Nevertheless, such a relationship between the EGG signal and VFCA has not yet been directly
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investigated under proper physiological conditions Therefore, Paper Il of this thesis is
devoted to investigating the relationship between the EGG signal and VFCA on excised
hemilarynges using a sophisticated setup with two high-speed cameras:

Paper Il: V. Hampala, M. Garcia, J.G. Svec, R.C. Scherer, C.T. Herbst (2015). "Relationship
Between the Electroglottographic Signal and Vocal Fold Contact Area." Journal of
Voice (in press).

The experiments for this study were conducted during the author’'s stay at
Bioacoustics Laboratory, Dept. of cognitive biology (University of Vienna, Austria) and the
setup contained the subglottal tract described in Paper I.

Vocal fold vibrations play a crucial role for voice production and changes in their
shape and adduction cause changes in voice quality [i.e.Hirano (1974); Herbst (2011)]. These
changes can be assumed to play important role also for voice exercises used during voice
therapy. One of the currently used therapeutic methods is the phonation into a tube.
Previous studies discovered that this exercise causes changes in the shape and resonance
properties of the vocal tract (Vampola et al., 2011; Guzman et al., 2013). However, it has not
been clear whether this exercise stimulates also changes in the adjustment of the vocal
folds. Paper lll therefore devotes attention to studying the effect of the phonation into a
tube on the changes in vocal fold configuration:

Paper Ill: V. Hampala, A.-M. Laukkanen, M.A. Guzman, J. Horagek, J.G. Svec (2015). "Vocal
Fold Adjustment Caused by Phonation Into a Tube: A Double-Case Study Using
Computed Tomography." Journal of Voice, doi: 10.1016/j.jvoice.2014.10.022.

The paper explores CT data originally obtained during previous studies aiming at
monitoring the changes in the vocal tract configuration caused by the phonation into a tube
(Vampola et al., 2011; Guzman et al., 2013). The CT images included also the region of the
vocal folds and therefore this study took advantage of these unique CT data to study also the
changes in the focal fold configuration caused by the phonation into a tube.
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2.2. Paper | - Subglottal tract with adjustable length - utility model (Hampala et al.,
2013)

Previous research has shown that there is an interaction between the voice source
and resonance cavities, (Titze and Story, 1997; Titze, 2008), i.e. the voice source exhibits
acoustic coupling with supra- and subglottal tract. Many previous experiments with excised
larynges investigated non-linear phenomena of phonation including phonation onset and
offset, register changes, frequency jumps, sub-harmonics, chaos etc. (Berry et al., 1996; Svec
et al., 1999); Jiang et al. (2003); (Zhang et al., 2007; Tokuda et al., 2008). These phenomena
could be influenced and sometimes even caused by the acoustic coupling between the voice
source and resonators.

Some authors proposed a relationship between subglottal resonances and vocal
registers (Van den Berg, 1968a; Large, 1972; Austin and Titze, 1997) and it has been found
that the subglottal resonances can considerably influence the VF vibrations (Zhang et al.,
2006). Most of the previous studies [e.g. Van den Berg and Tan (1959); Van den Berg
(1968b); Berry et al. (1996); Svec et al. (1999); Jiang et al. (2003)], however, did not specify
acoustic properties of the subglottal system (i.e. measured resonances or the length of a
subglottal tube for their estimation). In order to minimize the effect of subglottal resonance
upon VF vibration Alipour and Scherer (2001) and Thomson et al. (2005) used a tube long
enough to lower the first subglottal resonance below the expected fundamental frequency.
Nevertheless, the higher resonances could have potentially influenced these experiments.

Zhang et al. (2006) used segments of tubes in order to change the acoustic properties
of the subglottal space. However, the segments are impractical for everyday laboratory
practice. Therefore, there has been a need for a device allowing easy setting of the
subglottal resonances according to particular demands.

The author of this thesis designed a new subglottal tract inspired by an unpublished
prototype of an excised larynx setup used by Tjouwke van Kalkeren in cooperation with prof.
H. Mahieu a prof. H.K.Schutte in the Netherlands during the years 2004 - 2006. The
subglottal tract utilizes a sliding piston. Figure 22 and Figure 23 show the components of the
subglottal tract Figure 24 and illustrate its basic concept. The subglottal tract’s body (Figure
22, 6) is formed by a plexi-glass tube going through a working desk. Two tightening nuts
(Figure 22, 3) fix the tract and stabilize it. The piston consists of a body (7), head (4), and
handle (Figure 22; 7, 4, 12). The head contains a groove for rubber sealing (Figure 22, 5). The
piston slides inside of the tube and can be locked in a desired position by a locking screw
(Figure 22, 11) placed at the bottom (Figure 22, 10) of the subglottal tube. Air is supplied
through a side pipe (Figure 22, 8) above the top position of the piston. On the top of the
subglottal tube there is a metal adapter (Figure 22, 1) which can be inserted into a trachea in
order to attach the artificial subglottal tract to an excised larynx. In order to attach larynges
of different sizes, various diameters of the metal adapters can be used. In order to keep the
resonance properties as clear and simple as possible, the adapter and the subglottal tube are
connected by an insert smoothly reducing its inner diameter (Figure 22, 2). The insert is
specific for each adapter in order to reduce creation of additional resonances caused by a
sudden change of the inner diameter. Finally, condensed water can be drained out through a
hole at the bottom of the subglottal tube (Figure 22, 9).
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It is important to note that the air supply tubing also influences the overall acoustic
properties of the system. Because each setup is different it is appropriate to measure the
acoustic resonances before an experiment and, in case of undesired resonances of the
system, use an acoustic terminator placed inside the piping (Figure 22, 8)

The described utility model improves the use of excised larynx setup by another
known adjustable parameter, i.e., the length of the subglottal tract and consequently by the
adjustable subglottal resonance frequencies.

10

12

1

Figure 22. Subglottal tract model components: 1 — adapter mounting tube; 2 — adapter body; 3 — diameter
reducing insert; 4 — tightening screw; 5 — piston head; 6 — sealing; 7 — tract body, 8 — piston body; 9 — air supply
tube; 10 — bottom cover; 11 —draining hole; 12 — locking screw; 13 — piston handle.

Figure 23. Photo of the dismounted subglottal tract.
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Figure 24. Model of the subglottal tract ready to use (top — mounting of the
tract and its position in the table; bottom — the assembled tract and the
adaptors for different tracheal diameters).
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2.3. Paper Il — Relationship between EGG signal and vocal fold contact area
(Hampala et al., 2015a)

The relationship between the landmarks in the EGG curve (see Chapter 1.3.2.) and
phenomena occurring during voice production has been investigated since the
electroglottographic device was developed by Fabre (1957). Although the
electroglottography has become a frequently used method in voice science, one important
issue has remained to be solved — there are indications that EGG signal is proportional to
VFCA but the direct evidence has still been lacking. The Paper Il has therefore been devoted
to investigating the mutual relationship between the EGG signal and VFCA. A special
hemilaryngeal setup was designed for this purpose.

2.3.1. Methods

Preparation of hemilaryngeal specimens

This chapter extends the information provided in the Paper Il of this thesis. The
preparation of a hemilarynx (Figure 25 to Figure 28) encompasses removing one VF (Figure
25 to Figure 27) in a way that one half of the thyroid cartilage, the arytenoid cartilage and a
part of the cricoid cartilage are cut off. This cut makes an incision forming an L-shaped
mortice (Figure 28). Although the preparation does not involve any special techniques,
sometimes it may be difficult due to an advanced ossification of the thyroid or cricoid
cartilage. Moreover, one has to be careful with cutting the thyroid cartilage particularly in its
anterior bottom part - if the ligament connecting the cartilage and the thyroarytenoid
muscle of the examined VF is damaged the larynx cannot be used anymore for studying the
vocal fold vibrations. After the successful preparation is finished, the removed part forms an
L-shaped mortice.

JoLajuy
Joradng

Trachea Thyroid cartilage

Figure 25. Red deer larynx with an initial Figure 26. The cricoid cartilage of the red deer
cut in the anterior part of the thyroid larynx being cut into halves in its posterior part
cartilage.
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Figure 27. The red deer larynx before the removal of the left part.
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Figure 28. The L-shaped mortice covered Figure 29. The resulting hemilaryngeal view with an
with Dental cement (red) for sticking the adducted vocal fold.
hemilarynx onto the glass plates.

Experimental setup

The experiments were conducted using three female red deer (Cervus elaphus)
larynges. Each larynx was cleaned and the hyoid bone was removed together with the
external laryngeal muscles. About 5 cm of trachea was left for mounting the larynx on the air
supply tube with a circular clamp. The hemilarynges were prepared according to previous
chapter. The L-shaped mortice formed a housing for an EGG glass electrode. This special EGG
glass electrode consisted of two glass plates — one of them was covered with a conductive
layer (Figure 30, denoted as cGP) in order to convey the VF contact, the other one was
supportive (Figure 30, denoted as sGP). The larynx was glued onto the glass plates using
dental cement (Figure 30).
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The attachment of the larynx to the conductive glass electrode is depicted in Figure
30a-d. The larynx was mounted on the adapter at the top of the subglottal tract [described
in Paper | of this thesis, Hampala et al. (2013)]. The schematic of the setup for obtaining the
EGG signal is illustrated in Figure 30e. In addition, two high-speed video cameras were used
to record the oscillatory movements of the VF from the top and from the side (Figure 30e).
The adduction of VFs was performed via prongs as described in Chapter 1.3.4.3.

Top
camera

Conductive
glass plate

EGG

Figure 30. Hemilarynx setup with a conductive glass-plate and a system for collecting the EGG signal: a —view
through the glass plate with x, y, z — axis orientation, b — top view, ¢ — anterior view, d — anterolateral view
(right side of the hemilarynx attached to the glass plate), e - scheme of the experimental hemilaryngeal setup.
Legend: cGP — conductive glass plate; sGP — supportive glass plate; E1 — EGG electrode attached to muscles
around the thyroid cartilage; E2 — EGG electrode attached to the glass plate; LED — led diode used for
synchronization of cameras; P1 — prong stabilizing the thyroid cartilage; P2 — prong adducting VF.

The rest of the setup was identical to that described in the study of Herbst et al.
(2012): the pressurized air tank was used as a source of the air which was humidified and
warmed in a custom-made heating system and led to the larynx. The setup also included a
flow sensor (flow head with a differential pressure transducer) and a pressure sensor
(measuring average DC pressure). Subglottal pressure during flow induced oscillation was
varied via computer-controlled pressure sweeps. Table 1 contains a list of equipment used
for the data acquisition.

The synchronization of all the involved devices was achieved using a TTL signal
(rectangular pulses) generated by Labjack U6. The TTL signal was routed via IC555 electrical
circuit to obtain rapid rise time for each TTL pulse. This TTL signal was then recorded by all
the required devices (cameras and Dewe-43 data acquisition card) for post-synchronization
purposes. The camera for side view had the TTL signal encoded in one pixel in the corner of
the frame. Similar principle was used for the top view camera, except that a blinking LED
(Figure 30b, labeled as LED) was placed into a camera view.
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Table 1: Data acquisition — list of equipment used for recording the data for the analysis

Purpose Device Details

EGG signal | Electroglottograph EG2 -1000 - high-pass filter set to 2 Hz
collection (Glottal Enterprises; Syracuse, - 11 mm electrodes with 100 Ohm resistor
NY) in series to avoid clipping (Glottal

Enterprises, Syracuse, NY)
- Electrode gel (Spectra 360; Parker
Laboratories, Inc.; Fairfield, NJ)

Side view MotionBLITZ LTR 1 camera - 6000 FPS

video (Mikrotron, Unterschleissheim, - resolution: 400x200 px
Germany)

Top view MotionBLITZ Cube 7 camera - 6000 FPS

video (Mikrotron, Unterschleissheim, - resolution: 400x200 px
Germany)

Lighting Cymo 7300.03 300W xenon

continuous light source (Cymo,
Groningen, The Netherlands)

standard flexible 1-bulb LED
table lamp

5 W MR16 LED bulbs (SLV - array of 12 bulbs
Elektronik GmbH, Ubach-
Palenberg, Germany)

Subglottal Keller PR-41X pressure sensor - sensor positioned 32 cm upstream from
pressure (Winterthur, Switzerland) the VFs

A/D Dewe-43 (Dewetron, Germany) | - 44100 Hz sampling frequency
conversion | data acquisition card

of EGG

signal

Data analysis

The goal of the analysis was to trace the borderlines of the VF contact area (VFCA) on
each consecutive frame within video recordings captured by the side camera. Since lighting
conditions played an important role here (especially anterior-posterior difference in lighting
quality) the outlines had to be traced manually instead of using automated image analysis.
For each larynx (denoted as L1, L2, and L3), one sequence where the VF performed periodic
vibration and its outlines were best visible was used for further analysis. The resulting
sequences were chosen without prior knowledge on corresponding EGG signal.

The annotation of the VFCA contours on the side view was not always easy, since the
focal fold edges were sometimes not clearly defined. Therefore, the corresponding
recordings from the top and side camera views were extracted and merged to one video
sequence. This allowed assessing the VF movement from both the views simultaneously. The
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top camera view was extremely helpful for recognizing and clarifying the anterior-posterior
(A-P) VF contact and its extension. These composed videos were then manually annotated
by three experimenters using custom built scripts within an image processing software FlJI
(Schindelin et al., 2012). All the experimenters annotated the same three recordings
containing one VF oscillation cycle.

The annotation process was performed in two iterations. After the first iteration all
three experimenters discussed the obtained annotated VFCA contours in order to reach a
common consensus for the approach in the second iteration. After the second iteration the
disagreement between the experimenters was resolved by considering a pixel to be
contacting the glass plate when at least two out of three experimenters included this
particular pixel in their annotated area. The number obtained by counting all the pixels in
which the VF was judged to be contacting the glass plate resulted in the overall VFCA
measure (VFCAoyr) expressed in pixels. The resulting VFCAoyr and its temporal relation to
EGG signal is depicted in Figure 31,
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Figure 31. Development of the VFCA shape in larynx L3 during the analyzed oscillation
cycle. Top: Normalized EGG signal (black triangles) and normalized VFCAovr (gray
diamonds); Bottom (A-F): high-speed video images (side-view camera) with
superimposed VFCAovr (red), corresponding to time instances marked by A-F lines in the
top part of the figure.
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2.3.2. Results

Figure 32A-C shows the comparison and relationship between the normalized
EGGnorm signal and the normalized overall VFCA (VFCAovrnorm) Variations during a single VF
oscillatory cycle for the three larynges (L1, L2, and L3). The figure reveals that the EGGporm
waveform constantly precedes the measured VFCAoyrnorm during the contacting phase of VF
oscillation cycle in all three larynges (Figure 32). The maximum difference in relative
amplitude between EGGom and VFCAoyrnorm Was 0.42, 0.40, and 0.54 in the contacting
phase in the three larynges (L1, L2, and L3). The values corresponded to about half of the
possible range [0, 1].
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Figure 32. Comparison between the normalized EGG (EGG,,,») and VFCA (VFCAovanorm) waveforms for the three
larynges L1, L2, and L3 (A, B, and C). Left panels: EGG,,, (black triangles) and VFCAovgnorm (gray diamonds);
middle panels: difference between EGG,.., and VFCAovanorm; right panels: relation between VFCAovrnorm and
EGG,,m waveform.
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The decontacting phase in L2 and L3 showed very good agreement (differences
mostly below 5% of the maximum normalized values; Figure 32, middle panel) between the
VFCAovrnorm and EGG,om Waveforms, whereas the data for L1 showed a noticeable
disagreement (differences up to 33% of the maximum normalized amplitude) between
VFCAovrnorm and EGGnom. This is projected in the relationsips between VFCAovrnorm and
EGGhorm (Figure 32, right panel). The decontacting phase showed approximately linear
relationship (values around the dashed line) in larynges L2 and L3 but not in L1. The
contacting phase in all the three larynges showed a deviation from the linear relationship
between the VFCAovrnorm and EGGporm Waveforms.

2.3.3. Discussion

The collected data suggested a linear relationship between the VFCA and EGG signals
for the major portion of the oscillation cycle (i.e. decontacting phase) in two out of three
examined larynges. This is in line with study of Scherer et al. (1988) who also found relatively
linear relationship. On the other hand, there were some noteworthy disagreements
between EGG and VFCA as discussed below:

1) Contacting phase — systematic disagreement in all three larynges

There was a consistent systematic offset between EGG and VFCA waveforms in all the
three larynges (Figure 32). One could search for a potential source of error in the
synchronization assessment of collected data which corresponded to +1 frame at 6000
FPS. However, the time shift between EGG and VFCA was found to be approximately 5
frames for larynx L1 and L2 and about 10 frames for larynx L3. Such an error could
therefore not be caused by the synchronization issues only. A potential explanation of
these discrepancies could stem from signal processing procedures performed by the EGG
device hardware circuitry.

2) Larynx L1 - overall disagreement

The origins of disagreement between the EGG signal and the VFCA in Larynx 1 were
searched in various factors. One potential source of discrepancies could theoretically be
electrode placement. One of the electrodes was positioned above the VF and more
anteriorly in order not to obstruct the view of the side camera. This could likely influence
the resulting EGG signal in a way that the superior part of the VF would contribute more
to the overall signal since the current would be expected to flow mainly through the
direct paths between the electrodes (Titze, 1990). Previous research confirmed that the
change of electrode placement influences the EGG waveform (Colton and Conture, 1990;
Baken, 1992; Tang et al., 2015 ). However, the electrode placement was almost identical
for all three larynges. This suggests that the systematic difference between VFCA and EGG
found also in L2 and L3 could potentially be introduced by the electrode placement
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whereas the difference in the decontacting phase in the larynx L1 had probably a
different cause.

Another possible explanation of the disagreement could be searched in potential
non-uniform tissue conductance properties of the VF. The tissue properties vary
according to its type, i.e. muscle, bone etc., as showed by (Gabriel et al., 1996) depending
on their composition (Grimnes and Martinsen, 2015). Therefore, it might be possible that
in case of a pathology (e.g. a lesion) where the tissue contains less water its admittance
locally differs. The VFCA of the larynx L1 contained a visible groove indicating a sulcus-like
structure aberration which might have been the cause of the found discrepancy.
Moreover, according to Grimnes and Martinsen (2015) the tissue conductance properties
are for the frequency modulated currents below 10 MHz governed by body electrolytes.
Tissue conductance also vary under compression because of the exodus of the conductive
fluids from the compressed regions (Belmont et al., 2013). Such effect may occur as the
VF collides with the glass plate or in vivo. Therefore, it is possible that the overall tissue
conductance properties might have been influenced and exhibited spatio-temporal
changes during vibrational cycle. The combination of electrode placement and potential
VF pathology could theoretically cause such non-linear variations of its conductance
properties projected in obtained EGG signal.

2.3.4. Conclusion

The purpose of the study was to find out whether the EGG signal is directly related to
VFCA. Generally, similar trends in the shapes of the EGG and VFCA curve were observed.
However, in all the larynges the EGG signal showed the contacting phase to occur slightly
earlier than that indicated by the visual VFCA analysis. Furthermore, in one of three larynges
the EGG signal deviated from the normalized VFCA curve also during the decontacting phase.
This larynx differed from the other two by exhibiting a slight aberrance of the medial shape
(furrow, resembling sulcus vergeture). How such a tissue aberrance can cause the EGG signal
to deviate from the VFCA remains to be explored in future studies.
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2.4. Paper lll - Vocal fold adjustments caused by phonation into a tube (Hampala et al.,
2015b)

It has been found that the phonation into a resonance tube (see Chapter 1.3.3.)
introduces changes in the shape of the vocal tract (Vampola et al., 2011; Laukkanen et al.,
2012; Guzman et al., 2013). However, it has not been clear whether the phonation into a
resonance tube influences also the adjustment of VFs. Such a change has been theoretically
predicted by Titze (2006b)), but has not been verified experimentally nor clinically.

The Paper Il of this thesis (Hampala et al., 2015b) therefore addresses this issue and
investigates the changes in VF configuration caused by resonance tube exercise in two
experimental subjects. For this purpose three following hypotheses were formulated based
on the study of Laukkanen et al. (2008) who reported increased activity of TA muscle after
the tube phonation:

1) the VFs are going to be more bulged and thicker —this hypothesis is based on
previous reports indicating that increased TA muscle activity bulges and thickens
the VF (Hirano, 1975),

2) the glottal width is going to decrease and its margin is going to shift medially —
this hypothesis stems from the studies of Hirano (1975) and (Yumoto et al., 1995)
who reported that the medial VF margin shifts towards the center of the glottis
when TA is activated,

3) the length of VFs will remain unchanged — this hypothesis is based on the fact
that no change of fundamental frequency was required and VF length has been
shown to change mainly with the fundamental frequency.

2.4.1. Methods

Subjects and CT recordings

The study examined two subjects: a 48 years old female (Subject F) and 35 years old
male (Subject M). Both of them were healthy with no voice or hearing problems and were
experienced in practicing semi-occluded voice exercises. Before the examination they were
informed about potential health risks due to the radiation dose and signed a consent form
approved by IRB of the hospital at which the recordings were performed.

The CT recordings were collected at two different occasions. During the recording
procedure (for general information on CT method principles see Chapter 1.3.1.2.) both the
subjects were lying in horizontal (supine) position (Figure 33). Recording times, technique,
number of captured images and thickness of the slice are listed in Table 2.
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Table 2. Details of CT recording procedure.

Subject F Subject M
Device TOSHIBA AQUILION LIGHT SPEED VCT GE-64
Recording time [s] 2 3.36
Technique Helical Helical

No. of images 181 510
Thickness of the slice [mm)] 0.625 0.5

Phonatory tasks and CT measurements

The subjects phonated into a glass resonance tube (27 cm long, 8 mm inner diameter
and 9 mm outer diameter; Figure 33) and were asked to produce a sustained vowel [a:] at a
comfortable pitch and loudness for about 5 minutes. This time duration was chosen based
on the studies of Vampola et al. (2011) and Guzman et al. (2013) who found this period was
long enough to self-perceive changes in voice production and resulted in clear alternation of
vocal tract shape after the exercise. The CT scanning and following measurements were
performed twice before, twice during, and twice after the phonation into the tube.

Figure 33. Position of the examined subject holding the glass resonance tube before the CT examination

Free software OsiriX, v. 3.9.4 32-bit (Ratib et al., 2009) was used to visualize the CT data,
facilitated an orientation in 3D space and enabled setting the planes to the desired
measurement position. A calibrated distance line was inserted into the resulting images
which were exported for further analysis. The measurements were performed using Image)
1.45s software (freely downloadable).
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In order to preserve the same spatial conditions for all the measurements the
transverse plane was set to be parallel to the superior VF surface (Figure 34, left, a).

For the measurement of the vocal fold lengths, the transverse plane was shifted to
reach the level of glottis (Figure 34, left, b) which resulted in a similar view as in an
anatomical atlas of histological slices by Hirano (1975, section AH9, page 20). The Figure 34,
right depicts the points used for measurements of particular distances, where the points 1
and 8 correspond to the anterior and posterior commissure. The medially prominent parts of
arytenoid cartilages are marked with the numbers 2, 4, 5, and 7. The connection between
points 1 and 8 created a glottal axis which intersected (point 3) the half of the distance
between vocal processes (i.e. points 2 and 4) and the connection between left and right
medially prominent points (5 and 7) of arytenoid cartilages in their posterior part. The
membranous length of left vocal fold (LVF) was defined as the distance between points 1
and 2 whereas points 1 and 4 defined the distance corresponding to the length of right vocal
fold (RVF). The glottal width (w;) was measured as the distance between the points 2 and 4.

The methodology for measurements of the vocal fold (VF) thickness and cross-
sectional areas was inspired by Hollien and Curtis (1960) and Hollien and Curtis (1962) (see
Chapter 1.3.1.1.). The original design was modified in order to obtain better defined
measures. The measurements were performed in coronal plane which was perpendicular to
the transverse plane. The resulting image (Figure 35) was used for measurements of the
membranous glottal width (w,), i.e. distance between the most medial parts of VFs, of the
vertical VF thicknesses (Figure 35, T1, T2) and cross-sectional areas (Figure 35, A1, A2) at 1
and 2 mm from the glottis for both the VFs.

anterior

posterior

Figure 34. Left — schematics showing the setting of the transverse plane (t) to be parallel to the surface of the
VFs: a) sagittal view; b — coronal view (c — coronal plane, s — sagittal plane); Right — points on the transverse
plane used for the measurement of the lengths.
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superior

inferior

Figure 35. Measurements performed in the coronal plane.

The process of placement of the transverse and coronal planes was performed three
times for each of the 6 sets of CT recordings (i.e. two recordings made before, two during,
and two after the resonance tube exercise), and thus also the corresponding measurements
were performed three times. This allowed calculating a standard error of the mean which
represented the measurement uncertainty. A variability observed due to the task repetition
(the phonation was repeated twice before, twice during and twice after the resonance tube
exercise), i.e. the repetition variability, could then be compared to the measurement
uncertainty and the change caused by the resonance tube exercise. The change was
considered to be significant when it was larger than the repetition variability and the
measurement uncertainty.
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2.4.2. Results

Figure 36 to Figure 38 show the results of the measurements. The X-axis always
refers to a particular condition, i.e. recording before, during, or after the resonance tube
exercise labelled as “Before”, “Tube”, and “After”. The measured value is shown on the Y-
axis. The graphs always contain two mean values for each condition, denoted as minimum
and maximum, corresponding to the twice repeated phonations. The maximum mean value
(obtained by averaging the three measurements for the respective individual CT recording) is
represented by the triangle pointing upwards whereas the minimum mean value is
represented by the triangle pointing downwards. The difference between the maximum and
minimum mean value quantifies the repetition variability. The standard error of the mean
(i.e. measurement uncertainty based on the three measurements of each of the CT
recordings) is then expressed with error spans. The mean values are horizontally
interconnected by lines to show evolving trends.

The only significant change before and after the exercise was observed in the vertical
thickness T, of the female (increase for both VFs, see Figure 36) and in the vertical thickness
and bulkiness of the male subject. In the male subject, however, the left and right VF
showed opposite behaviour (Figure 37).
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Figure 36. Changes of the thicknesses in Subject F [ a — left vocal fold (LVF), b — right vocal
fold (RVF)].
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Figure 37. Changes of the thicknesses in Subject M [a — left vocal fold (LVF), b — right vocal
fold (RVF)].

In other measured parameters the repetition variability and measurement
uncertainty were found larger than the change caused by the resonance tube exercise. This
was also the case of the VF membranous length (Figure 38) where the mean values did not
change significantly. The Subject F had approximately twice shorter VFs than the Subject M.
In both subjects, the repetition variability for VF length decreased after the exercise.
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Figure 38. Changes in vocal fold membranous length (L, — left vocal fold, L, — right vocal
fold) in Subject F (bottom) and Subject M (top).

2.4.3. Discussion

The first hypothesis expected VFs to be more bulged after the resonance tube
exercise. Such a change was not found here consistently. The vertical thickness at 2 mm
depth increased in Subject F (Figure 36), which was the same subject as investigated in
Laukkanen et al. (2008) and which exhibited the increased TA activity after the tube
phonation previously. This trend was, however, not observed in Subject M where the
vertical thickness increased in the left vocal fold (LVF) whereas it decreased in the right vocal
fold (RVF, Figure 37). Therefore, the results did not confirm the notion that VFs are generally
more bulged after the phonation into a tube exercise.

The second hypothesis assumed that the glottal width will decrease after the
exercise. The large repetition variability in both the subjects did not allow for confirmation
or rejection of this hypothesis. In this respect, it is interesting to note that also the literature
provides inconsistent results. It was found that an increased resistance introduced by
resonance tube may result in an increased effort to produce sound (Laukkanen, 1992; Bele,
2005) and thus also in increased CQ during and after performing the resonance tube exercise
as found by Laukkanen (1992). The larger CQ after the resonance tube indicated increased
adduction. One would then expect that the glottal width would decrease. Nevertheless,
Guzman et al. (2013) showed that the CQ decreased thus indicating increased glottal width
after the exercise. Interestingly, different effects after the resonance exercise were also
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found when compared subjects with normal and hypofunctional voice (Laukkanen et al.,
1995; 1998) - in normal subjects the glottal resistance decreased whereas in subjects with
hypofunctional voice it increased. The discussed issues indicate that the effect of resonance
tube exercise on VF adduction may vary.

The third hypothesis expected no change of VF length. This hypothesis was supported
by the data - no significant change of VF length was found in both the subjects. In Subject F
the repetition variability was larger than the change from ,Before” to ,After” caused by the
actual exercise and in Subject M the measurement uncertainty was larger or of the same
magnitude as the change. This indicated that there was no change or it was so small that it
could not be reliably detected with this method. Notice, however, that the VF length in
Subject F was approximately twice smaller than that in Subject M due to a difference in sex
(recall Figure 38), which is well in line with the literature (Kahane, 1978; Titze, 1989) and
confirms that the measurements are realistic.

Overall, the study did not reveal any systematic changes. This is in contrast with
findings from the studies investigating the vocal tract changes induced by the resonance
tube exercises (Vampola et al., 2011; Laukkanen et al., 2012; Guzman et al., 2013) where
clear changes could be recognized. An increased SPL is one of the resonance tube exercise
benefits (Vampola et al., 2011; Guzman et al., 2013). Using finite element model based on
MRI recordings, Vampola et al. (2011) confirmed the relationship between increased SPL and
changes of vocal tract shape after the exercise. The study indicates that systematic changes
of voice quality stems from source-filter interaction (Titze, 2006b; 2008) and vocal tract
dimension changes rather than from the VF configuration and intrinsic laryngeal muscle
adjustments.

2.4.4. Conclusion

No clear systematic changes caused by the phonation into a tube exercise were
found in VF vertical thickness, glottal width or in VF length. The thickness of female VFs
significantly increased whereas the male ones became more symmetrical. The changes
caused by the exercise and the measurement error were mostly smaller or similar to the
magnitude of the repetition variability. This indicates that the lack of detection of any
systematic trend stemmed from the large repetition variability of glottal adjustment rather
than from the limitations of the CT examination method. Nevertheless, larger amount of
subjects needs to be examined in order to verify the findings.

The changes of vocal tract shape caused by a phonation into a tube reported in
previous studies were more prominent then the changes in VF configuration observed here.
Therefore, it appears that the adjustments of the vocal tract resonance and the source—filter
interaction phenomena could play more prominent role in the tube phonation exercises
than the changes in VF configuration.
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Overall conclusion

The first goal of this thesis was to design and build a new subglottal tract with
continuously adjustable length. The subglottal tract was successfully manufactured,
registered at the Industrial property office of the Czech Republic and used for the
experiments devoted to the second goal of this thesis, i.e. validation of the
electroglottography as a measure of time-varying vocal fold glottal area during vocal fold
vibration. The conducted experiments showed a strong correlation between the
electroglottographic signal and the vocal fold contact area, but also revealed discrepancies,
which should be addressed in future studies. The third goal of this thesis was to find out
whether the therapeutic method phonation into a tube causes distinct systematic changes in
the vocal fold adjustments. In this case, the results did not reveal any such changes, in
contrast to clear changes in the vocal tract adjustments which were found in related
previous studies. These findings indicate that the systematic voice improvement observed
after the phonation into a tube is more likely the consequence of the changes in the
adjustments of a vocal tract than in the adjustment of the vocal folds. Overall, this
dissertation provides new knowledge that can be used for future improvement of
methodologies used in voice science and in investigating the results of voice therapy.
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Model subglotického traktu

Oblast techniky

Technické Feseni spad4 do oblasti biofyzikalnich zaf{zeni uréenych zejména k vytvafeni i zkou-
mani zvuku a tyké se modelu subglotického traktu s nastavitelnymi akustickymi rezonancemi pro
napodobeni akustickych vlastnosti vokalniho traktu riznych Zivo€isnych druh.

Dosavadni stav techniky

Hlas je zvuk tvofeny vlivem kmitani hlasivek, ktery je dale upraven rezonancemi v dutinach vo-
kalniho traktu. Velmi daleZitym rezonanénim prostorem, ktery vyznamnou meérou ovliviiuje
kmitani hlasivek a podili se tak na vytvafeni hlasu, je subgloticky trakt nachazejici se pod hlasiv-
kami, pri¢emz akustické vlastnosti subglotického traktu se li3i dle Zivo€isného druhu.

Prvni pokusy o produkei lidského hlasového projevu byly uskute€nény jiz v 18. stoleti, kdy jed-
nak Ch. G. Kratzenstein sestrojil zafizeni simulujici samohlasky pomoci rezonan¢ni trubky pfi-
pojené na varhany a jednak Wolfgang von Kempelen ve své knize ,,Mechanismus der Sprache
menschlichen nebst Beschreibung einer sprechenden Maschine® prezentoval podrobny popis
akustického stroje. Riizné modely a zafizeni simulujici €ast vokéalniho Ustroji jsou zndmy napfi-
klad ze spist US 2041487, US 2056295 A, US 3978286 A, US 5121434 A, WO 9418669 Al, EP
0287104 Al. Experimenty s tvorbou hlasu na preparétech hrtanu jsou popsany napfiklad v pubh-
kacich ,M. Sovak: "Kmitani hlasivek ve svétle laryngostroboskopie, Ceské akademie véd a
uméni (Praha)" a ,,E. Vilkman: "An apparatus for studying the role of the cricothyroid articu-
lation in the voice production of excised human larynges", Folia Phoniatr (Basel) 39 (4):169-177,
1987” nebo v ,,Horacéek J., Svec J. G., Vesely J., "Bifurcation phenomena in vocal fold vibrations
- experiments in vitro", In: Zolotarev I, editor, Proceedings Interaction and Feedbacks 2003,
Prague: Institute of Thermomechanics AS CR, 2003, p. 51-60”, dale v ,,Tokuda L. T., Horaek J.,
Svec J. G., Herzel H.: "Comparison of biomechanical modeling of register transitions and voice
instabilities with excised larynx experiments”, J Acoust Soc Am 2007; 122(1):519-31.%, nebo
také v ,,Tokuda L. T.,Horacek J., Svec J. G., Herzel H.: "Bifurcations and chaos in register transi-
tions of excised larynx experiments", Chaos 2008; 18(1): article no. 013102, a rovn€Z i v ,,Sidlof
P., Svec J. G., Horagek J., Vesely J., Klepa&ek L., Havlik R.: "Geometry of human vocal folds and
glottal channel for mathematical and biomechanical modeling of voice production”, J Biomech
2008; 41(5): 985-95%. Taktéz jsou znamy publikace, kde jsou popsany modely hlasivek, napii-
klad ,Hora¢ek I., Sidlof P., Uruba V., Vesely J., Radolf V., Bula V.: "Coherent structures in the
flow inside a model of the human vocal tract with self-oscillating vocal folds", Acta Technica
2010; 55(4): 327-43” nebo v ,,Horalek J., Uruba V., Radolf V., Vesely J., Bula V.: "Airflow vi-
sualization in a model of human glottis near the self-oscillating vocal folds model", Applied and
Computational Mechanics 2011; 5:21-8* anebo v ,Kniesburges S., Thomson S. L., Barney A.,
Triep M., Sidlof P., Hor4gek J., et al.: "In Vitro experimental investigation of voice production”,
Current Bioinformatics 2011; 6(3):305-22. Nevyhodou fe$eni uvedenych v téchto publikacich je
skutenost, Ze subgloticka oblast je realizovana tak, Ze vnitini rezonan¢ni prostor je neménnym
prostorem a nelze jej tedy nastavovat.

Z publikace ,,Zhang, Z. Y., J. Neubauer, and D. A. Berry "The influence of subglottal acoustics
on laboratory model sofphonation”, Journal of the Acoustical Society of America 120.3 (2006):
1558-69% je znam model vokalniho systému s nastavitelnou délkou subglotického traktu. Zaklad-
ni délka subglotického traktu &ini 32 cm s moZnosti prodlouZeni 5 cm pomoci segmentové trubi-
ce, pfidemz pro véti rozsah je model subglotického traktu vybaven U-trubici prodluzujici celko-
vou délku traktu z 60 na 325 cm. Nevyhodou tohoto feSeni je skuteCnost, Ze uZitim dlouhé U-
trubice je znemoZn&no napodobeni fyziologickych podminek v lidském organismu, napfiklad
rezonanéni frekvence v rozmezi 500 az 600 Hz. Nevyhodou segmentované trubice je neprakticka
manipulace, pfiSemZ segmentované trubice umoZiiuje pouze skokovou zménu délky subglotic-
kého traktu.
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Ukolem predkladaného technického feSeni je pedstavit konstrukéni usporadani délkové nastavi-
telného modelu subglotického traktu, ktery plynulym prodlouZenim & zkrécenim rezonanénich
prostor a pfesnéjSim nastavenim délky U-trubice umoziluje 1épe napodobit fyziologické podmin-
ky organismu a akustické vlastnosti vokalniho systému.

Podstata technického fefeni

Stanoveného cile je do znaéné miry dosaZeno technickym fesenim, kterym je model subglotické-
ho traktu napojeny pfes ohfivaci a zvlh¢ovaci jednotku na zdroj vzduchu a tvofeny t&lesem ve
forme& oboustranné otevien¢ho dutého valce, pfitemz t&leso je jednak ze strany zadniho Gela vsa-
zeno do spodniho uzdvéru, jednak ze strany pfedniho Cela je upevnéno v nastavci a jednak je
opatieno pfivodnim otvorem pro ptivod vzduchu do vnitfniho rezonan&niho prostoru, kde pod-
stata feSeni spo¢iva v tom, Ze nastavec sestava jednak z izké vystupni hubice ur&ené pro nasazeni
preparatu a jednak ze Siroké vstupni hubice uzpisobené k upevnéni t&lesa, pfi¢em? jednak ve
vnitinim prostoru vstupni hubice nastavce je ulozena vnitini redukéni viozka vytvotena ve tvaru
oboustranné otevieného dutého valce s kénicky tvarovanou redukéni dutinou a jednak v rezo-
nan¢nim prostoru je ve sméru podéIné osy uloZen pist.

Je vyhodné, kdyZ pist sestava z valcovité pistové hlavice opatfené jednak obvodovym vybranim
pro uloZeni O-krouzkového t&sniciho ¢lenu pfiléhajictho k vnitini sténé télesa a jednak stfedo-
vym lizkem pro upevnéni tyCového pistového téla, pfitemz pistové télo je ptes spodni uzavér
vyvedeno vné model subglotického traktu a svoji vné situovanou koncovou &asti je vsazeno do
manipulaéni matice.

Ve vyhodném provedeni redukéni vlozka obvodové pfiléh4 k vnitfnimu priméru vstupni hubice
néstavce, pfi¢emz vstupni otvor tvarové odpovid4 vnitinimu priméru télesa a vystupni otvor mé
stejny primér jako je vnitini rozmér vystupni hubice.

V optimalnim pfipadé je t€leso ze strany bo&niho &ela vybaveno alespoti jednim vypustnim otvo-
rem a do té€lesa je v misté piivodniho otvoru vsazena ptivodni trubice.

RovnéZ je vyhodné, kdyZ okolo vnéjsiho obvodu télesa je umisténa alespoii jedna prstencové
upeviiovaci matice a do spodniho uzavéru je zabudovan alespoti jeden aretaéni §roub.

Novy a vyssi uCinek technického feSeni spodiva v tom, Ze akusticky model subglotického traktu
poskytuje moZnost ovladani zmény délky rezonan&nich prostor pro kontrolu rezonanénich frek-
venci, které maji pfimy vliv na kmiténi hlasivek, ¢imZ je umoZn&na kontrola nad dileZitym
aspektem experimentii majici za nésledek zvyseni kvality naméfenych vysledki. S vyuZitim kon-
strukéniho prvku s plynule ménitelnou délkou rezonanéniho prostoru, naptiklad pistu, je moZné
provadét experimenty na hrtanech riznych Zivo&idnych druha.

Objasnéni v{kresd

Konkrétni piiklady provedeni technického feSeni jsou schematicky znazornény na p¥ipojenych
vykresech, kde:

obr. 1 je blokové schéma experimentalni sestavy vokalniho traktu,
obr. 2 je podélny fez modelem subglotického traktu, a
obr. 3 je podélny explodovany fez modelem subglotického traktu.

Vykresy, které znazorfiuji pfedstavované technické feseni, a nasledné popsané p¥iklady konkrét-
niho provedeni v Zadném piipadé neomezuji rozsah ochrany uvedeny v definici, ale jen objastiuji
podstatu technického Feeni.

Priklady uskuteénéni technického feseni

Experimentélni sestava vokélniho traktu znidzorn&né na obr. 1 je tvofena zdrojem 1 vzduchu ve
formé vzduchové pumpy ¢&i 14hve stlateného vzduchu, ktery je pres ohfivaci a zvlh&ovaci jednot-
kou 2 propojen s modelem 3 subglotického traktu, na ném¥ je upevnén preparét 4 hrtanu.
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Model 3 subglotického traktu, znidzornény na obr. 2, je tvofen télesem 31 ve formé oboustranné
otevieného dutého valce, které je ze strany zadniho &ela 311 vsazeno do spodniho uzavéru 32 ve
formé vika a ze strany predniho &ela 312 je rozebiratelné upevnéno v dutém dvoustupiiové tvaro-
vaném néstavci 33. Nastavec 33 sestavé jednak z uzké vystupni hubice 331, urCené pro nasazeni
zde neznazornéného preparatu 4, a jednak z iroké vstupni hubice 332, jejiz vnitfni primér odpo-
vidd vn&j§imu priméru télesa 31. Ve vnitinim prostoru 3321 vstupni hubice 332 je uloZena
vnitini redukéni vlozka 34 vytvorena rovnéZ ve tvaru oboustranné otevieného dutého valce, ktera
jednak obvodové priléha k vnitfnimu priméru vstupni hubice 332 a jednak je opatiena kénicky
tvarovanou redukéni dutinou 341. Redukéni vlozka 34, uréena pro plynuly pfechod mezi vnitf-
nim primérem télesa 31 a vnitinim primérem vystupni hubice 331 nastavce 33, je vytvarovdna
tak, Ze vstupni otvor 342 tvarové odpovida vnitinimu priméru télesa 31 a vystupni otvor 343 ma
stejny primeér, jako je vnitini rozmér vystupni hubice 331. T&leso 31 je déle ze strany boéniho
&ela 313 vybaveno jednak spodnim vypustnim otvorem 315 a jednak pfivodnim otvorem 314 pro
vedeni zvlh&eného a ohfatého vzduchu do vnitfniho rezonanéniho prostoru 38 modelu 3 subglo-
tického traktu, pfi¢emz do ptivodniho otvoru 314 je vsazena pfivodni trubice 35 a v rezonan¢nim
prostoru 38 je ve sméru podélné osy uloZen pist 36. Samotny pist 36 sestava z valcovité pistove
hlavice 361 opatiené jednak obvodovym vybranim 3611 pro uloZeni O-krouzkového tésniciho
lenu 362, ktery tésné piiléha k vnitini sténé t€lesa 31, a jednak stfedovym lizkem 3612 pro
upevnéni tyéového pistového téla 363. Pistové t&lo 363 je pfes spodni uzavér 32 vyvedeno vné
model 3 subglotického traktu, pfiGemZ svoji vné situovanou koncovou &asti je vsazeno do mani-
pulaéni matice 364. Pro uchyceni modelu 3 subglotického traktu k nezndzornénému vnéjSimu
objektu je okolo vné&j§iho obvodu télesa 31 umisténa prstencova upeviiovaci matice 37 a pro po-
lohovéni modelu 3 subglotického traktu je do spodniho uzdvéru 32 zabudovan aretacni Sroub 39.

V priib&hu experimentu je pfivodni trubici 35 naveden ohfaty a zvlh&eny vzduch z ohifivaci a
zvlhGovaci jednotky 2 do rezonanéniho prostoru 38 modelu 3 subglotického traktu. Vzduch pote
rezonan&nim prostorem 38 plynule postupuje az do vystupni hubice 331 nastavce 33, kde vzduch
opousti model 3 subglotického traktu a vstupuje do preparatu 4 hrtanu. Pfipadnému tniku vzdu-
chu mezi preparatem 4 hrtanu a nastavcem 33 bréni vhodné feSeny nezndzomény stahovaci
prvek. Prochézejici vzduch rozkmita hlasivky v preparatu 4 hrtanu, které se tak stanou zdrojem
akustického signalu, jez vybudi subglotické rezonanéni prostory 38 modelu 3 subglotickeho
traktu. Uprava akustickych vlastnosti modelu 3 subglotického traktu, tedy zvySeni ¢i sniZeni
frekvence rezonanénich maxim, se provadi pomoci pistu 36, kdy pomoci vnéjsi manipulaéni ma-
tice 364 dochézi v podélném sméru k posunuti pistové hlavice 361, ¢imZ dochézi ke zkraceni Ci
prodlouZeni vnitiniho rezonanéniho prostoru 38. Aby preparat 4 hrtanu behem experimentu ne-
vysychal, je potfeba vzduch zvlh&ovat pomoci fyziologického roztoku, pfiemz ve spodni &asti
trubicovitého t&lesa 31 dochazi k hromadéni zkondenzovaného fyziologického roztoku a vody. Z
tohoto diivodu obsahuje téleso 31 spodni vypustni otvor 315, slouZici jako vypust’.

Popsané provedeni neni jedinou moZnou konstrukei podle technického feSeni, kdyZ prumeér vy-
stupni hubice 331 nastavce 33 miZe mit riiznou velikost v zavislosti na velikosti preparati 4
hrtanu, které se mohou lisit ifkou pridusnice. Pro uchyceni modelu 3 subglotického traktu k
nezndzoménému vn&j§imu objektu miZe byt okolo vn&jiiho obvodu télesa 5 umisténa vice nez
jedna prstencova upeviiovaci matice 37.

Rovnéz pro polohovani modelu 3 subglotického traktu miZe byt pouzit vice neZ jeden aretani
Sroub 39.

Primyslova vyuZzitelnost

Model subglotického traktu je vyuZitelny v oblasti biofyziky a lékatstvi, napfiklad pro studium
kmitani hlasivek, a pro napodobovéni akustickych vlastnosti subglotického traktu pfi experi-
mentech s vypreparovanymi hrtany.
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NAROKY NA OCHRANU

1. Model (3) subglotického traktu napojeny pfes ohfivaci a zvlh&ovaci jednotku (2) na zdroj
(1) vzduchu a tvofeny t€lesem (31) ve formé oboustranné otevieného dutého valce, pHidemz t&le-
s0 (31) je jednak ze strany zadniho ¢ela (311) vsazeno do spodniho uzavéru (32), jednak ze strany
pfedniho Cela (312) je upevnéno v nastavei (33) a jednak je opatfeno piivodnim otvorem (314)
pro pfivod vzduchu do vnitiniho rezonanéniho prostoru (38), vyznaé&ujici se tim, Ze
nastavec (33) sestdva jednak z izké vystupni hubice (331), uréené pro nasazeni preparatu (4), a
jednak ze Siroké vstupni hubice (332), uzpiisobené k upevnéni télesa (31), ptitemz jednak ve
vnitfnim prostoru (3321) vstupni hubice (332) nastavce (33) je uloZena vnitini redukéni vlozka
(34), vytvofend ve tvaru oboustrann& otevieného dutého vélce s kénicky tvarovanou redukéni
dutinou (341), a jednak v rezonanénim prostoru (38) je ve sméru podélné osy uloZen pist (36).

2. Model (3) subglotického traktu podle naroku 1, vyzna€ujici se tim, Ze pist (36)
sestava z vélcovité pistové hlavice (361), opatfené jednak obvodovym vybranim (3611) pro ulo-
Zeni O-krouZkového tésniciho ¢lenu (362) pfiléhajictho k vnitini sténé télesa (31) a jednak stie-
dovym liZkem (3612) pro upevnéni tySového pistového téla (363), pfidemz pistové t&lo (363) je
pfes spodni uzavér (32) vyvedeno vn¢ model (3) subglotického traktu a svoji vn& situovanou
koncovou ¢asti je vsazeno do manipulaéni matice (364).

3. Model (3) subglotického traktu podle narokii 1 a2, vyzna&ujici se tim, e re-
dukéni vlozka (34) obvodové piiléha k vnitinimu priiméru vstupni hubice (332) nastavee (33),
pfiemzZ vstupni otvor (342) tvarové odpovida vnitinimu priméru télesa (31) a vystupni otvor
(343) ma stejny primér jako je vnitini rozmér vystupni hubice (331).

4.  Model (3) subglotického traktu podle narokii 1 a¥ 3, vyznacdujici se tim, Ze
t€leso (31) je ze strany boéniho Eela (313) vybaveno alespoii jednim vypustnim otvorem (315).

5. Model (3) subglotického traktu podle nérokii 1 a4, vyznaéujici se tim, e do
telesa (31) je v misté pfivodniho otvoru (314) vsazena piivodni trubice (35).

6.  Model (3) subglotického traktu podle nérokii 1 a2 5, vyznadujici se tim, Ze
okolo vnéjsiho obvodu t€lesa (31) je umisténa alespoii jedna prstencova upeviiovaci matice (37).

7. Model (3) subglotického traktu podle narokid 1 a2 6, vyznacujici se tim, Zedo
spodniho uzavéru (32) je zabudovan alespoil jeden aretaéni §roub (39).

3 vykresy
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Relationship Between the Electroglottographic Signal

and Vocal Fold Contact Area

*Vit Hampala, tMaxime Garcia, *Jan G. Svec, tRonald C. Scherer, and *Christian T. Herbst, *Olomouc, Czech Republic,

tVienna, Austria, 1Bowling Green, Ohio

Summary: Objective. Electroglottography (EGG) is a widely used noninvasive method that purports to measure
changes in relative vocal fold contact area (VFCA) during phonation. Despite its broad application, the putative direct
relation between the EGG waveform and VFCA has to date only been formally tested in a single study, suggesting an
approximately linear relationship. However, in that study, flow-induced vocal fold (VF) vibration was not investigated.
A rigorous empirical evaluation of EGG as a measure of VFCA under proper physiological conditions is therefore still
needed.

Methods/design. Three red deer larynges were phonated in an excised hemilarynx preparation using a conducting
glass plate. The time-varying contact between the VF and the glass plate was assessed by high-speed video recordings at
6000 fps, synchronized to the EGG signal.

Results. The average differences between the normalized [0, 1] VFCA and EGG waveforms for the three larynges
were 0.180 (+0.156), 0.075 (x0.115), and 0.168 (+0.184) in the contacting phase and 0.159 (x0.112), —0.003
(£0.029), and 0.004 (£0.032) in the decontacting phase.

Discussions and conclusions. Overall, there was a better agreement between VFCA and the EGG waveform in the
decontacting phase than in the contacting phase. Disagreements may be caused by nonuniform tissue conductance prop-
erties, electrode placement, and electroglottograph hardware circuitry. Pending further research, the EGG waveform
may be a reasonable first approximation to change in medial contact area between the VFs during phonation. However,
any quantitative and statistical data derived from EGG should be interpreted cautiously, allowing for potential devia-

tions from true VFCA.

Key Words: Electroglottography—Vocal fold contact area—Excised hemilarynx—High-speed imaging.

INTRODUCTION
Electroglottography (EGG) is a noninvasive method to assess
the vibratory behavior of the vocal folds (VFs) during voice pro-
duction, introduced 6 decades ago by Fabre.' For acquiring the
electroglottographic signal, two electrodes are placed at either
side of the thyroid cartilage at the level of the VFs, and a low-
amperage” frequency-modulated (0.3-5 MHz) current is passed
between them. Variations in vocal fold contact area (VFCA) dur-
ing the glottal cycle introduce variations in the electrical admit-
tance across the larynx, resulting in variation in the current
between the two electrodes. These variations of the electrical
admittance are proportional to the resulting EGG waveform.”°
Experimental research’ "> suggests that there is a relation
between kinematic events of the oscillating VFs and
stereotypical landmarks in the EGG waveform (Figure 1).
These findings were corroborated by modeling studies.'® "
Because of its low cost and noninvasive nature, electroglot-
tography is an attractive alternative to direct (and thus more
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invasive) methods for observing VF vibration, such as video-
strobolaryngoscopy,”’  videokymography,”> or high-speed
laryngeal videoendoscopy,” >’ leading to an increasing
number of publications using EGG as a primary data
acquisition method in the recent past.”® >® EGG-based studies
are conducted under the assumption that the acquired EGG
signal closely represents the relative VFCA during phonation.
This is particularly crucial for quantitative methods analyzing
the EGG waveform, for example, for calculating the EGG con-
tact quotient’** or the EGG contact index.”’

Surprisingly, the putative direct relation between the EGG
waveform and VFCA has, to the knowledge of the authors, to
date only been formally investigated in a single study,”” sug-
gesting an approximately linear relationship between the
change in VFCA and the EGG signal. This study investigated
two canine hemilarynx specimens, using a mechanical arm to
drive the VF against a conductive glass pane resulting in a si-
nusoidal signal at 10-30 Hz. Flow-induced VF vibration was
not used. Furthermore, the study was conducted with video-
stroboscopy, that is, an aliasing technique that only provides
an illusion of vibration, usually at a rate of 1 Hz, documented
by 25 video frames per second. This suggests that, strictly
speaking, a formal empirical evaluation of EGG as a measure
of relative VFCA under more physiological conditions is
lacking.

To address this issue, this study was concerned with the ques-
tion whether the EGG waveform is a reliable physiological
correlate of the relative VFCA during flow-induced sustained
VF oscillation, using an excised hemilarynx setup, a conducting
glass plate, and high-speed video (HSV) recording.
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Vocal fold contact area (VFCA)

3(3(3(??7(7(

Time
FIGURE 1. Landmarks in the EGG waveform according to Baken
and Orlikoff* and Berke et al*":
fold (VF) margins; b—initial contact of the upper VF margins; c—
maximum VF contact reached; d—decontacting phase initiated by sep-

a—initial contact of the lower vocal

aration of the lower VF margins; e—upper margins start to separate;
and f—glottis is open, the contact area is minimal.

METHODS

Larynx specimens and experimental setup

The larynges investigated in this experiment came from three fe-
male red deer (Cervus elaphus) specimens. The choice of species
was justified by results of a recently published study, suggesting
that the EGG signal from a red deer larynx is comparable with
that of humans and canines.”’ The deer were culled during an
authorized third party hunt near Allentsteig, Lower Austria.
The larynges were immediately harvested on site and were trans-
ported in ice boxes to the Department of Cognitive Biology, Uni-
versity of Vienna, where they were flash-frozen using liquid
nitrogen”” and then stored at —80°C for further use.

& posterior <——> anterior;

_right «——> left

Each larynx was slowly thawed immediately before the exper-
iment and cleaned (ie, the hyoid bone and epiglottis were
removed as well as surplus extrinsic muscle tissue). For creating
the hemilarynx, the left half of the thyroid cartilage, the left aryte-
noid cartilage, and a part of the cricoid cartilage were removed.
This incision formed an L-shaped mortice allowing the larynx
to be glued to a conductive glass plate (Figure 2) using dental
cement (Kukident Super-Haftcreme complete; Reckitt Benckiser
Deutschland GmbH, Mannheim, Germany). Another (noncon-
ductive) glass plate was perpendicularly glued to the conductive
glass plate, forming an L-shaped structure. To ensure good visibil-
ity of the VF from the top-view camera, the soft tissue above the
VF (ie, the ventricular fold) was removed. The trachea was cut at
the fourth tracheal ring, and the larynx was vertically mounted on
an air supply tube as described in a previous publication™
(Supplementary materials). The adduction of the VF was facili-
tated by use of a prong as described by Titze.*”

The schematic of the experimental setup for obtaining the
electroglottographic (EGG) signal is illustrated in Figure 2E.
The EGG electrode attachment to the conductive glass plate
and the hemilarynx, respectively, is shown in Figure 2A-D.
The glass plate used in this experiment was covered with a layer
of titanium-tin oxide, having a sheet resistance of 40 Ohms per
square.

Self-sustained VF vibration was established by blowing
warmed and humidified air through the hemiglottis. Subglottal
pressure was varied via computer-controlled pressure sweeps in
the range of 0-5 kPa (about 0-50 cm H,0).

Data acquisition
The EGG signal was acquired with a Glottal Enterprises EG2-
1000 electroglottograph (Glottal Enterprises, Syracuse, NY).

Top
camera

Conductive

glass plate

Side
camera

EGG

right €«—> [eft

FIGURE 2. Hemilarynx setup with conductive glass plate used in this study: (A) side view through the glass. The orientation of the X, y, and z axis

(eg, Equation 1) was adopted from Titze**

; (B) top view; (C) anterior view; (D) anterolateral view (right side of hemilarynx attached to glass plate);

and (E) schematic illustration of the experimental setup. E1—EGG electrode attached to muscles around the thyroid cartilage; E2—EGG electrode
attached to the glass plate; LED—LED diode used for synchronization; P1—prong stabilizing the thyroid cartilage; P2—prong adducting VE.
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The device’s high-pass filter was set to 2 Hz, thus minimizing
signal distortion introduced by the filter. To avoid clipping of
the EGG signal, custom-built electrodes with a reduced diam-
eter of 11 mm (Glottal Enterprises, Syracuse, NY) were used,
and a 100-Ohm resistor was inserted in series into the wire of
one of the electrodes (Martin Rothenberg, personal communi-
cation). One electrode was placed on the muscle tissue around
the thyroid cartilage (Figure 2, label E1), and the other one was
clipped onto the conductive layer of the glass plate (Figure 2,
label E2). Spectra 360 electrode gel (Parker Laboratories,
Inc., Fairfield, NJ) was applied to both electrodes.

The EGG signal was recorded with a Dewe-43 A/D data
acquisition card (Dewetron, Munich, Germany) at a sampling
frequency of 44 100 Hz.

Synchronized HSV recordings were acquired at a rate of 6000
fps from two positions (top view and side view), using two cam-
eras: a MotionBLITZ LTR1 portable camera (Mikrotron, Unters-
chleissheim, Germany) for the side view and a MotionBLITZ
Cube7 camera (Mikrotron, Unterschleissheim, Germany) for
the top view. Illumination was provided by three devices: a
Cymo 7300.03 300W Xenon Light Source (Cymo, Groningen,
The Netherlands), a custom-built array of twelve SW MR16
LED bulbs (SLV Elektronik GmbH, Ubach-Palenberg, Germany)
powered by a 12-V car battery, and one standard flexible one-bulb
LED table lamp. Both camera images contained a 10-mm scale
used for spatial calibration of the recordings.

The average subglottal pressure was measured with a Keller
PR-41X pressure sensor (Keller, Winterthur, Switzerland) posi-
tioned 32 cm upstream from the VFs and captured with a Lab-
Jack U6 data acquisition card (LabJack Corporation,
Lakewood, CO, USA).

The synchronization between all used data acquisition systems
was achieved via a transistor-transistor-logic (TTL) signal gener-
ated by the LabJack U6 data acquisition card. This TTL signal,
which consisted of pulses of approximately 20 ms duration, en-
coding the running recording time, was routed through an IC555
timer circuit (pulse rise time < 15 ns) and was recorded simulta-
neously by all recording devices in dedicated channels. In the
MotionBLITZ LTR1 portable camera system (ie, the side view
camera), the TTL signal was electronically encoded in one pixel
in the top left part of the recorded image, and that signal was later
extracted with custom-built software to aid in aligning the cam-
era data with the other signals. In the case of the MotionBLITZ
Cube7 camera (ie, the camera providing the top view), the TTL
signal was used to drive a LED visible in the acquired video data
(labeled “LED” in Figure 2). The LED signal was extracted from
the respective video data with custom-built software. The
maximum synchronization error was calculated to be
0.167 ms, that is, the time delay between two consecutive video
frames at a video frame rate of 6000 fps. For more details on the
synchronization approach, see the supplementary material in a
previous publication.’

Data analysis

For the three larynges used in this experiment, a set of five,
seven, and one recording(s) were obtained, respectively. Small
variations in light position greatly influenced the quality of the

side-video recording showing the VFCA. Therefore, these
video recordings were inspected without knowledge of the cor-
responding EGG signal before data analysis. For each larynx,
the selected sequence was where the outline of VFCA was opti-
mally visible throughout three consecutive glottal cycles of pe-
riodic vibration. For each of the three larynges, one resulting
sequence (denoted as L1, L2, and L3 for the remainder of this
article) was thus subjected to further analysis.

The synchronized video recordings from both cameras (top
view and side view) were extracted and merged into one video.
Because the contours of the VFCA were not always clearly delin-
eated, a manual instead of an automatic image analysis method
was used. The VFCA contours were manually annotated by three
experimenters (authors V.H., M.G., and C.T.H.) using custom-
built scripts within the FIJI** image processing framework. All
the experimenters annotated the same video frames within the
three merged recordings, covering one VF oscillation cycle per
recording, without previous knowledge of the respective EGG
signals. On average, the manual annotation of one full vibratory
cycle took about two full working days per experimenter.

The main purpose of the top view camera was to clearly iden-
tify the anterior-posterior (A-P) extension of VF contact and to
use this information when annotating the VFCA from the side
view HSV data. Because the raw video data from the two cam-
eras did not share common spatial dimensions and zoom fac-
tors, a method was devised to spatially relate the top view
HSYV data to the side view video data. Before video annotation,
a common base point along the A-P dimension, carefully cho-
sen to be clearly present in both camera views, was defined for
each larynx (denoted ygr for the top view and ygg for the side
view, Figure 3). Using this information, the relation between
points in the top view (yr) and the side view (ys) along the A-
P dimension (ie, along the y-axis as established in
Figure 2A), expressed in pixels, was defined as:

Yo = yos — ”}’Ai‘y) (pad, 1)

where Arand Ag are the equivalent measured distances of 5 mm
expressed in pixels for the top and the side view, respectively.
The process of relating the extensions of the VF contact along
the A-P dimension (as seen in the fop view) to the side view is
illustrated in Figure 3.

The annotation process was conducted in two iterations. Af-
ter the first iteration, the experimenters discussed their indepen-
dently obtained VFCA contours to achieve a consensus if
possible and then revised their annotations where appropriate
during the second iteration. Every second video frame was an-
notated in the decontacting phase of the cycle, but every frame
was annotated in the contacting phase because VF contacting
generally takes place over a shorter time frame.

After the second annotation iteration, disagreements between
the experimenters were resolved as follows: A pixel within the
side-view video was considered to be contacting with the glass
plate when at least two experimenters included that pixel in
their suggested VFCA measure. This criterion was applied to
all pixels in each video frame. Thus counting all the pixels
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FIGURE 3. Illustration of coordinate translation between the cam-
era top and side views. First, a baseline measure was taken (A) on
the y-axis coordinate (as defined in Figure 2A) in both the top and
the side view (yor and ygs, respectively), based on clear landmarks
(ie, the most anterior vocal fold contact in the posterior glottis at the
moment of minimum vocal fold contact). Then, other vocal fold con-
tact landmarks along the y-axis coordinates of the top view were
marked (B, top) in subsequent video frames (yr), and their correspond-
ing position was calculated and annotated in the side view (ys; B, bot-
tom) on the basis of Equation 1, using the scales in both the top and the
side view (At and Ag, respectively).

considered to be “contacting the glass” within a video frame re-
sulted in the overall VFCA measure (VFCAgyg, expressed in
pixels) for each analyzed video frame in each sequence.

An objective quality criterion for the agreement among the
experimenters within each video frame was established by us-
ing a custom standard deviation ¢cystom, ViZ,

" (VFCA,; — VFCAowr)
OCUSTOM = \/ i ( ovR) , 2

n

where n = 3, that is, the number of experimenters. ocystom 1S
then related to VFCAgyr by a custom coefficient of variation X,
viz,

0CUSTOM
X=———
max(VFCAOVR) (3)

If the criterion X were >0.05 (ie, >5% of the total value range
of VFCApyr of the glottal cycle), the VFCAgyr of the respec-
tive video frame was flagged as unreliable.

RESULTS

VFCA measurements

VEFCA measurement data for the three larynges (L1, L2, and L3)
are shown in Figure 4 and Supplementary movies M1-M3. One
glottal cycle was analyzed per each larynx. The left panels of
Figure 4A—C depict VFCA for consecutive frames as measured
by the three experimenters (E1-E3, gray points) and the result-
ing overall VECA (VFCAgyr, black points). Because of insuffi-
cient illumination in the video, the first few video frames of the
contacting phase of L2 were not analyzed.

Overall, there was a good agreement between the three exper-
imenters, with the exception of the late decontacting phase in lar-
ynx L1, where experimenter E3 measured higher values of
VECA. The right panels of Figure 4A—C show the quality crite-
rion X (Equation 3) for larynges L1-L3. The threshold of 0.05
(dashed line) was only exceeded in larynx L1 in three of the 48
analyzed video frames, caused by the disagreement between the
experimenters in the VFCA measures of the decontacting phase.

Comparison of VFCA and EGG waveforms

The relationship between the normalized (to the range between
0 and 1) EGG waveform (EGG,,,) and the normalized overall
VFCA (VFCAovRnorm) for the three larynges L1-L3 is shown
in Figure 5. In all three larynges, the EGG,,;, waveform pre-
cedes the VFCAgyrnorm during the closing phase of the cycle
(Figure 5, left panels). This is reflected by the large difference
between EGG, o, and VFCAgyrnorm at the beginning of the
glottal cycle for all three larynges (Figure 5, middle and right
panels, and Table 1). The maximum disagreement in the con-
tacting phase was about 0.42, 0.40, and 0.54 in the three
larynges (Table 1), amounting to about half the possible value
range [0, 1] (Figure 6).

In the relatively longer decontacting phase, larynges L2 and
L3 showed a good agreement (ie, differences mostly smaller
than 5% of the normalized total amplitude) between EGG,,o,
and VFCAgyrnorm (Figure 5 and Table 1). In contrast, data
from larynx L1 exhibited a considerable disagreement (ie, dif-
ferences ranging from 0% to 33% of the normalized total ampli-
tude) between EGG, o, and VFCAgpyrnorm- When averaging
over time, the difference between these two normalized signals
was about 16% of the possible value range of [0, 1] in larynx L1
(Table 1).

When correlating EGG,,or, and VFCAgyrnorm (right panels
in Figure 5), an ideal agreement between these two signals
would result in a linear correlation with a slope of 1 (dashed
line in the right panels of Figure 5). This condition is fulfilled
by the data from the decontacting phase of larynges L2 and
L3 but not for the decontacting phase of larynx L1 and for
the contacting phase of all three larynges (black circles with
superimposed plus signs in Figure 5).
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FIGURE 4. (A-C): Results from VFCA measures for the three larynges (L1-L3), respectively. Left—VFCA annotation results from the three
experimenters (E1, E2, and E3), with VFCAgyr superimposed (see text); right—quality criterion (dashed line) for expressing reliable VFCAgyr

measurements for all annotated frames.

DISCUSSION

This study investigated whether the EGG signal is an exact repre-
sentation of the relative VFCA during flow-induced self-sustain-
ing VF oscillation. On the basis of the collected data, this research
question cannot be answered conclusively. On the one hand, there
was good agreement between EGG,, o, and VFCAgyrporm during
a major portion of the glottal cycle in two of the three larynges,
supporting the relatively linear relationship between the EGG
waveform and VECA found by Scherer et al."’ This was con-
trasted with noteworthy discrepancies between these two signals
in larynx L1 and in the contacting phase in all three larynges.

Systematic disagreement between EGG and VFCA

in the contacting phase

The systematic disagreement between EGG,,, and
VFCAgvrnorm in the contacting phase in all three larynges was
brought about by a temporal offset between the two signals and
by a steeper signal slope in the EGG signal. A synchronization
issue between the EGG signal and the HSV recording was ruled
out by careful post hoc assessment of the synchronization
between these two systems (cf supplementary materials in the
study by Herbst""), confirming the estimated synchronization er-
ror of + 0.167 ms, that is, the duration of one video frame at 6000
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FIGURE 5. (A-C): Comparison and relations between normalized EGG (EGG;m) and VFCA (VFCAQygnorm) Waveforms for the three larynges
L1, L2, and L3. Left panels: EGG, o (black triangles) and VECAgyrnorm (dark gray and light gray diamonds for video frames where the quality
criterion X was below and above 0.05, respectively). Middle panels: difference between EGG,,o;,, and VFCAgyrom for each analyzed video frame.

Right panels: relation between VFCAgyr and EGG waveform.

fps. Examination of the difference between EGG,., and
VFCAovRrnorm (middle panels in Figure 5) reveals a time shift
of about five video frames in larynges L1 and L2 and about 10
video frames in larynx L3 over which the major disagreement
between the two signals occurs. This clearly shows that this dif-
ference cannot be explained by the synchronization error alone.
As a potential alternative explanation, capacitance of the electro-
glottograph’s hardware circuits might have caused this phenom-
enon. The EGG device used in this study internally applies a
4000-Hz low-pass signal filter before putting out the EGG signal
(personal communication with Martin Rothenberg, Glottal Enter-
prises), as well as a high-pass filter with a controllable cutoff fre-
quency (see Methods). These circuits might introduce systematic
waveform changes into the recorded EGG signal.

Overall disagreement between EGG and VFCA in
larynx L1

The considerable overall disagreement between EGG and
VFECA in larynx L1 might have been caused by a number of
reasons.

The time-varying VFCA was assessed by three experi-
menters, and their judgments were not always unanimous
(Figure 4). In particular, in larynx L1, there was a slightly
greater disagreement during the decontacting phase. However,
this intrarater disagreement caused the quality criterion X to
exceed the defined threshold of 0.05 only after frame 48,
whereas the disagreements between EGG and VFCA in larynx
L1 already start around frame 20. Furthermore, the intrarater
disagreement amounted to about 10% of the VFCAgyr in the
respective frames, whereas the disagreement between EGGy,rm
and VFCAGyRruorm ranged from 20% to 30% (Figure 5A, middle
panel). Finally, inspection of Supplementary movie M1 sug-
gests that the HSV recording was taken with optimal lighting
conditions and that there was a good match between the visible
VFCA and the estimated VFCAgyg, ruling out human error in
the estimation of that measure.

To rule out data for larynx L1 having come from an atypical
glottal cycle during the recording, the acquired material was
subjected to an additional test: Three more glottal cycles of
that recording (extracted at offsets of 0.02 seconds, 1.4



Vit Hampala, et al

Relationship Between the EGG Signal and VFCA 7

TABLE 1.

Average, Standard Deviation, and Absolute Maximum of Differences Between EGG,,o;m, and VFCAgvgrnorm in Larynges L1-

L3 in the Contacting and Decontacting Phases, Respectively

Part of Glottal Cycle Measure Larynx L1 Larynx L2 Larynx L3
Entire glottal cycle Number of video frames 68 111 154
Number of frames analyzed 48 65 60
Contacting phase Number of frames analyzed 9 18 30
Average difference 0.180 0.075 0.168
Standard deviation 0.156 0.115 0.184
Absolute maximum 0.418 0.399 0.542
Decontacting phase Number of frames analyzed 39 47 30
Average difference 0.159 —0.003 0.004
Standard deviation 0.112 0.029 0.032
Absolute maximum 0.334 0.093 0.081

seconds, and 8 seconds from the analyzed cycles) were anno-
tated by experimenter E1. The newly acquired VFCA wave-
forms did not differ substantially from the data acquired for
larynx L1 by all three experimenters, suggesting that the
data presented in Figure 4A represents typical vibratory pat-
terns of larynx L1.

1.0

0.8
0.6

0.4

norm. amplitude

¢ VF CAOVRnorm
A EGGnorm

02|

0.0 b

FIGURE 6. Development of the VFCA shape during the glottal cy-
cle in the problematic larynx L1. Top: EGG, o, (black triangles) and
VFCAoyRnorm (gray diamonds); Bottom (A-F): high-speed video im-
ages (side-view camera) with superimposed VFCAgyr, extracted at
every 10th video frame during the glottal cycle.

In principle, the discrepancy of EGG and VFCA in larynx L1
may have been induced by nonuniform conductance properties
of the used conducting glass plate. However, larynx L1 was the
first specimen investigated in the project, and the glass plate
used was in pristine condition as provided by the Joint Labora-
tory of Optics, Palacky University, Olomouc, the Czech Repub-
lic. Thus, the influence of a potential glass plate conductance
issue was considered to be unlikely.

The observed disagreement between EGG and VFCA could
have also been brought about by nonlinear conductivity pat-
terns: Inspection of the available video material revealed that
the discrepancy between EGG and VFCA arose when the infe-
rior portion of the VF lost contact (Supplementary movie M1)y
This observation gave rise to the speculation that the superior
and the inferior VF section might have had different conductiv-
ity properties, thus contributing differently to the overall
VECA.

This notion was tested quantitatively by dividing VFCA of
larynx L1 into a superior and an inferior portion (VFCAyppgr
and VFCA|owgr, respectively), by considering g clearly
visible sulcus-like horizontal groove in the investigated VF as
the demarcation line between the two areas (Supplementary
movie M1 and Figure 6). On the basis of the two partial
VECA time series, the weighted VFCA was calculated as

VFCAwgigutep = f -VFCAuypper + (1 - f ) -VFCA ower
(Eq. 4)

by varying the weighting factor fin the range of [0, 1] in steps of
0.05. Each of the resulting VFCAwgiguTED time series was
normalized and compared with the normalized EGG signal,
and the sum of the squared difference between these two time
series was calculated. This least-squares error approach sug-
gested a near perfect fit for f = 0.8 (Figure 7). In that scenario,
the lower VF portion’s contribution to the overall VFCA is only
a quarter of the upper VF portion.

Such a phenomenon could potentially be explained in rela-
tion to the placement of the EGG electrodes: In EGG, the cur-
rent across the larynx follows an electric field having its
maximum density along the most direct path between the elec-
trodes.'” The further an electric field line is removed from that
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most direct path, the longer it gets, thus increasing the imped-
ance along that particular path. In the setup used for this study,
the electrode attached to the glass plate was positioned anteri-
orly and above the level of glottis, to not obstruct the top camera
view (Figure 2). Such a configuration would most probably
cause the superior VF portion to contribute more strongly to
the overall EGG signal because the most direct electrical field
line would be found there. This notion is well in line with pre-
vious observations that changes of electrode placement in vivo
are likely to influence the shape of the resulting EGG wave-
form.**>*® Interestingly, approximately identical EGG
electrode placements were maintained for each of the
investigated larynges. Yet, the substantial differences between
EGG and VFCA over the glottal cycle were only found in
larynx L1, an argument that is not in favor of the notion that
EGG electrode placement had a great influence on the

acquired EGG signal. Further research is needed to
investigate this assumption.

Previous research has shown that mucus bridges between the
VFs could introduce artifacts into the EGG signal, particularly
immediately after the opening instant.””* As the mucus glands
are not actively secreting in an excised larynx preparation, the
influence of mucus bridges, as seen in vivo, can therefore be
ruled out. During the experiments, the larynges were
regularly moistened with saline solution, to slow down the
dehydration process. Uneven distribution of the excess liquid
could have potentially had an influence on the overall
conductivity of the tissue and consequently on the EGG
signal. However, the larynges have been checked for excess
liquid before each trial run in an attempt to minimize the
potential influence of the presence of saline solution on the
tissue.
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Finally, the different conductivity properties in various re-
gions along the VFCA could be brought about by nonuniform
tissue properties. Cartilage might have lower conductivity
than muscle and other tissue.'” In case of a pathology, lesions
that contain less water or less conductive material may locally
alter tissue admittance properties. For frequency-modulated
currents <10 MHz, tissue impedance is typically dominated
by the conductivity of the body electrolytes,”’ and it varies
under compression, caused by an exodus of conductive fluids
from the compressed regions.”’ Such effects may occur as the
VFs collide during oscillation, either with each other in vivo
or with the conductive glass plate in the hemilarynx setup. It
is therefore conceivable that VF conductivity undergoes spatio-
temporal variation, thus introducing nonlinear relations be-
tween the actual VFCA and the acquired EGG signal.

Practical implications
Because of its noninvasive nature, electroglottography is a pop-
ular method for assessing VF vibration in vivo. The EGG signal
can be subjected to either qualitative analysis, such as assessing
the presence of a “knee” in the EGG waveform as a putative in-
dicator of VF bulging,™ or to quantitative analysis. A widely
used quantitative parameter derived from the EGG signal is
the EGG contact quotient CQggg. Also known as the “duty
cycle” of VF vibration,”” it estimates the relative duration of
VF contact during a glottal cycle. This parameter has been
widely used, for example, to assess VF adduction,” vocal reg-
isters in speech and singing,’” differences between trained and
untrained singers,”® the effect of voice therapy on patients with
mutational dysphonia,”’ indications of voice quality after sur-
gery,”® glottal configurations in singing,”’ differences in
singing styles,”” effects and principles of vocal exercises,””
3461763 and other areas of interest in vocal production.
Various approaches for estimating the CQggg have been
used,”” either using a “criterion level,”37936405 the first
derivative of the EGG signal,3 866 or a combination of these
two.”>%’ These methods rely on the assumption that the EGG
signal is a correct representation of the relative VFCA. Any
error introduced during the data acquisition stage would
inescapably make the computed quantitative analysis data
less accurate, and thus also any inferential statistics that
would be based thereupon. Knowing the relation (and its
potential error) between VFCA and the acquired EGG signal
is therefore paramount for assessing the validity of past,
present, and future studies involving quantitative EGG analysis.
Unfortunately, neither the initial study by Scherer et al*’ nor
this study could report a perfect correlation between EGG and
VFCA (although a relatively strong relation of sorts was found
in both studies). Also, owing to the complexity of the experi-
mental setup, neither of these two studies had a large enough
sample size that would allow a report of reliable error margins
for relative VFCA measurement with EGG, particularly with
respect to quantitative analysis parameters such as the CQggg.
The potential presence of such a measurement error might for
instance in part explain the observed disagreement between
glottal landmarks from EGG and HSV,41 or between the EGG
contact quotient and the closed quotient derived from inverse

filtered airflow,”® HSV,”” or videokymography.”” Consequently,
until such data are available, quantitative EGG analysis data
should be interpreted with care.
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Vocal Fold Adjustment Caused by Phonation
Into a Tube: A Double-Case Study Using

Computed Tomography

*Vit Hampala, tAnne-Maria Laukkanen, tMarco A. Guzman, $§Jaromir Horacek, and *,||Jan G. Svec, *Olomouc and

§||Prague, Czech Republic, t1Santiago, Chile

Summary: Objectives. Phonation into a tube is a widely used method for vocal training and therapy. Previous
studies and practical experience show that the phonation becomes easier and louder after such an exercise. The purpose
of this study was to find out whether there are systematic changes in the vocal fold adjustment after the exercise.
Methods. Two volunteer subjects (1 male and 1 female) without voice disorders were examined with computed to-
mography (CT). Both produced a sustained vowel [a:] at comfortable pitch and loudness before and after the tube phona-
tion and a vowel-like phonation into the tube. Computed tomography (CT) scans were obtained before, during, and after
the exercise, twice for each condition. The gathered CT images were used for measurements of vertical vocal fold thick-
ness, bulkiness, length, and glottal width.

Results. No prominent trends common to both subjects were found in vocal fold adjustment during and after the
phonation into the tube. Variability observed under the same conditions was usually of the same magnitude as the
changes before and after the tube phonation.

Conclusions. Changes in vocal tract configuration observed after the resonance tube exercises in previous related

studies were more prominent than the changes in vocal fold configuration observed here.
Key Words: Vocal folds—Resonance tube-Computed tomography.

INTRODUCTION

Phonation into a tube is a useful method widely used for vocal
training and therapy. It belongs to a wider group of semi-
occluded vocal exercises that take advantage of a semi- or
full closure of the vocal tract." Other commonly used exercises
of this type are tongue trills, nasals, and voiced fricatives.”
Humming into various small glass tubes started to be used in
the beginning of 20th century by Spiess’ for improving vocal
function. Tube phonation has been used, for example, for treat-
ment of hypernasality.”> Method of phonation into glass tubes,
so called resonance tubes, has also been used for decades in
Finnish voice and speech training and therapy where it has
become popular.”’ Sovijirvi® was at first interested in testing
different kinds of glass tubes in the children with hypernasality,
but soon he started to use the tubes also with adult singers who
had voice problems. According to his observations, phonation
into the tubes improved voice quality of the patients with func-
tional phonasthenia, laryngeal paresis, and vocal fold nod-
ules.”” This method has also been used for vocal care and
further vocal training in healthy and normophonic subjects
using their voice extensively (ie, singers or teachers) because
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the voice is perceived as being louder and feels to be easier to
produce after such an exercise.’

Laukkanen et al'’ showed that sound pressure level (SPL)
slightly increased after the tube phonation. This was also
observed by Vampola et al'' who calculated SPL values using
finite element modeling method. Despite number of studies
published about resonance tubes, the exact mechanism of their
functioning has not been fully understood. Basically, there are
three possibilities of adjustment caused by the exercises, such
as (1) change in the voice source (vocal folds), (2) change in
the vocal tract (filter), and (3) change caused by the interaction
between the voice source and the filter.

To investigate the changes in the voice source, Laukkanen'”
analyzed electroglottographic signals of vibrating vocal folds
and showed that the quasi-open quotient decreased during
and after the exercise, which was possibly related to change
in adduction of vocal folds. Speed quotient rose indicating
more rapid collisions of the vocal folds. Furthermore, Laukka-
nen et al’ studied muscle activities in a single female subject via
electromyography (EMG) and found that the ratio of thyroary-
tenoid (TA) versus cricothyroid muscle activity increased.
According to Hirano'® and Yumoto et al,14 increased activity
of TA muscle makes the vocal fold thicker and bulged. In addi-
tion, according to Chhetri et al'” who investigated neuromus-
cular mechanisms for modulating glottal posture in canine
larynx, TA activation has been shown to close the mid-
membranous glottis. So far, however, there has not been any
conclusive evidence of specific consistent changes in vocal
fold adjustments caused by the semi-occluded voice exercises.

Changes in the vocal tract and size of its cavities caused by
the resonance tube exercise were examined by Vampola et al.'
The study reported that the velum raised and closed the naso-
pharyngeal port. In addition, cross-sectional areas of vocal tract
(nasal cavities excluded) expanded and its total volume became
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considerably larger. Similar results have been reported by Guz-
man et al."’

Interaction between the voice source and the filter has been
found to be able to change the vibration properties of the vocal
folds solely owing to the changes in the supraglottal tract.'®'”
The use of the resonance tube creates a constriction and this
reduction of cross-sectional area increases the vocal tract resis-
tance. Simultaneously, the tube elongates the vocal tract
causing the first formant frequency to go down.”” This increases
the inertive reactance of the vocal tract resulting in an increased
source-filter interaction.” The resonance tube also increases
supraglottal pressure that tends to decrease transglottal pressure
(ie, the difference between the subglottal pressure and the
supraglottic pressure).'” Sufficiently low transglottal pressure
makes phonation more economical in terms of preserving the
vocal folds from powerful collisions and provides a sensation
of maximal outcome achieved with minimal effort.”

In 1960s, Hollien et al*'~*® published an original methodology
for measurement of vocal fold anatomical dimensions in vivo
using X-ray laminagrams. The contours of the laryngeal tract
and vocal folds were outlined in the X-ray images and a system
of lines and points was designed to measure the length,
thickness, and surface tilting of the vocal folds related to
changes in fundamental frequency (F;). Present study applies
the methodology of Hollien et al’’® to the modern
examination method of computed tomography (CT) imaging
(Methods section). The purpose of this study was to find out
whether there are systematic changes in the vocal fold
adjustment caused by the phonation into a tube. To do that,
vocal fold geometry before, during, and after the phonation into
the resonance tube was measured and compared.

Based on the studies of Laukkanen et al,” who observed
increased activity of TA muscle after the tube phonation, the
following three hypotheses were formulated and investigated
here: (1) the vocal folds are going to be more bulged and
thicker, (2) the glottal width is going to decrease, and (3) the
length of the vocal folds is not going to change. The first two
hypotheses stem from the knowledge on the effect of the TA ac-
tivity: The TA muscle has been shown to bulge the vocal fold'”
and to shift the vocal fold margin more medially.'”'* The third
hypothesis considers that the phonations before and after the
tube phonation are both requested to be produced at
comfortable pitch, thus not requiring considerable vocal fold
length adjustments.

MATERIALS AND METHODS

Subjects and CT recordings

Two vocally healthy subjects were investigated: subject F—a fe-
male, aged 48 years, and co-author A.M.L. and subject M—a
male, aged 35 years, and co-author M.A.G. Both subjects had
no voice or hearing problems and were experienced in semi-
occluded exercises. The subjects were informed about potential
risks related to the radiation dose during CT examination and
signed a consent form. The recordings were performed at two
different occasions using a CT device (Light Speed VCT GE-
64 and Toshiba Aquilion). The subjects were placed in supine

position. The recording time for subject F was 2 seconds. During
this time, 181 images with the resolution of 512 X 512 pixels
were collected. The thickness of each slice was 0.625 mm. For
subject M, the recording time was 3.36 seconds yielding 510 im-
ages with the resolution of 512 X 512 pixels and slice thickness
of 0.5 mm. For both subjects, the scanning covered an area from
below the larynx up to the bottom of nasal cavities.

Phonatory tasks and CT measurements

The subjects were asked to produce a sustained vowel [a:] at a
comfortable pitch and loudness before and after phonating into
the resonance tube. The resonance tube training exercise was per-
formed for about 5 minutes into 27-cm long resonance tube
(glass) with the inner and outer diameters of 8 and 9 mm. The
duration of 5 minutes was previously found long enough for
sensing the changes in voice production and causing clear
changes in the vocal tract configuration after the exercise.'®'”
To investigate the variability of the glottal configuration during
the individual phonations, the CT scanning was performed
twice before, twice during, and twice after the phonation into
the tube. The freely downloadable software OsiriX (version
3.9.4, 32-bit; Osirix, Pixmeo, Switzerlamd)27 was used for setting
the planes to the desired position and for inserting a calibrated
distance line into the image. For further analysis, the gathered
images were exported and processed with the ImageJ 1.45s
software (National Institutes of Health, Maryland, USA), which
provided an environment for the final measurements of lengths,
thicknesses, and areas, using the calibrated distance line.

To measure the relevant lengths of the vocal folds, it was
necessary to set the transverse plane (Figure 1A) to be parallel
to the upper surface of both vocal folds (Figure 1B). Then, the
transverse plane was shifted to reach the level of glottis
(Figure 2) similar to the one as shown by Hirano in a collection

FIGURE 1. The sagittal (A) and coronal (B) slices demonstrating
how the transverse plane was adjusted to be parallel to the upper sur-
face of the vocal folds: t, transverse plane; c, coronal plane; s, sagittal
plane.
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FIGURE 2. The CT transverse plane of the vocal folds and the points
marked as one to eight used for glottal measurements.

of histological slices (Hirano,'” section AH9, page 20). The re-
sulting image was used to measure the distances between the
points marked on the Figure 2. Herein, the points 1 and 8 corre-
spond to the anterior and posterior commissures and create an
axis, which intersects the apex of the anterior commissure
and the middle of the distance between the vocal processes.
The medially prominent parts of the arytenoid cartilages were
marked as the points 2, 4, 5, and 7. Finally, the points 3 and 6
were recognized as the intersections between the axis of glottis
and lines connecting points 2, 4 and 5, 7.

The width of glottis, thicknesses, and areas of the vocal folds
were measured in the coronal plane perpendicularly to the vocal
fold surface. These measurements were first attempted to be
done in the mid-membranous part of the vocal folds, but herein,
an unusual cross-sectional shape of the vocal folds was found in
subject M. Therefore, the coronal plane was placed more poste-
riorly at the ratio of 0.86 of a reference vocal fold length, that is,
the distance between the anterior apex of the lowest part of the
laryngeal ventricle and the vocal processes (Figure 3). At this
position, the left vocal fold (LVF) of subject M showed standard
shape with a well-defined upper vocal fold surface, allowing the
cross-sectional shape measurements to be performed here. The
plane adjustments were done in the following way: (1) The
transverse plane was set to be parallel to the upper surface of
the vocal folds (Figure 1A); (2) The mid-sagittal plane was
rotated to intersect the apex of the anterior commissure and
the midpoint between vocal processes. This kept the coronal
plane perpendicular to the axis of the glottis (Figure 3B, c;);
(3) The coronal plane was moved to the position fulfilling the
0.86 ratio of the reference vocal fold length (Figure 3B, c,).
This coronal plane (Figure 4) was used for measurement of
the vocal fold thicknesses at 1- and 2-mm distances (Figure 4;
T1 and T2) from the glottis, and of the cross-sectional vocal
fold areas (Figure 4; Al and A2). The process of location of
the planes and the corresponding measurements of the vocal
fold morphology were performed three times for each of the
CT scans. The three measurements were used to determine the
measurement uncertainty for each single phonation, which
was expressed as the standard error of the mean. This measure-
ment uncertainty could then be compared with the variability

vocal
processes

Py 'S _

FIGURE 3. The CT mid-sagittal (A) and the transverse (B) slice
demonstrating the adjustment of the coronal plane c. Labeling: ¢y, po-
sition of the coronal plane at the level of vocal processes; c,, position of
the coronal plane used for the measurement of vocal fold vertical thick-
ness and cross-sectional area; ms, position of the mid-sagittal plane; t,
position of the transverse plane. The distance labeled by number 1
indicates the reference vocal fold length, that is, the normalized
distance between the anterior apex of the lowest part of the laryngeal
ventricle and the vocal processes.

observed during the task repetition (called repetition variability
further on) and with the changes caused by the resonance tube
exercises. The change caused by the exercise was considered
significant when it was greater than the repetition variability
and measurement uncertainty. Glottal width was measured

superior

inferior

FIGURE 4. Scheme of the CT coronal plane used for the measure-
ment of the vertical thicknesses (T1, T2), areas (Al, A2), and the
glottal width w»; t, transverse plane.
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here as a distance between the most medial parts of the vocal
folds (Figure 4, w,). Because of an unusual shape of the upper
surface of the right vocal fold (RVF) in subject M, the transverse
plane (Figure 4, t) was used as the upper boundary for the mea-
surements of T1, T2, Al, and A2 in this subject.

RESULTS

The results are shown in five graphs (Figures 5-9) showing the
changes in the vocal fold adjustment related to the resonance
tube exercise. The X-axis shows the states before (“Before”),
during (“Tube”), and after (“After”) the phonation into a
tube. The measured distances (ie, length, vertical thickness)
or areas are displayed on the Y-axis. Because each recording
of “Before,” “Tube,” and “After” was made twice, the
graphs always contain two mean values (labeled as
“maximum” and “minimum”) for each of the conditions,
which indicate the repetition variability. The mean values
were obtained from three repeated measurements of the same
phonation. The spans of the error bars show the standard
error of the mean for each of the measurements (based on the
three measurement repetitions) revealing the measurement
uncertainty. The mean values are interconnected horizontally
among the different states to illustrate the changes caused by
the resonance tube exercise.

Vertical thickness

The vertical thicknesses T1 and T2 of the vocal folds (measured
at the depth of 1 and 2 mm) in subject F are shown in Figure 5.
For better clarity, the LVF and RVF are shown separately. The
results reveal that:
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1. The LVF was generally thicker than the RVF before
the exercise (4.40-4.61 mm vs 4.03—4.23 mm for T1;
5.53-5.56 mm vs 5.13-5.26 mm for T2, respectively)
as well as after the exercise (4.56—4.69 mm vs 4.15-
4.29 mm for T1 and 5.71-5.75 mm vs 5.51-5.56 mm
for T2).

2. The thickness T2 (at 2-mm depth) was about 1 mm larger
than the thickness T1 (at 1-mm depth) for both the vocal
folds.

3. The measurement uncertainty (note the error bars indi-
cating the standard error) of the determined mean thick-
ness T1 was on average +0.05 mm for the LVF and
+0.09 mm for the RVF; for T2, it was +0.07 and
+0.09 mm, respectively.

4. The repetition variability was on average 0.19 mm, which
was mostly larger than the measurement uncertainty
(especially LVF in Figure 5). Particularly large repetition
variability (0.8 mm) was observed during the tube phona-
tion in RVE.

5. The thickness differences for T1 between “Before” and
“After” conditions were smaller than the repetition vari-
ability, thus indicating no significant change. The average
thickness T2, however, increased from “Before” to “Af-
ter” by 0.24 mm in LVF and 0.34 mm in RVF. This in-
crease was slightly larger than the repetition variability
and the measurement uncertainty, thus indicating signif-
icant change.

Figure 6 illustrates the results from the measurement of the
vertical thicknesses in the male subject M, in the same way as
done in Figure 5. The results show that:
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FIGURE 5. Changes in left vocal fold (A, LVF) and right vocal fold (B, RVF) vertical thickness in subject F measured at 1- and 2-mm depth (T1

and T2).
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FIGURE 6. Changes in the left and right vocal fold (A, LVF; B, RVF) vertical thicknesses in subject M measured at 1- and 2-mm depth (T1 and T2).

1. The RVF was markedly thicker than LVF before the ex-
ercise (4.01-4.08 mm vs 3.06-3.48 mm for T1 and
5.12-5.23 mm vs 4.00-4.38 mm for T2, respectively)
but became slightly thinner after (3.45-3.54 mm vs
3.77-4.15mm for Tl and 4.62-4.71 mm vs 4.78-
5.03 mm for T2, respectively).
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2. Similarly to subject F, the thickness T2 (at 2-mm depth)
was about 1 mm larger than the thickness T1 (at 1 mm
depth) in both vocal folds.

3. The measurement uncertainty was mostly below
+0.1 mm (£0.06 mm for T1 and +0.08 mm for T2, on
average).
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FIGURE 7. Changes in vocal fold cross-sectional areas bounded by the vertical lines at 1- and 2-mm distances for the subjects F (A) and M (B) and

both the vocal folds (left, solid lines, right, dashed lines).
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4. The repetition variability was around 0.4 mm (see partic-
ularly the LVF in Figure 6A), which was considerably
larger than the measurement uncertainty.

5. The changes of vocal fold thickness caused by the
exercise were about 0.6 mm for both T1 and T2. These
were found significant because they were larger than
the repetition variability and the measurement uncer-
tainty. The changes were, however, not uniform: The
LVF became significantly thicker, whereas the RVF
became significantly thinner after the exercise than
before. As a result, the LVF and RVF became consid-
erably more symmetric after the exercise than before.

Cross-sectional areas

Figure 7 shows the “bulkiness” of the vocal folds measured via
cross-sectional areas Al and A2 (1 and 2 mm from the vocal
fold margin) and their changes for both the subjects. Subject
F is shown on the left (Figure 7A) and subject M on the right
(Figure 7B). The results for subject F show that:

1. The LVF (red) was slightly bulkier than RVF (blue) both
before and after the exercise.

2. Area A2 was about 2.7 times larger than A1 for both the
vocal folds.

3. The measurement uncertainty was on average about
+0.1 mm” for Al and +0.21 mm? for A2.

4. The repetition variability was on average 0.33 mm? for
Al and 0.62 mm? for A2, which was larger than the mea-
surement uncertainty.

5. The changes caused by the exercise were on average less
than 0.1 mm? for Al and, less than 0.2 mm? for A2,
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which was smaller than the repetition variability and
the measurement uncertainty; thus, no significant change
in vocal fold bulkiness could be detected for this subject.

The results for subject M (Figure 7B) show that:

1. The LVF (red) was less bulky than RVF (blue) before the
exercise, but the opposite became true after the exercise.
This is reflected in both the areas A1 and A2.

2. Similarly, as in subject F, the area A2 was about 2.7 times
larger than the area A1l for both the vocal folds.

3. The measurement uncertainty was on average about
+0.08 mm? for Al and +0.21 mm? for A2.

4. The repetition variability was on average 0.37 mm? for
Al and 0.66 mm? for A2, which was larger than the mea-
surement uncertainty.

5. The bulkiness changes caused by the exercise were, on
average, 0.7 mm® for Al and 1.3 mm” for A2. These
changes are larger than the repetition variability as well
as than the measurement uncertainty and can therefore
be considered significant. However, the RVF and LVF
showed changes in opposite directions.

Glottal width

Figure 8 depicts the changes of the glottal widths w; and w».
The width w is the distance measured in the transverse plane
between the points 2 and 4 representing medial peaks of the
vocal processes (hereafter “cartilaginous glottal width”). The
width w, is a minimal distance between the vocal folds
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FIGURE 8. Glottal widths w; (empty symbols, dashed lines) and w, (filled symbols, solid lines) for subject F (A) and subject M (B).
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measured in the coronal plane in the membranous part of the
glottis (hereafter “membranous glottal width”).
For the female subject F, Figure 8 A shows that:

1. The membranous glottal width w, was larger (average
size: ~2.54 mm) than the cartilaginous glottal width w;
(average size: ~2.05 mm) both before and after the
exercise.

2. For both glottal widths, the repetition variability changed:
it became smaller after the exercise (0.006 mm for w; and
0.047 mm for w,) than before the exercise (0.28 mm for
w1 and 0.083 mm for w,) and it was largest during the ex-
ercise (0.74 mm for wy, 0.70 mm for w,).

3. For both glottal widths, the repetition variability was
larger than the measurement uncertainty (0.056 mm and
0.02 mm on average for w; and w,) before and during
the exercise but not after the exercise.

4. The changes from before to after the exercise were
smaller than the repetition variability and the measure-
ment uncertainty; thus, no significant change in glottal
width was found for neither w; nor w, in subject F.

For the male subject M, Figure 8B shows that:

1. Similarly to subject F, the membranous glottal width w,
(average size: 2.48 mm) was larger than the cartilaginous
glottal width w (average size: 1.63 mm) both before and
after the exercise.

2. The repetition variability differed greatly: it decreased af-
ter the exercise for w, (0.21 mm before vs 0.03 mm after)
but increased for w; (0.12 mm before vs 0.52 mm after).

3. The repetition variability of w, was larger than the mea-
surement uncertainty (on average +0.1 mm) before the
exercise but not during and after the exercise. The repeti-
tion variability of w; was smaller than the measurement
uncertainty (on average +0.13 mm) before the exercise
but not during and after the exercise.

4. The changes from before to after the exercise were
smaller than the repetition variability or the measurement
uncertainty; thus, no significant change in glottal width
was found for neither w; nor w, in subject M. A
decreasing trend was found for the cartilaginous width
w; from before to after (1.87-1.99 mm vs 1.26—
1.78 mm).

Vocal fold length

Figure 9 shows the changes of the membranous vocal fold
lengths measured in both of the subjects as the distances be-
tween the anterior commissure (Figure 9, schematic, point 1)
and vocal processes (Figure 9, schematic, points 2 and 4) in
the transverse plane. The figure shows that:

1. The female vocal fold length (~6.7 mm) was about half
the size of the male one (~13.5 mm).

2. In both the subjects, repetition variability (F: 0.23 mm,
M: 0.45 mm, on average) was similar in size to the

- -
£ (6]
[ |

-
w

_
= N

Length (mm)

A OO0 O N o © O

Bef'ore Tulbe Afl[er

—/— $1112| max, —A— S2 |12] max, - -A-- S1|14] max, - -A-- S2 |14] max
—— 1112 min, —%— S2 |12| min, --<7--S1[14| min, --¥--S2 14| min

FIGURE 9. The membranous lengths of the left (L; [|12|]; red sym-
bols, solid lines) and right (L, [|14]]; blue symbols, dashed lines) vocal
fold. The values for the female subject F are shown as empty and for the
male subject M as filled triangles. The membranous length corresponds
to the distance between the anterior commissure and the vocal process.
(For interpretation of references to color in this figure legend, the
reader is referred to the web version of this article.)

measurement uncertainty (female: +0.13 mm, male:
+0.29 mm, on average).

3. There were no clear changes from before to after the ex-
ercise: the changes were smaller than both the repetition
variability and the measurement uncertainty. Neverthe-
less, the vocal folds tended to be slightly longer
(~7.5 mm in female and ~14.1 mm in male) during the
exercise than before or after.

Besides of the lengths L; and L, also other vocal fold lengths
were measured in the transverse plane (such as |15], |17], |18|,
|24|, and |57| according to Figure 2), but these did not bring any
further information on the vocal fold changes, and therefore are
not presented here.

DISCUSSION

The first hypothesis assumed that the vocal folds become more
bulged and thicker after the resonance tube exercise. This was
assumed because of an increased TA muscle activity reported
previously in a single-subject pilot EMG study of Laukkanen
etal.” Such a change was not uniquely observed here. Although
there was some increase of the vertical thickness at the 2-mm
depth in subject F (Figure 5), who was identical to the one
used in the study of Laukkanen et al,” this trend was not found
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in subject M. Subject M showed an increase of the vertical
thickness and vocal fold area of the LVF but a decrease of the
RVF (Figures 6 and 7B). Moreover, the measured vocal fold
areas did not verifiably increase in subject F after the exercise
(Figure 7A). These results therefore did not confirm the vocal
folds to be more bulged and thicker after the phonation into a
tube.

The second hypothesis expected the glottal width to
decrease. This hypothesis was based on the finding that the
phonation into a tube causes an increased resistance at lips
that could result in an increased effort to produce a sound during
the exercise.”'” Laukkanen'” reported increased closed quo-
tient (CQ) during and after the resonance tube exercise, which
could be related to an increased adduction leading to a
decreased glottal width (w;) at the vocal processes. However,
the results obtained here did not show any clear trend toward
a smaller glottal width wy in subject F (Figure 8 A)—the repe-
tition variability observed before the exercise was much larger
than the overall changes stimulated by the exercise. In subject
M, there was a tendency toward smaller w, after the exercise,
but the change was not convincing owing to high repetition vari-
ability and higher measurement uncertainty (Figure 8B). In
summary, no clear changes of w; were observed here, but the
measurement uncertainty does not allow the hypothesis to be
fully rejected based on our data.

According to Titze”?® and Laukkanen et al,’” the narrow
constriction at the lips also increases the mean intraglottal pres-
sure, which reduces an impact stress and tends to separate the
vocal folds. This should have been projected in Figure 8, where
the membranous glottal width w, was expected to increase after
the exercise. Our data, however, do not show any such increase
for neither of the subjects. On the contrary, there was some ten-
dency for the width w, to decrease in subject M, although not
significantly because of the repetition variability. Inconsistency
of the results can also be found in the literature: Guzman et al'’
reported that CQ decreased after the exercise, which was
exactly the opposite of what Laukkanen'” had showed. More-
over, a lower glottal resistance was observed after exercising
in normal voiced subjects, whereas increased resistance was
found in a patient with hypofunctional voice quality (eg, Lauk-
kanen et al'"*"). Various trends in glottal adduction changes
therefore appear to be rather usual after semioccluded voice
exercises.

The third hypothesis expected no change of the vocal fold
length because no change of F, was required. Objective mea-
surements done previously confirmed only small changes of
F, after the tube phonation—4 Hz decrease in subject M'’
and 15 Hz decrease in subject F.'® Overall, the length measure-
ments seem to be in accordance with literature: the membra-
nous vocal fold length in the female subject F was
approximately twice smaller than in the male subject M, as
expected owing to the sex differences.’’”' As hypothesized,
no significant change of the vocal fold length was found in
neither of the two subjects. Detailed analysis showed that in
subject F, the nonsignificance was owing to the repetition
variability before the exercise (~0.5 mm), which was larger
than the length changes before and after the exercise. For

subject M, the nonsignificance was more owing to the
measurement uncertainty: the length changes before and after
the exercise were of the same magnitude as the measurement
uncertainty on the RVF (0.3 mm, Figure 9A, blue) and smaller
than the measurement uncertainty on the LVF (x1 mm before
the exercise, Figure 9A, red). These data suggest that either
the vocal fold length did not change considerably from
“before” to “after,” or the change was so small that it could
not be detected with this measurement method. The same mea-
surements nevertheless allowed detecting an unexpected trend
of the vocal folds to be longer during the tube phonation exer-
cise than before or after the exercise in both subjects. The
reason for this trend remains to be investigated.

Although no clear uniform trends in glottal configuration ad-
justments were observed here from before to after the tube
phonation, acoustic investigations showed changes in voice
quality and increased SPLs in the same subjects after the reso-
nance tube phonation exercises. These were already reported in
related studies'®'” and are therefore only briefly summarized
here. The SPL increased for both the subjects especially in
higher frequency regions (speaker’s formant). For subject F,
the overall change of SPL caused by change in the vocal tract
dimensions was also confirmed with the simulation, which
showed 3-dB increase.'® Because the simulation used the
same source signal, it indicated that an important role in the
SPL increase is played by the vocal tract.'

Indeed, the lack of clear systematic trends in vocal fold
adjustment observed here contrasts with the clearly identifiable
and much more prominent changes of the vocal tract (ie, expan-
sion of its cavities, closure of the nasopharyngeal port, etc.)
visible in the same CT recordings of the same subjects as
analyzed here and in their MRI recordings performed on the
same occasion. These vocal tract changes were reported in the
related studies of Vampola et al,'® Guzman et al,'” and Laukka-
nen et al.” Itis known that the vocal fold behavior can be consid-
erably influenced by the interaction with the vocal tract.”'®'***
The systematic changes in voice quality and vocal fold vibration
reported in these subjects in the previous studies'®'”*? seem
therefore more likely to be caused by vocal tract changes and
source-filter interaction effects rather than by the laryngeal mus-
cle adjustments.

As far as the limitations of the study are concerned, the sub-
jects underwent the examinations in a supine position because
of the CT equipment requirements. This may have caused
some changes in the configuration of the phonatory apparatus.®
Nevertheless, the subjects subjectively reported that the reso-
nance tube exercises in supine position did not prevent them
in achieving voice quality improvements similar to those
achieved in the upright position. Furthermore, acoustic compar-
isons of the phonations in supine and upright position done in a
separate study revealed similar changes of voice quality param-
eters (eg, formants shifts), caused by the tube phonation in both
positions.”” Logically, because supine position was used for all
the phonations, similar gravitational influences on the phona-
tory apparatus can be expected to occur before, during, and after
the tube phonation and the changes in glottal configuration after
the tube phonation may be expected to be owing to other
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factors. These findings and considerations indicate that the
supine position should not have any critical negative effect
and may be used for evaluation of the tube phonation effects
when upright position is not possible. Some limitation may
be posed here also by the unusual geometry of the RVF in sub-
ject M mentioned in the Methods section. However, because
structural asymmetry of the larynx is frequently found in
normal subjects’” " and subject M did not report any vocal
problems, the data were kept here.

The CT images of the vocal folds were obtained during
sustained phonations with the acquisition time of 2 and 3.36
seconds. This caused the captured vocal fold shape to be
averaged during vibration over a large number of vibratory
cycles. How much were the resulting vocal fold shapes affected
by the averaging process remains unclear and also poses a lim-
itation of this study. However, because the averaging process
was the same for all the conditions, it should not have any major
effect on the reported comparisons before and after the tube
phonations.

Only two subjects were examined in this study. This limita-
tion is owing to radiation hazards, which do not allow exam-
ining large number of subjects and relies on volunteers, who
are motivated to undergo the examination, such as the two
researchers-coauthors of this study. Although examinations of
more subjects would be desirable to have a better insight into
the vocal fold adjustments caused by the tube phonation, this
has not been targeted here for ethical reasons. However,
because technological improvements of less-invasive imaging
techniques (such as micro-MRI) are progressing (eg, Chen
et al"’ and Delyiski & Hillman*"), hopefully a larger study
may become possible in future. A more accurate technique is
requisite because the standard CT devices used here were at
their limits for such precise measurements.

In conclusion, the results presented here did not show any
systematic trends in the adjustment of the vocal folds that
occurred after the phonation into a tube and were common to
both of the subjects. Importantly, variability observed under
the same conditions was mostly larger than the changes before
and after the tube phonation. As such, the data indicate that the
subjects did not adjust the vocal folds exactly the same way
when repeating similar phonations. Such variability was seen
here under all the conditions—before, during, and after the
tube phonation.

There may be other factors, which were not investigated here,
such as the optimum glottal width predicted from modeling
studies of voice production.””*’ These studies suggest that for
an optimal voice production, the vocal folds should be neither
hyperadducted nor hypoadducted, thus requiring different
types of glottal adjustment for people using their vocal folds
suboptimally (abduction for pressed voices vs more adduction
for breathy voices). The tendency for less variability after the
exercise was observed here for the vocal fold length and
membranous glottal width (Figures 8 and 9); these
adjustments can, however, be expected to become more
apparent in subjects with voice disorders who were not
targeted here. Further studies may be directed toward
investigating whether the variability is smaller after the

exercise than before. Although these gross glottal adductory
changes are likely to be important in voice disorders,”**® our
study together with results from other studies indicate that
great accuracy of glottal configuration may not be critical:
appropriate vocal tract adjustments may improve the voice
quality and positively influence also the glottal behavior
regardless of its exact configuration.””*® However, further
studies with more subjects (with and without voice disorders)
are needed to clarify the effects of the semi-occluded voice ex-

ercises in more detail.

CONCLUSIONS

1. No prominent uniform changes from before to after the
exercise were found for vocal fold vertical thickness,
bulkiness, glottal width, or vocal fold length.

2. The only significant change before and after the exercise
was observed in the vertical thickness T, of the female
(increase for both vocal folds) and vertical thickness
and bulkiness of the male subject (but here the LVF and
RVF showed opposite behavior).

3. The changes from before to after the exercise were of the
same magnitude or smaller than the repetition variability
before the exercises.

4. The measurement uncertainty was mostly smaller or
similar to the repetition variability. This indicates that
the lack of detection of any systematic changes in vocal
fold configuration caused by the exercise is more likely
owing to the inherent variability of glottal adjustment
than because of the measurement uncertainty of the
method used.

5. There was some tendency for smaller repetition vari-
ability after the resonance tube exercise for the vocal
fold length and membranous glottal width. Study with
larger number of subjects and potentially also with
more precise measurement technology is needed to see
whether the repetition variability decreases after the reso-
nance tube exercises.

6. Changes in vocal tract configuration observed in previous
studies after the resonance tube exercises were more
prominent than the changes in vocal fold configuration
observed here. Vocal tract resonance and vocal fold-
vocal tract interaction phenomena therefore seem to
play a more dominant role in the resonance tube exercises
than the changes in vocal fold configuration.
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