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ABSTRACT 
 

Voice is a complex phenomenon, originating from the airflow modulated by the vibrations of the vocal 

folds, located in the larynx. The vibratory pattern of the vocal folds is influenced by the action of the 

intrinsic and extrinsic laryngeal muscles, which impacts the sound quality of the voice. The vocal folds also 

vibrate in a system comprising supraglottal and subglottal cavities presenting acoustic resonances, which 

can interact with the vocal fold vibrations. To better understand the mechanisms of voice production, the 

investigation of the vocal fold vibratory properties, and how they interact with the supraglottal and 

subglottal resonances, is therefore essential. This dissertation carries out this task by focusing on specific 

phenomena that are not sufficiently explained, such as the influence of the subglottal resonances on 

subglottal pressures and on the vocal fold vibrations, the occurrences of frequency jumps, and the notion 

of voice registers. This dissertation provides novel results, which help to improve our understanding of 

those phenomena, and can be divided into four main parts, related to four original articles. 

In the first part, the development of an anechoic subglottal tract, to allow the observation of the vocal 

fold vibrations in subglottally anechoic conditions, is described. The acoustic response of the anechoic 

subglottal tract is first measured and compared with the acoustic response of a resonant subglottal tract, 

which reveals that the anechoic subglottal tract successfully suppresses its acoustic resonances. It is then 

used during excised deer larynx experiments without a supraglottal tract, where the subglottal pressure 

and the frequency of the vocal fold oscillation are measured, and compared with resonant conditions. In 

anechoic conditions, the subglottal pressure waveform resembles the theoretical source flow waveform, 

exhibiting a constant value during the closed phase, whereas it contains strong fluctuations during the 

closed phase in resonant conditions. Additionally, in resonant conditions the oscillation frequency of the 

vocal folds shows consistently lower values than in anechoic conditions. This indicates that the presence 

of subglottal resonances alters not only the subglottal pressures but also the vocal fold vibrations. 

In the second part, the developed anechoic subglottal tract is further used to investigate frequency jumps 

in both anechoic and subglottally resonant conditions, using human excised larynges without a 

supraglottal tract. In both these conditions, larynges exhibit consistent frequency jumps, which suggests 

that supraglottal or subglottal resonances are not needed for the jumps to occur. This indicates that such 

jumps are primarily caused by inherent nonlinear-dynamic properties of the larynges. Nevertheless, some 

differences are observed in the jumps between anechoic and resonant conditions, indicating that the 

subglottal resonances also have an influence, although secondary. 

In the third part, chest and head registers are investigated in vivo in a professional female singer using 

laryngeal high-speed videoendoscopy, electroglottography, and an acoustic analysis of a microphone 

signal of the radiated sound. Chest and head registers are commonly assumed to be limited to low 

frequencies and high frequencies, respectively, and are mostly studied within a limited frequency range 

where the production of both registers is comfortable. Here, the singer produced both chest and head 

registers across a wide frequency range. The aim of this study is to find relevant parameters of vocal fold 

vibrations that allow to discriminate between the two registers, regardless of frequency. The microphone 

sound is used in blind listening tests to determine whether the intended registers can be audibly 

distinguished and reveals that the register changes are not always perceivable by listeners. Kinematically, 

the singer consistently differed the chest register from the head register by means of a more rapid glottal 



ix 
  

closure. This was usually, but not necessarily, accompanied by a greater membranous adduction of the 

vocal folds. 

Finally, a kinematic model of the vocal fold vibrations for generating synthetic kymograms resembling 

those observed in vivo is extended to three dimensions, to allow the generation of synthetic high-speed 

videos of the entire glottis. This aims at helping to improve our interpretation of laryngeal high-speed 

videoendoscopy, especially in a clinical context where this technique is not yet frequently used. Synthetic 

high-speed videos corresponding to different types of phonation are generated. Specifically, the model is 

capable of generating videos exhibiting both regular vibrations, which are typical for healthy voices, and 

irregular vibrations, which are usually associated with voice pathologies. The extended model can be used 

to study the influence of the geometric and kinematic VF parameter variation on the appearance of the 

vibratory patterns, as observed through high-speed videos, kymograms, and phonovibrograms. 
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ABSTRAKT 
 

Hlas je složitý jev, který vzniká prouděním vzduchu modulovaným vibracemi hlasivek umístěných v hrtanu. 

Vibrace hlasivek jsou ovlivňovány činností vnitřních a vnějších hrtanových svalů, což má vliv na kvalitu 

hlasu. Navíc, hlasivky kmitají v traktu zahrnujícím supraglotické a subglotické dutiny, které vykazují 

akustické rezonance, jež mohou interagovat s vibracemi hlasivek. Pro lepší pochopení mechanismů tvorby 

hlasu je proto nezbytné zkoumat vibrační vlastnosti hlasivek a jejich interakci se supraglotickými a 

subglotickými rezonancemi. Tato disertační práce plní tento úkol tím, že se zaměřuje na specifické jevy, 

které nejsou dostatečně vysvětleny, jako je vliv subglotických rezonancí na kmity hlasivek, na přeskoky 

frekvence hlasu a na hlasové rejstříky. Tato disertační práce přináší nové výsledky, které přispívají k 

lepšímu pochopení těchto jevů, a lze ji rozdělit do čtyř hlavních částí, které souvisejí se čtyřmi původními 

články. 

V první části je popsán vývoj bezdozvukového subglotického traktu, který odstraňuje akustické rezonance 

a umožňuje pozorování vibrací hlasivek v bezdozvukových podmínkách. Akustická odezva 

bezdozvukového subglotického traktu je nejprve změřena a porovnána s akustickou odezvou 

rezonančního subglotického traktu. Výsledky ukazují, že vyvinutý trakt úspěšně potlačuje své akustické 

rezonance. Poté je tento trakt použit při experimentech s preparáty hrtanu, kde jsou subglotický tlak a 

frekvence kmitání hlasivek porovnávány mezi bezdozvukovými a rezonančními podmínkami. V 

bezdozvukových podmínkách se průběh subglotického tlaku podobá teoretickému průběhu zdroje hlasu 

a vykazuje konstantní hodnotu během fáze uzavření glotis, zatímco v rezonančních podmínkách obsahuje 

silné fluktuace během fáze uzavření glotis.  V rezonančních podmínkách navíc frekvence kmitání hlasivek 

vykazuje konzistentně nižší hodnoty než v bezdozvukových podmínkách, což ukazuje, že přítomnost 

subglotických rezonancí mění nejen subglotický tlak, ale i kmitání hlasivek. 

Ve druhé části je vyvinutý bezdozvukový subglotický trakt použit ke zkoumání přeskoků frekvence hlasu 

jak v bezdozvukových, tak v subgloticky rezonančních podmínkách, a to za použití lidských preparátů 

hrtanu, bez připojeného supraglotického traktu. V obou podmínkách vykazují hrtany konzistentně 

přeskoky frekvence kmitání hlasivek, což dokazuje, že supraglotické nebo subglotické rezonance nejsou 

pro vznik přeskoků nutné. To naznačuje, že tyto přeskoky frekvenci jsou primárně způsobeny inherentními 

nelineárně-dynamickými vlastnostmi hrtanu. Nicméně byly pozorovány i drobné rozdíly v přeskocích 

frekvencí mezi bezdozvukovými a rezonančními podmínkami, což naznačuje, že subglotické rezonance zde 

mají také vliv, i když druhotný. 

Ve třetí části je studován hrudní a hlavový rejstřík u profesionální zpěvačky pomocí vysokorychlostní 

videoendoskopie hrtanu, elektroglotografie a akustické analýzy signálu z mikrofonu registrujícího 

vyzařovaný zvuk. Běžně se předpokládá, že hrudní a hlavový rejstřík je omezen na nízké, respektive vysoké 

frekvence, a tyto rejstříky se studují v omezeném frekvenčním rozsahu, kde lze pohodlně produkovat oba 

rejstříky. V našem případě zpěvačka produkovala jak hrudní, tak hlavový rejstřík v širokém frekvenčním 

rozsahu. Cílem této studie bylo nalézt relevantní parametry kmitání hlasivek, které umožňují rozlišit oba 

rejstříky bez ohledu na frekvenci. Zvuk z mikrofonu byl použit při zaslepených poslechových testech, pro 

zjištění, zda lze oba rejstříky poslechově rozlišit. Testy odhalily, že změny rejstříků nejsou posluchači vždy 

dobře rozpoznatelné. Kinematicky se hrudní rejstřík odlišoval od hlavového rychlejším uzavíráním glotis. 

To bylo obvykle, ale ne nutně, doprovázeno výraznější addukcí blanité části glottis. 
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V poslední části je vylepšen kinematický dvojrozměrný model kmitání hlasivek pro generování 

syntetických kymogramů, které se podobají kymogramům pozorovaným in vivo. Model je rozšířen do tří 

rozměrů, aby bylo možné generovat syntetické vysokorychlostní videozáznamy celé glottis. Cílem je 

pomoci zlepšit interpretaci záznamů z vysokorychlostní videoendoskopie hrtanu, zejména v klinickém 

kontextu, kde je tato technika využívána pouze zřídka. Pomocí modelu jsou generována syntetická 

vysokorychlostní videa odpovídající různým typům fonace. Je ukázáno, že model je schopen generovat 

videa vykazující jak pravidelné kmity, které jsou typické pro zdravé hlasy, tak nepravidelné kmity, které 

jsou obvykle spojeny s patologiemi hlasu. Rozšířený model lze použít ke studiu vlivu geometrických a 

kinematických změn parametrů VF na průběh kmitů, tak jak jsou pozorovány prostřednictvím 

vysokorychlostních videí, kymogramů a fonovibrogramů. 
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1. MOTIVATIONS FOR THE WORK OF THE AUTHOR 
 

As a musician and a singer, I was always fascinated by the mechanisms of sound production in musical 

instruments, including the human voice. During my master’s degree in Acoustics at Le Mans University, 

France, I had the chance of being introduced to the world of music acoustics through the realization of a 

research project, which further developed my desire to explore it. My amateur singing practice was also 

filled with questions and an inability to grasp the various abstract notions my teacher tried to explain to 

me: what actually is a register? Why does my voice break when I try to sing high notes in my chest voice? 

What, in my throat, is responsible for creating this or that sound? Consequently, I took the opportunity to 

satisfy my desire of knowledge and went on a 5-month research internship at the University of New South 

Wales, Sydney, Australia, to work with Prof. Joe Wolfe on the study of voice instabilities caused by acoustic 

interactions with the supraglottal tract. This internship allowed me to learn about the basic mechanisms 

of voice production, and after my master’s degree I wanted to develop my knowledge on more 

fundamental aspects of voice production. While in Sydney, I read about the research work of Doc. Jan 

Švec on the investigation of voice breaks through excised larynx experiments, which encouraged me to 

come to the Palacký University in Olomouc, Czechia, to work under his supervision for my doctoral studies. 

My primary theme of research is the investigation of the influence of the subglottal resonances on the 

properties of the vocal folds, including voice breaks. During my course of study, I also had the opportunity 

to meet and work with the American singer Lisa Popeil on the topic of voice registers, which resulted in 

another scientific paper that I authored. Additionally, I came across the mucosal wave model developed 

by Doc. Jan Švec and Dr. Pravin Kumar at the Palacký University and I was fascinated by its capabilities. 

My encounter with Dr. Philipp Aichinger at the Medical University of Vienna, Austria, stimulated the desire 

to improve this model, which led to an additional scientific paper that I co-authored. 

The present thesis can be therefore divided in four main parts. The first part focuses on the continuation 

of the development of an anechoic subglottal tract for excised larynx experiments, which is used to 

investigate the inherent vibratory properties of the vocal folds in anechoic conditions. The second part 

describes the use of the anechoic subglottal tract to investigate the occurrence of frequency jumps. The 

third part is devoted to the laryngeal analysis of chest and head registers through laryngeal high-speed 

videoendoscopy. Finally, the fourth part deals with the development of the mucosal wave model, 

particularly its extension to three dimensions, to allow the simulation of high-speed videos of the vibrating 

glottis. The following introduction provides a brief, non-exhaustive description of the laryngeal, subglottal, 

and supraglottal anatomy, as well as of the mechanisms of vocal fold oscillations, which are relevant for 

this thesis. Some of the techniques used to investigate voice production, in vivo, ex vivo, and through 

numerical modelling, are also reviewed.  
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2. INTRODUCTION 
2.1. Fundamentals/basics of voice production 

Voice production is a complex phenomenon which normally involves many organs in several parts of the 

body. Breathing muscles (intercostal muscles, abdominal muscles, diaphragm, etc.) create an 

overpressure in the lungs below the vocal folds (VFs – see Figure 1), which generates the power needed 

for voice production. This power is transmitted to the VFs in the larynx and causes them to oscillate, which 

is a process called phonation. The sound produced by the VF vibrations propagates below (in the trachea) 

and above (in the pharynx, oral cavity, and nasal cavity) the VFs, and is radiated through the lips and 

sometimes through the nostrils, when the velum opens (see Figure 1). The oral and nasal cavities act as 

filters on the sound generated by the VF vibrations, which modifies its timbre in order to create different 

vowels, for example. Speech commonly uses sounds which are either voiced (when the VFs vibrate) or 

unvoiced (where the VFs do not vibrate), however this thesis only focuses on the vibration of the VFs, and 

therefore will not discuss unvoiced sounds.  

The space between the VFs is referred to as the glottis (see Figure 2), and therefore the cavities below 

and above the glottis are referred to as the subglottal (below the glottis) tract and the supraglottal (above 

the glottis) tract (also sometimes called the vocal tract). Figure 1 shows a schematic diagram of various 

organs used in voice production. 

 

 

Figure 1. Basic anatomy of the phonatory system. Modified from Flanagan (1972). 
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Figure 2. Laryngoscopic images showing the anatomy of the larynx. (a) During breathing; (b) During phonation. Images taken 
from laryngeal videos, courtesy of MUDr. Jitka Vydrová, Voice Centre Prague, Medical Healthcom Ltd, Czechia. 

2.1.1.  Anatomy of the vocal apparatus 

2.1.1.1.  Larynx 

The VFs are attached anteriorly to the thyroid cartilage, and posteriorly to the arytenoids (see Figure 3a). 

The arytenoids are attached to the superior and posterior ridge of the cricoid cartilage (see Figure 3a). 

The thyroid cartilage is also attached to the cricoid cartilage through the cricothyroid articular joint (see 

Figure 3b), which allows the thyroid cartilage to rotate anteriorly and elongate the VFs through the action 

of the cricothyroid (CT) muscle (see Figure 3). The cricothyroid joint is not strictly a rotational axis, as there 

can also be some small translational (anterior-posterior) component to the movement, however this 

translational component has been shown to have a smaller influence than the rotational component 

(Vilkman, 1987), therefore we do not consider the translational component in this thesis.  

The intrinsic laryngeal muscles described in Figure 4 are used to move and rotate the arytenoids with 

respect to the cricoid cartilage. The action of those muscles either leads to the abduction (parting away 

from the midline) or the adduction (approximation towards the midline) of the VFs. The abductor muscle 

is the posterior cricoarytenoid (PCA) muscle (Figure 4b), and the adductor muscles are the lateral 

cricoarytenoid (LCA) muscle (Figure 4c) and the interarytenoid (IA) muscle (Figure 4d) (Van den Berg et 

al., 1960; Titze, 2000a). 
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Figure 3. (a) Description of the laryngeal cartilages and the vocal fold attachment; (b) Description of the thyroid cartilage 
rotation and the vocal fold elongation, as a result of the CT muscle action. Modified from Titze et al. (1988), Fig. 1. 

 

 

Figure 4. Description of the intrinsic laryngeal muscles used for abduction and adduction. Modified from Zemlin (1981). 

VFs are complex tissues composed of five different layers (Hirano, 1974, 1975; Titze, 2000a): the 

epithelium, the superficial, intermediate, and deep layer of the lamina propria, and the thyroarytenoid 

(TA) muscle layer (see Figure 5). The layers have different compositions and therefore different 

biomechanical properties. They are sometimes grouped together into two main parts called the “body” 

(comprising the muscle layer and the deep layer of the lamina propria) and the “cover” (comprising the 

superficial and intermediate layers of the lamina propria, and the epithelium) (Hirano, 1974, 1975; Titze 

et al., 1988; Titze, 2000a). 

Because the VFs are mainly composed of the TA muscle, their shape and biomechanical properties vary 

depending on the activity of this muscle. The contraction of the TA muscle will tend to actively shorten, 

tense, and bulge the VFs (see Figure 6) (Hirano, 1974, 1975; Wu et al., 2019). Alternatively, the action of 

the CT and LCA muscles will also passively tense the vocal fold tissues from their elongation. 
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Figure 5. Coronal view of the VF and its different layers. Taken from Titze (2000a). 

 

Figure 6. Effect of the TA muscle activation. (a) Resting position, the VFs are thin; (b) when the TA muscle activates, the VFs are 
bulged and thicker. Based on histological data from Hirano (1975). 

2.1.1.2.  Supraglottal cavities 

The supraglottal tract (also called vocal tract) has an average effective length of about 17 cm (Baer et al., 

1991; Story et al., 1996; Fitch et al., 1999; Vorperian et al., 2009), but its effective length can be increased 

or decreased by moving the larynx up (for example when swallowing) and down (for example when 

yawning). The supraglottal tract can be assimilated to a curved tube, through which the sound generated 

by the VF vibrations propagates and reflects at the mouth opening (as indicated on Figure 1). The sound 

can also propagate through the nasal cavity and reflect at the nostrils, but often the entrance to the nasal 

cavity is closed by the velum and the nasal cavity can then be disregarded. Constrictions in the supraglottal 

tract, caused by e.g. the tongue placement, can also cause the sound to reflect. Therefore, the acoustic 

transfer function of the supraglottal tract exhibits local maxima, which are associated with acoustic 
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resonances. The frequency of those resonances depend on the geometry of the supraglottal tract, 

particularly on its effective length and the position of its constrictions. Figure 7 depicts the supraglottal 

tract geometry and the corresponding acoustic transfer function, for two different English vowels.  

 

 

Figure 7. Description of the changes in the acoustic properties of the supraglottal tract caused by changes in its geometry. The 
two examples show the supraglottal tract geometry and the corresponding transfer function for the [ɑ] and the [i] vowels. 

Modified from Titze (2000c). 

2.1.1.3.  Subglottal cavities 

The subglottal tract consists of the cavity below the glottis, down to the point where the trachea splits 

into the bronchi. The length of the trachea, as measured from the lower border of the cricoid cartilage 

down to the inferior border of the carina (ridge of cartilage at the base of the trachea, separating the 

openings of the left and right main bronchi – see Figure 8) is, on average, about 12 cm (Grillo et al., 1964). 

This length can increase by up to 2 cm with deep inspiration (Holbert et al., 1995). 

The trachea is rather straight and presents acoustic resonances fRn which approximately correspond to 

those of a straight tube open at one end and closed at the other end. Frequencies of such acoustic 

resonances can be expressed by the equation fRn ≈ (2n – 1)fR1, where n is an odd integer. Cranen et al. 

(1987) measured average values of fR1 = 510 Hz and fR2 = 1355 Hz, while other studies found comparable 

values (Fant et al., 1972; Lulich et al., 2012; Sundberg et al., 2013). The soft walls of the trachea create a 

large acoustic damping due to viscous losses, which is reflected in the high bandwidth (>100 Hz, Q factor 

> 0.2 for the first resonance) of the subglottal resonances, as measured by e.g., Cranen et al. (1987) and 

Fant et al. (1972). 
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Figure 8. Simplified diagram of the larynx and the subglottal tract.  

2.2. Voice instrumentation and parameterization 

To better understand the mechanisms of voice production, researchers have designed methods to directly 

or indirectly visualize and capture the voice, particularly the VF vibrations. This section only describes the 

techniques, which were used in the papers published as parts of this thesis; other techniques exist but 

their description is beyond the scope of this thesis. 

2.2.1.  Laryngoscopic imaging and glottal parameters 

2.2.1.1.  Standard videolaryngoscopy 

Laryngoscopy originates from the need for visually observing the VF vibrations in the larynx. The first 

instances of laryngoscopy were performed, as early as the middle of the 19th century, by placing a tilted 

mirror at the back of the mouth, and pointing a light source towards the mirror, in order to have a good 

visibility of the laryngeal tissues (Moore, 1991; Alberti, 1996; Baken et al., 2000). This simple idea created 

the basis of modern laryngoscopy, which commonly uses a tube called an endoscope. The endoscope can 

be either flexible (inserted through the nose, see Figure 9a) or rigid (inserted through the mouth, see 

Figure 9b), and a camera is commonly connected to it, allowing to record and store the images for later 

playback and analysis. 

Standard videolaryngoscopy can give qualitative insights on the laryngeal configurations and their 

variations in time, such as the adduction of the VF and the ventricular folds, or the position of the epiglottis 

and other surrounding tissues. It can also be used in a clinical context to observe the general state of the 

VFs and other surrounding tissues, and to discover pathologies such as polyps or other lesions (Hirano, 

1981). However, the oscillations of the VFs are too fast to be observed and captured using standard 

videolaryngoscopy. 
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Figure 9. The two main types of endoscope used for laryngoscopic imaging. (a) flexible endoscope through the nasal cavity. (b) 
Rigid endoscope through the oral cavity. 

2.2.1.2.  Strobolaryngoscopy 

In order to observe the oscillations of the VFs, a technique called strobolaryngoscopy was developed. This 

technique uses a standard camera with a stroboscopic light source, emitting a series of very short light 

flashes. The frequency of oscillations of the VFs is measured in real time from the electroglottographic (to 

be described in section 2.2.2) or the microphone signal, and the frequency of the strobe light is set to be 

slightly (commonly 1 to 2 Hz) lower than the frequency of oscillations., creating the illusion of a slow 

oscillation (Kallen, 1932; Moore, 1991; Verikas et al., 2009; Mehta et al., 2010). Strobolaryngoscopy is the 

most commonly used technique in clinical practice due to its direct, real-time interpretability, and it can 

be used to estimate parameters related to the VF vibrations (Casiano et al., 1992; Mehta et al., 2010). 

However, because of the nature of strobolaryngoscopy and its dependence on regular VF vibration with 

a steady oscillation frequency, one of its major limitations is the impossibility to properly detect irregular 

phonations.  

2.2.1.3.  Laryngeal high-speed videoendoscopy 

To overcome the limitations of strobolaryngoscopy, researchers can use a high-speed video camera 

instead of a standard video camera. A high-speed camera can capture images at a much higher rate than 

the standard (25-50 frames per second – FPS) rate. Technological advances allow cameras to record 

several tens of thousands of FPS (see, e.g., Herbst, Lohscheller, et al. (2014)). Deliyski, Powell, et al. (2015) 

found that a frame rate of 8,000 FPS (with a minimum requirement of 4,000 FPS) is capable to observe 

the VF vibrations with sufficient detail. Laryngeal high-speed videoendoscopy (laryngeal HSV – see 

Deliyski, Hillman, et al. (2015) for a rationale behind the terminology) allows to observe phenomena which 

cannot be observed through strobolaryngoscopy, such as irregular vibrations, sudden register changes, or 

phonation onsets and offsets (Farnsworth, 1940; Eysholdt et al., 1996; Hertegård, 2005). Despite its 

superior potential for interpretation of the VF vibrations, laryngeal HSV is rarely used in clinical practice, 

because it does not allow direct, real-time visualization. Since the motion is registered at a very high frame 

rate, visualization of the frames is very time-consuming and is not suitable in a fast-pace clinical context 

with many patients. 

2.2.1.4.  Glottis segmentation and phonovibrography (PVG) 
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To facilitate the visualization of the VF vibrations captured in laryngeal HSV, image processing techniques 

can be used to segment the glottis, which means that the glottal area and edges are detected for each 

frame (Kist et al., 2021). Glottis segmentation allows to extract the time-varying glottal area in pixels 

(usually referred to as glottal area waveform – GAW) as well as the glottal midline (Kist et al., 2020) and 

the distance of the left and right VF edge from the glottal midline. 

 

Figure 10. Description of the glottis segmentation from laryngeal HSV data, using Glottis Analysis Tools (Kist et al., 2021). 
(a) Seed points (green crosses) are placed inside the visible glottis, and the threshold of pixel intensity is adjusted at four 

different positions along glottal length, so that the detected glottal area (blueish-gray area) matches the visible glottis; (b) 
Once the segmentation parameters are adjusted to give a satisfactory glottis detection, the glottal midline (yellow dashed 
line) is automatically detected for each oscillatory cycle, and the distance of the VF edges from this line is coded for each 

frame; (c) The size of the glottal area (in pixels) is saved for each frame, and displayed as the glottal area waveform (GAW). 

Another technique for more practical visualization and quantification of laryngeal HSV is 

phonovibrography (PVG – Figure 11). This technique consists in detecting the left and right glottal edges 

and saving their respective distances from the glottal midline (Figure 11a). Then, for each frame, the edge 

distances along the glottal midline are color-coded (Figure 11b) and concatenated to form the PVG image 

(Figure 11c). This technique has the benefit of allowing to quickly visualize the motion of the entire glottis, 

especially regarding opening and closing events (Lohscheller et al., 2008; Döllinger et al., 2009). Other 

visualization techniques exist, such as glottovibrography (Karakozoglou et al., 2012), but they were not 

used in the work presented in this thesis, and therefore their description is beyond the scope of this thesis. 
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Figure 11. Description of the PVG generation. (a): the glottis is first segmented to detect the glottal edges, for the left and right 
VFs; (b) the edge contour for the left VF is flipped over the right contour, and the edge distances from the glottal midline are 

color-coded (here the red color indicates a larger distance, and the black color indicates a smaller distance); (c) the color-coded 
edge distances are then concatenated for every frame of the HSV. From Lohscheller et al. (2008). 

2.2.1.5. Kymography 

Kymography is a visualization method used to facilitate the interpretation of HSV images. Digital 

kymograms (DKG) are images obtained by considering a straight, steady scanline, and concatenating the 

line images corresponding to this scanline for each HSV frame. An example is shown on Figure 12, where 

the HSV frame is depicted on the left, showing the straight scanline that was used to extract the line 

images for every frame, concatenated to form the DKG image, shown on the right. 

A technique called videokymography (VKG), developed by Švec et al. (1996), allows the visualization of 

kymograms in real time. This is done by a modified video camera scanning one horizontal line at a high 

rate (7,812.5 and 7,200 lines per second for the first and second generation of VKG cameras, respectively 

– see Qiu et al. (2007) for details about the second generation camera) and displaying the resulting 

kymographic images at 25 or 30 FPS. 

Kymography and VKG have been extensively used to investigate normal and pathological vibrations (Švec 

et al., 2002; Švec et al., 2007, 2009; Phadke et al., 2017). Notably, VKG has been shown to be useful in 

assessing the quality of the VF mucosa, through evaluation of the sharpness of the lateral peaks (Jiang et 

al., 2000; Yamauchi et al., 2015; Kumar et al., 2020). The kymogram image can also be segmented to 

extract what the author refers to as the kymographic contour, using e.g., VKGanalyzer (Novozámský et al., 

2015; Zita et al., 2022). 
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Figure 12. Example of a digital kymogram. The left panel shows a high-speed video frame with the manually drawn scanline. The 
right panel shows the kymogram image, which concatenates the pixels of the scanline vertically for each subsequent frame. 

2.2.1.6. Analysis of the VF vibrations from laryngoscopic images 

Segmentation of laryngeal images and kymograms can be used to obtain glottal contours and calculate 

parameters related to the VF vibrations, which provide a more objective analysis and offer the possibility 

of comparison and replication. Such parameters are commonly related to the durations of different 

phases during an oscillation cycle, and their relations to each other. Figure 13 gives a representation of 

those phases: the oscillation cycle is divided into the closed phase (when the glottis is closed) and the 

open phase (when the glottis is open), while the open phase is further subdivided into the opening and 

the closing phases. Here, we define their durations as 𝑡𝑐𝑙𝑜𝑠𝑒𝑑 (closed phase duration), 𝑡𝑜𝑝𝑒𝑛 (open phase 

duration), 𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔 (closing phase duration), 𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔 (opening phase duration), and 𝑡𝑐𝑦𝑐𝑙𝑒 (cycle duration). 

Their values can be measured from the GAW, the PVG (see section 2.2.1.4), or the kymographic contour 

(see section 2.2.1.5), and several metrics can be derived (Hirano, 1981). For brevity, only the parameters 

investigated in paper III of this thesis are described here (see e.g. Schlegel et al. (2019) for a more 

comprehensive list):  

• The closed quotient (CQ) is the ratio of the closed phase duration and the cycle duration: 

 
𝐶𝑄 =

𝑡𝑐𝑙𝑜𝑠𝑒𝑑

𝑡𝑐𝑦𝑐𝑙𝑒
. 

Eq. (1) 

 
This quotient is sometimes replaced by the open quotient (OQ), which is the ratio of the open phase 

duration and the cycle duration. The CQ and OQ are substitutable measures, as one can be calculated 

from the other: OQ = 1 - CQ. 
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• The speed quotient (SQ) is the ratio of the opening phase and the closing phase durations: 

 
𝑆𝑄 =

𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔

𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔
. 

Eq. (2) 

 
An alternative expression of the SQ is the speed index (SI), which is the difference between the opening 

and closing phase durations, divided by the sum of the opening and closing phase durations: 

 
𝑆𝐼 =

𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔 − 𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔

𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔 + 𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔
, 

Eq. (3) 

 

• The closing quotient (CgQ) and opening quotient (OgQ) are the ratios of the closing phase duration to 

the cycle duration, and of the opening phase duration to the cycle duration, respectively: 

 
𝐶𝑔𝑄 =

𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔

𝑡𝑐𝑦𝑐𝑙𝑒
, 

Eq. (4) 

 
 

𝑂𝑔𝑄 =
𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔

𝑡𝑐𝑦𝑐𝑙𝑒
, 

Eq. (5) 

 

• The amplitude quotient (AQ) is the ratio of the amplitude of vibration (see Figure 13) and the 

maximum declination rate of the considered signal, which is defined as the absolute value of the 

minimum derivative of the signal (analog to the maximum closing speed) (Titze, 2006c). This quotient 

can also be normalized by the cycle duration, in which case it is commonly called the normalized 

amplitude quotient (NAQ) (Alku et al., 2002): 

 
𝑁𝐴𝑄 =

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∙ 𝑡𝑐𝑦𝑐𝑙𝑒
. 

Eq. (6) 

 

 

Figure 13. Description of the phases within an oscillation cycle, based on the glottal area waveform. Modified from Schlegel et 
al. (2019). 
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Finally, the kymographic contour can be used to estimate the vertical phase differences between the 

lower and upper margins of the VFs. The technique used to this purpose will be described in section 

2.3.3. 

2.2.2.  Electroglottography 

Electroglottography (EGG) is a non-invasive method where two electrodes measure the electrical 

conductance across the larynx, as represented on Figure 14a (Fabre, 1957; Baken, 1992; Herbst, 2019). 

Because of the differences in conductance between air and the vocal fold tissues, it is generally assumed 

that the EGG signal is related to the vocal fold contact area (VFCA) (Scherer et al., 1988; Titze, 1989, 1990; 

Hampala et al., 2016), making it a useful tool for visualizing the VF vibrations. It is especially used to 

investigate the contacting (when the VFs increase contact between them) and decontacting (when the 

VFs decrease contact between them) instants. An idealized EGG waveform is depicted in Figure 14b: the 

signal commonly contains a low, flat part which corresponds to the open phase (before instant A on Figure 

14b), then increases (as the lower margins of the VFs suddenly come in contact – instant A on Figure 14b) 

to reach a maximum value (when the contact is strongest – instant C on Figure 14b), then decreases as 

the VFs start decontacting, opening the glottis (instant D on Figure 14b), to finally reach a low value as the 

glottis is completely open (instant F on Figure 14b). The presence of a “knee” (i.e., a prominent convexity 

along the decontacting slope – instant E in Figure 14b) seems typical for men’s voices, while women’s 

voices appear to exhibit a smoother EGG amplitude decrease (Patel et al., 2021).  

 

Figure 14. Description of the electroglottography (EGG) technique. (a) the two electrodes are placed across the larynx, at the 
position of the glottis, and connected to the EGG device; (b) idealized schematic interpretation of the EGG waveform:  A –  initial 
contact of the lower VF margin; B – initial contact of the upper VF margin; C – maximum VF contact reached; D – decontacting 
phase initiated by separation of the lower VF margin; E – upper margin starts to separate; F – the glottis is open, the contact 

area is minimal. Modified by the author from Hampala et al. (2016) and Baken (1992). 

The approximate instants of contacting and decontacting can be estimated using different methods, such 

as considering a threshold value on the normalized EGG waveform, or using the maximum and minimum 

values of the first time derivative (Henrich Bernardoni et al., 2004; Herbst, 2019). Those instants are 

commonly used to measure the contact phase duration 𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡 and derive EGG the contact quotient 

𝐶𝑄𝐸𝐺𝐺: 
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𝐶𝑄𝐸𝐺𝐺 =

𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
. 

Eq. (7) 

 
It is sometimes expressed as the EGG open quotient 𝑂𝑄𝐸𝐺𝐺 =  1 – 𝐶𝑄𝐸𝐺𝐺. Ternström (2019) recently 

proposed another method to measure the contact quotient by integrating the normalized EGG waveform, 

avoiding the need of determining the instants of glottis opening and closing. 

The average amplitude of the EGG signal also depends on the vertical position of the electrodes on the 

larynx, and it will be maximum when the electrodes are placed at the level of the VFs. Slow vertical 

motions of the larynx can occur in speech in singing, and therefore a drop in the average amplitude could 

either suggest a decrease in the VF contact strength, or a vertical larynx motion, or both. To overcome 

this limitation of EGG, some modern EGG devices also include multiple-channel electrodes in order to 

detect vertical motions of the larynx and estimate its relative vertical position with regards to the 

electrodes (Rothenberg, 1992; Kob et al., 2009). 

2.2.3.  Acoustic recording and characteristics of the voice 

Acoustic recordings of the voice sound can be used for perceptual evaluation (for example to understand 

how voice registers are perceived, as described in paper III of this thesis – see also section 2.4 regarding 

voice registers). They are also used for acoustic analysis to investigate acoustic properties of the voice 

sound, such as its spectral content (i.e., the energy distribution as a function of frequency), its 

fundamental frequency and intensity, their variations and perturbations in time, etc. This section first 

describes the basic acoustic features of the voice sound, and then describes parameters that can be 

measured through acoustic analysis. 

2.2.3.1. Source-Filter theory of voice production 

The basic acoustic theory of voice production is called the “source-filter” theory (Fant, 1960). This theory 

describes the voice production as two systems: the source (airflow modulated by the VF oscillations – see 

Figure 15a-b) and the filter (vocal tract resonances – see Figure 15c-d). The frequency spectrum of the 

source glottal flow exhibits several harmonics (peaks in the spectrum – sometimes referred to as 

“partials”), which are multiples of the lowest harmonic (Figure 15b). In regular voices, the frequency of 

the lowest harmonic normally corresponds to the fundamental frequency of oscillation fo (Titze et al., 

2015). As mentioned in section 2.1.1.2, the supraglottal tract presents acoustic resonances which act as a 

filter on the source sound (Figure 15d), and the resonance frequencies depend on the supraglottal tract 

geometry (Figure 15c). The output voice sound is the result of the linear combination of the source and 

the filter (Figure 15e-f), and the local maxima in the envelope of the spectrum are called formants (Titze 

et al., 2015).  
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Figure 15. Description of the source-filter theory of voice production. (a) Source: glottal flow waveform generated by the VF 

oscillations; (b) Spectrum of the glottal flow; (c) Filter: geometry of the supraglottal tract; (d) Transfer function of the 

supraglottal tract corresponding to the geometry in (c); (e) Sound output: radiated pressure time signal; (f) Spectrum of the 

radiated pressure. Based on Wolfe et al. (2016), Fig. 2, modified by the author. 

2.2.3.2. Acoustic analysis of the voice sound  

This subsection describes two essential acoustic characteristics of voice: the fundamental frequency of 

oscillation fo and the sound pressure level (SPL); additionally, the spectral parameters used in the papers 

of this thesis are described. 

Fundamental frequency of oscillation fo 

The frequency of oscillation fo, measured in the units of hertz (Hz), defines the number of oscillation cycles 

per second, and it can be measured from the voice sound. It is often associated (especially in singing voice) 

with the term “pitch”, which is a perceptual term used to describe whether a sound is perceived to be 

“high” or “low”. Within a musical context, this term is commonly used to refer to musical notes. In 

Western occidental music, the notes are called (in English) A, B, C, … G, and they are paired with a number. 

The number is related to a particular octave of the note: going from one octave to a higher one means 

that fo is doubled, and going to the lower octave means that fo is halved. For example, the note A4 is 

commonly used for instrument tuning and is standardized to correspond to fo = 440 Hz. Consequently, the 

notes A3 and A5 have the fo of 220 and 880 Hz, respectively (see the webpages from Wolfe (2001) and 

Botros (2001) for the correspondences between all notes and their fo value).  

Sound pressure level (SPL) 

Any sound, including the voice sound, is also characterized by how loud it is perceived. There exist several 

objective measures associated with the perceptual concept of “loudness”, but the SPL is the most 

commonly used for the voice sound, both in clinical and research contexts. The value of the SPL Lp is 

measured using the following equation (Švec et al., 2018): 

 𝐿p = 20 log
10

𝑝

𝑝
0

, Eq. (8) 
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where 𝑝 is the measured sound pressure and 𝑝0 is the reference sound pressure which equals 20 µPa in 

air. As microphones usually deliver an electric signal which is amplified by an arbitrary gain, the values of 

the microphone signal are usually not inherently scaled with any reference. Therefore, to calculate the 

SPL, the microphone signal needs to be calibrated so that its values are scaled towards a reference unit, 

usually in the units of pascal (Pa). The SPL is commonly calculated as the average over a period of time, 

and a frequency weighting can be applied to approximate the sensitivity of the human ear. The extensive 

description of the SPL calculation and microphone signal calibration is beyond the scope of this thesis, but 

readers are referred to the tutorial by Švec et al. (2018) for such a description. The SPL has clinical and 

research relevance, as it has been shown to be positively correlated with the logarithm of the mean 

subglottal pressure (Bouhuys et al., 1968; Sundberg et al., 1999; Björklund et al., 2016; Sundberg, 2018), 

which is usually associated with vocal effort. 

Voice sound spectral characteristics 

The spectral content of the voice sound describes its “timbre”, which is a perceptual notion. How a voice 

sound is perceived can be correlated with spectral features in the energy distribution along frequency. 

For example, a voice that sounds bright, rich, or strong, contains more energy in the high-frequency part 

of the spectrum, compared to a voice that sounds dark, mellow, or dull. Differences in timbre can be the 

result of adjustments at the laryngeal level (e.g. VF adduction) or changes in the supraglottal tract 

geometry, but for brevity only the former is described in this section. Differences resulting from laryngeal 

adjustments can be studied from the glottal source sound, which is obtained by the so-called inverse 

filtering technique, either from the microphone signal or from the oral flow signal captured using a special 

flow mask (Rothenberg, 1973; Baken et al., 2000; Alku, 2011). The process of inverse filtering generally 

involves removing formants frequencies from the voice sound to obtain the sound source signal which 

resembles the one depicted in Figure 15a. The sound source signal has notably been used in previous 

studies to measure the difference in the levels of the first and second harmonic LH1-LH2, measured from 

the inverse-filtered voice signal, to assess the spectral characteristics associated with different phonation 

types (Sundberg et al., 1999; Sundberg et al., 2001; Kreiman et al., 2007; Sundberg, 2022). Particularly, 

Sundberg (2022) noted that the values of LH1-LH2 were lowest for pressed phonations and highest for 

breathy phonations, and that LH1-LH2 decreased when the glottal flow amplitude was increasing. Zhang 

(2016), through a three-dimensional numerical model of the VFs, also reported lower LH1-LH2 values when 

increasing the VF thickness (simulated by the contraction of the TA muscle – recall Figure 6). 

To assess the more global differences in the voice timbre, researchers have measured and compared the 

energy in the low- and high-frequency regions of the voice sound spectrum. Particularly, the spectral 

balance (SB) is a measure of the difference between the sound levels within the high-frequency and low-

frequency bands. The definition of the low-frequency and high-frequency bands seems to differ among 

studies, however this thesis uses the method Collyer et al. (2007), which defines the low-frequency band 

from 0 to 2000 Hz, and the high-frequency band from 2000 to 4000 Hz. The SB can reflect the overall 

timbral quality of the voice sound, and it was found to be positively correlated with the SPL, indicating 

that increasing the SPL is related to increasing the energy in the high-frequency bands and flattening the 

spectral slope (Collyer et al., 2007, 2009). 
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2.3. Myoelastic aerodynamic (MEAD) theory of voice production 

In practice, the source-filter model does not attempt to explain the mechanisms of VF self-oscillations, as 

well as various nonlinear dynamic phenomena of voice. For this purpose, the MEAD theory of voice 

production was explicitly formulated by Van den Berg (1958) and refined throughout the years by e.g., 

Titze (1980, 1988b, 2006b) and Švec et al. (2021). This theory opposed the so-called neuro-chronaxic 

theory, which assumed that the VF oscillation was caused by very fast contractions of the TA muscle 

(Husson, 1950). 

The MEAD theory states that the VFs are driven by a combination of aerodynamic forces and of the elastic 

properties of the VF tissue. The aerodynamic forces are generated by the airflow created from an increase 

in the mean subglottal pressure, and the elastic properties of the VF tissue can be modified through the 

activity of laryngeal muscles. The elastic properties of the VFs play a role in the frequency of VF oscillation 

fo, which is described in the following subsection. 

2.3.1.  Control of fo 

To understand how the properties of the VFs affect their oscillation frequency, the VFs can be modelled 

as strings or as simple lumped element (mass-spring-damping) systems. Notably, Titze et al. (1988) and 

Verdolini et al. (1994) applied the string equation, which relates the frequency of oscillation fo to the VF 

length 𝐿, the VF tissue density 𝜌, and the VF tensile stress 𝜎: 

 
𝑓𝑜 =

1

2𝐿 √
𝜎

𝜌
. 

Eq. (9) 

This equation, as an approximation, helps to understand that fo is inversely proportional to the length of 

the VFs, and proportional to the square root of the stress 𝜎.  

Increasing fo can be achieved by increasing the stress 𝜎 in the VF tissues, which can be done by two 

different ways: 

- Activating the TA muscle, which bulges the VFs and actively tenses the muscle layer (see Figure 

6). 

- Activating the CT muscle, which pulls the thyroid cartilage forward and rotates it with respect to 

the cricoid cartilage (see Figure 3). This elongates and tenses the VFs. 

The TA and CT muscles are antagonists, which means that the action of one counteracts the action of the 

other. In practice, varying fo often results from a combination of the activity of both muscles. Figure 16 

demonstrates the theoretical effect on fo from possible combinations of the CT and TA muscle activities 

(Titze et al., 1988; Titze et al., 1989; Titze, 2000b). From Figure 16, it is clear that the action of each muscle 

has a different impact on the variation of fo. In particular, two possible paths to increase fo are shown as 

black arrows on Figure 16. The path which starts lower than the diagonal (straight arrows) represents a 

greater activity in the TA muscle than in the CT muscle. However, once the TA muscle reaches its maximum 

activity, no more increase in fo can be achieved in this direction. The solution to further increase fo is 

usually to abruptly disengage the TA muscle. This is assumed to create a voice break and a sudden jump 

to a higher fo, as indicated by the second straight arrow on Figure 16. This kind of jump is commonly 

referred to as a frequency jump, or sometimes pitch jump. It is typically observed during register 

transitions (registers will be described in more details in section 2.4). Frequency jumps can be cultivated 

in certain styles such as yodeling, but singers are more commonly trained to avoid them and to execute a 
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smooth fo increase, without any perceivable transition. This can be performed by following the other path 

depicted by the curved arrow in Figure 16: the activity of the CT muscle needs to be gradually greater 

while gradually disengaging the TA muscle (Titze, 2000b). 

 

Figure 16. Muscle activation plot (MAP) indicating theoretical effects of CT muscle activation (aCT) and TA activation (aTA) on fo. 
The two straight arrows and the curved arrow indicate different paths to increase fo. Modified from Titze (2000b), Fig. 10.11. 

2.3.2.  Acoustic interactions with the supraglottal and subglottal tract 

Generally, the MEAD theory suggests that the VF vibrations are influenced by the oscillating acoustic 

pressures below and above the VFs (Herbst et al., 2023). Titze (2008) proposed to separate the acoustic 

interactions between the VF vibration and the supraglottal or subglottal pressures into two groups, 

denoted as level 1 and level 2 interactions. Level 1 interaction occurs when the supraglottal or subglottal 

tract acoustic properties affect the glottal flow waveform, for example when the flow pulse is skewed 

from the effect of the supraglottal tract inertance (Rothenberg, 1981; Titze, 2006c). Level 2 interaction 

occurs when the supraglottal or subglottal tract acoustic properties affect the vibrational pattern of the 

VFs, the most notable example of such interaction being the occurrence of frequency jumps when fo is in 

the vicinity of the first supraglottal tract formant frequency. This has been demonstrated both in vivo and 

in numerical simulations (Titze, 2008; Titze et al., 2008; Wade et al., 2016, 2017; Murtola et al., 2018). An 

example of such frequency jumps is shown in Figure 17: the lowest trace in the spectrogram shows the 

value of fo and the horizontal line displays the estimated frequency of the first supraglottal formant (here 

denoted as F1). Small black arrows indicate sudden frequency jumps, and the arrows #1 and #3 clearly 

indicate that the value of fo suddenly jumped from above to below F1 (arrow #1) and from below to above 

F1 (arrow #3). This suggests that the first supraglottal resonance pushed the VF vibrations away from 

vibrating at the frequency of the first supraglottal tract resonance.  
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Figure 17. Spectrogram of a downward and upward glissando, showing occurrences of frequency jumps (see vertical arrows). 
The horizontal line indicates the estimated frequency of the first formant (F1). Reprinted from Titze et al. (2008), Fig. 5. 

Besides of level 2 VF interactions with the supraglottal tract, similar effects have also been hypothesized 

by Titze (1988a) to occur from VF interactions with the subglottal tract. It has been experimentally (with 

a physical model of the VFs) demonstrated by Zhang et al. (2006) that the subglottal resonances can also 

entrain the frequency of oscillation of the VFs. The influence of the subglottal resonances on the VF 

oscillations is further investigated with excised larynx experiments (to be described in section 2.5) in 

papers I and II in this thesis, which are related to level 1 and level 2 interactions with the subglottal tract. 

The inertance of the supraglottal tract has been shown to play a crucial role for level 2 interactions and 

consequently also for driving the VF oscillations: the inertia of the air in the supraglottal tract generates a 

positive supraglottal pressure during the glottal opening and a negative supraglottal pressure during 

glottal closing, which helps to transfer the aerodynamic energy into the VFs for self-sustained oscillations 

(Rothenberg, 1981; Titze, 2000d; Švec et al., 2021). This phenomenon was demonstrated already in the 

numerical one-mass model by Flanagan et al. (1968), which was unable to vibrate without a supraglottal 

tract. However, excised larynx experiments showed that VFs can exhibit self-sustained oscillations even 

without a supraglottal tract, which suggests that there exists another mechanism that drives the VFs and 

provides a sufficient energy transfer from the airflow. This mechanism is related to the nature of the VF 

vibration pattern, particularly with the vertical phase differences related to the mucosal waves that 

propagate along the VF surface. This mechanism of self-oscillation is described in the next section. 

2.3.3.  Vocal fold mucosal waves and vertical phase differences 

For the VFs to self-sustain oscillations, the energy transfer between the airflow and the VF tissue must be 

sufficient to overcome the natural damping caused by the tissue viscosity. Titze (1988b) argues that, 

without the inertance of a supraglottal tract, the energy transfer is not sufficient to sustain oscillation if 

the shape of the VF medial surface does not change during the VF oscillatory phases, as depicted in Figure 

18a. Instead, the shape of the VF medial surface must exhibit a change between the opening and closing 
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phase, such that it is convergent during the opening phase and divergent during the closing phase, as 

depicted in Figure 18b. This pattern of vibration is generated by a vertical phase difference between the 

vibration of the lower margin and the upper margin of the VFs. Ishizaka et al. (1972) demonstrated this 

pattern of vibration with a two-mass model of the VFs, which was capable of sustaining oscillations even 

without a supraglottal tract. The vertical phase differences create surface waves that propagate along the 

medial and top surface of the VFs, which are called mucosal waves. 

 

Figure 18. Oscillation cycle of the VFs. (a) Constant shape of the VF medial surface: the VFs vibrate as a whole, without any 
vertical phase difference; (b) the VFs vibrate with a vertical phase difference which creates a convergent shape during the 

opening phase and a divergent shape during the closing phase. 

The mucosal wave characteristics and behavior can be a useful indicator of the presence of voice disorders 

and has been extensively studied. Titze et al. (1993), Hirano et al. (1981) and Baer (1975) measured the 

mucosal wave velocity and reported values around 0.1 to 0.5 m/s for the superior surface and around 1 

m/s for the medial surface. Other measurements have been made in vivo to estimate the phase difference 

between the lower and upper margin of the VFs, which is a direct inverse correlate of the mucosal wave 

velocity. Jiang et al. (2000) proposed a way to estimate the vertical phase difference using kymographic 

images of the VF vibration. The method consists in approximating the motions of the lower and upper 

margins of the VFs as sinusoids, and considering that the kymographic contour is determined by the upper 

margin during the opening phase and by the lower margin during the closing phase. Both upper and lower 

margin movements during the open phase are then independently fitted to sinusoidal curves (see Figure 

19), and the phase difference is estimated as the difference between the initial phases of the lower and 

upper margins. A more recent description of this method can be found in Jiang et al. (2008). 



21 
  

 

Figure 19. Kymogram of a steady phonation, showing sinusoid curves fitted to the upper (red curve) and lower (teal curve) 
margins for the right VF. 

The mucosal wave behavior can also be qualitatively assessed by looking at the sharpness of the lateral 

peaks on the kymographic contours (Hiroto, 1966; Sundberg et al., 2001; Švec et al., 2007; Krausert et al., 

2011; Phadke et al., 2017; Kumar et al., 2020): the sharper the lateral peaks, the higher the vertical phase 

difference between the lower and upper margin. Generally speaking, a higher vertical phase difference 

(and therefore, a lower mucosal wave velocity) indicates a high pliability of the VF mucosa, which is 

considered as an indicator that the mucosa is rather healthy and not damaged. The mucosal wave 

behavior has also been investigated in modelling studies, which will be described later in section 2.6. 

2.3.4.  Eigenmodes of vibration 

The oscillating motion of the VFs can be decomposed into a series of natural modes of vibration, which 

are commonly referred to as eigenmodes, while each eigenmode is associated with a natural frequency 

of oscillation, called eigenfrequency (see e.g., Kinsler et al. (2000) for a general description of modes of 

vibration). The VFs possess an infinite number of possible eigenmodes, however it was shown that in 

regular phonation, two eigenmodes are often sufficient to explain a high proportion of the vibration (Berry 

et al., 1994; Berry & Titze, 1996; Berry, 2001). 

During regular phonation (sometimes referred to as modal phonation), the vibration is periodic (with 

some slight degree of irregularity in the period and the amplitude). In this case, the principal eigenmodes 

of vibration are synchronized: their respective eigenfrequencies are very close together. This 

phenomenon is referred to as eigenmode entrainment by Berry (2001), and it is a nonlinear phenomenon 

facilitated by e.g., vocal fold collision and aerodynamic forces. A desynchronization of the eigenmodes 

(i.e., the eigenfrequencies are farther away from one another) causes the phonation to be no longer 

regular, evoking vocal instabilities (Herzel et al., 1994). This phenomenon offers another mechanism to 

explain the occurrences of sudden frequency jumps described in section 2.3.1: a small variation of input 

parameters such as the VF tension could cause a desynchronization of the eigenmodes, abruptly followed 

by an eigenmode entrainment to another frequency. 
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In the field of nonlinear dynamics, a system abruptly switching from one regime to another when input 

parameters are smoothly varied is called a bifurcation. Bifurcations occur within ranges of parameters 

where two or more dynamic regimes coexist (Berry, Herzel, et al., 1996). Notably, frequency jumps are 

often described as bifurcations, where the oscillations suddenly change their frequency to another.  

2.4. Registers 

The concept of voice registers is a controversial topic in the voice research field, and there seems to be 

no universal consensus on the definition and the number of registers (Mörner et al. (1963) listed more 

than a hundred different terms to refer to registers). The use of the term “register” was originally 

borrowed from organ terminology (Merkel (1863), as cited in Large (1972)): the differences in timbre 

between regions of notes sung on each side of the passagio (transition tones where a register change 

typically occurs) were analogous to different sets of organ pipes called registers, and the term was then 

used also for singing (Alderson, 1979). 

The timbral differences have therefore been used as a way to define and describe registers. Other 

approaches include using proprioceptive sensations, for example the sensation of “resonance” in certain 

parts of the body, giving rise to the terms chest register and head register (Stark, 1999), or the differences 

in the vibratory pattern of the VFs (Henrich Bernardoni et al., 2003; Henrich Bernardoni, 2006; Roubeau 

et al., 2009). This latter approach was originally formulated by Manuel Garcia (1847), who described 

registers as a series of “consecutive and homogeneous tones […] produced by the same mechanical 

principle, and whose nature differs essentially from another series of tones equally consecutive and 

homogeneous produced by another mechanical principle”. It is generally recognized that there are four 

main registers: 

• Vocal fry (or M0, pulse, strohbass): describes pulse-like VF vibrations, with a low fo, typically below 

70 Hz (Titze, 1988a). 

• Chest (or M1, modal): describes the main register used for speech and the lower singing range. 

• Head (or M2, falsetto, loft): describes the register used for the upper singing range. 

• Whistle (or M3, flute, flageolet): describes the register used for the extreme high end of the 

singing range. The sound is very flutey, like a whistle (Švec et al., 2008; Garnier et al., 2012). 

Other approaches exist, based on pedagogic experience, that define more than four registers (Sadolin, 

2000) or a mix between two registers (Castellengo et al., 2007), but the description of those approaches 

is beyond the scope of this thesis. 

2.4.1.  Laryngeal mechanisms 

Roubeau et al. (1987) were among the first to use the term “mechanism”, particularly to refer to the chest 

(mechanism I) and head (mechanism II) registers. Later, the term “laryngeal mechanism” (and the 

associated terms M0, M1, M2 and M3) was proposed by Henrich Bernardoni et al. (2003). This 

terminology was used to suggest that there are distinct vibratory regimes of the VFs, characterized by an 

observable transition between them. This transition can take the form of a frequency jump or an abrupt 

change in the amplitude of the EGG signal (recall section 2.2.2) or in the EGG contact quotient (Henrich 

Bernardoni et al., 2003; Henrich Bernardoni et al., 2004, 2005; Roubeau et al., 2009). Roubeau et al. (2009) 

suggest that there can be great timbral and intensity variation in the sounds produced within one 

laryngeal mechanism, and that even though the notions of register and of laryngeal mechanism overlap, 
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they should be treated as different. They also suggest that each laryngeal mechanism is somewhat limited 

to a certain frequency range, even though two neighboring laryngeal mechanisms can have partially 

overlapping frequency ranges. 

2.4.2.  Characteristics of chest and head registers 

As previously mentioned, one possible way of recognizing registers is to use one’s own kinesthetic 

sensations, the development of which is commonly done through singing training. Singing teachers usually 

provide feedback based on the sound that is produced during singing practice, considering that their 

perception of this sound is shaped by their own practice and pedagogic experience. Nevertheless, the 

characteristics of registers have been studied through various methods, which are described in this 

section. For brevity, this section will only deal with the investigation of chest and head registers. 

The laryngeal differences between chest and head registers have been mostly revealed by early 

electromyographic studies which investigated the activity of the intrinsic and extrinsic laryngeal muscles 

during phonation (Hirano et al., 1970; Baer et al., 1976). In particular, those studies demonstrated that 

the TA muscle activity is high in chest register and falls when shifting from chest to head register. This was 

further supported by more recent studies measuring the activity of the TA and CT muscles (Kochis-

Jennings et al., 2012; Kochis-Jennings et al., 2014). The theoretical framework of Titze (2000b) provides 

possible explanations for the need to disengage the TA muscle as fo increases, as mentioned in section 

2.3.1.  

Physiologically, besides of increasing the tensile stress in the body of the VFs, the contraction of the TA 

muscle bulges the VFs (recall Figure 6), which allows for a higher membranous adduction (Herbst et al., 

2011; Herbst & Švec, 2014). This can increase the duration and strength of the VF contact, which in turn 

generates an increase of the energy in the high-frequency harmonics, typically observed through a flatter 

spectral slope in chest register (Colton, 1972). In practice, this is demonstrated by the higher closed 

quotient values measured for chest register phonations (Sundberg et al., 2001; Roubeau et al., 2009; 

Echternach, Burk, Köberlein, Herbst, et al., 2017; Echternach, Burk, Köberlein, Selamtzis, et al., 2017). 

Values of LH1-LH2 were also found to be lower for chest register phonations (Sundberg et al., 2001). In 

addition, the contraction of the TA muscle increases the thickness of the VFs (Hirano, 1974; Zhang, 2016), 

which can increase the vertical phase differences (recall section 2.3.3) between the lower and upper 

margins of the VFs. Thicker VFs can also increase the amplitude of vibration of the lower margin, which 

increases the glottal closing speed. 

2.5. Excised larynx experiments 

Despite its numerous benefits, in vivo investigation of voice production only offers limited possibilities 

due to ethical and technical constraints. To obtain deeper insights into the physiological and 

biomechanical aspects of voice production mechanisms, physical models of the larynx can be used, which 

offer better parameter control and more analysis possibilities than in vivo. Those models can be either 

synthetic (made from synthetic material such as silicone) or larynges excised after death. Both types of 

models have been widely used in research, but this thesis will only focus on the description of excised 

larynx experimental methods, which were utilized in papers I and II. 

2.5.1.  Brief history of excised larynx experimental setups 
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Early experiments from Ferrein (1741) with excised larynges were important to understand the most basic 

mechanisms of voice production, such as the fact that the vibration of the VFs was the source of the voice 

sound and that the tension applied to the VF varied fo, although Ferrein believed that the VFs were 

producing sound in the same manner as strings which drive the air (Van den Berg, 1958). Later 

technological advances allowed researchers to perform more thorough measurements on excised 

larynges and to design experimental setups allowing a more robust control over various parameters. 

Notably, Van den Berg et al. (1959) used a setup with extensive measurement of the airflow rate delivered 

to the larynx and the pressure just below the glottis (subglottal pressure), while elongating the VFs (by 

applying longitudinal force on the thyroid cartilage and rotate it with respect to the cricoid cartilage – 

recall Figure 3) and applying lateral forces on the arytenoids to adduct the VFs (to simulate the action of 

the adductor laryngeal muscles – recall Figure 4). 

The experimental setup used by Van den Berg et al. (1959) formed the basis of excised larynx experimental 

setups commonly used in later studies (Döllinger et al., 2011; Garcia Maxime et al., 2018). Its principle is 

rather straightforward: airflow is generated by a high-pressure container, then goes through another large 

container where it is heated and saturated in humidity, to finally be delivered to the larynx (see Figure 

20). Van den Berg also included a way to measure the subglottal pressure and the temperature by 

connecting the subglottal tract to a U-tube and to a thermometer, as well as a system of weights and 

pulleys to control and monitor the forces applied for the elongation of the VF (longitudinal force) and for 

the arytenoid adduction (lateral force), as shown on Figure 20. The setup finally includes a microphone to 

register the radiated pressure, and a stroboscope to allow the visual observation of the VF vibrations. 

Van den Berg further improved this experimental setup by adding sutures that mimic the action of some 

intrinsic laryngeal muscles (recall Figure 4). Those sutures are usually attached directly to the arytenoids, 

where the muscles normally attach. Such suture attachments are documented with remarkable details in 

the instructional film from Van den Berg et al. (1960), where the action of all three intrinsic laryngeal 

muscles described in Figure 4 (LCA, PCA and IA) is demonstrated, both independently and simultaneously. 

The action of the CT muscle is also mimicked by pulling a suture thread attached to the anterior notch of 

the thyroid cartilage (as depicted in Figure 3), which demonstrates an increase of fo. Technological 

advances in electronics allowed recent experimental setups to include electric servo-motors coupled with 

force sensors, to more precisely control and monitor the lateral (adduction/abduction) and longitudinal 

(VF elongation) forces (Legou et al., 2015; Lagier et al., 2017; Lagier et al., 2020). This setup also controls 

all servo-motors centrally through an Arduino board connected to a computer, allowing more precision 

and reproducibility on the force controls, as well as their automation. 

One common limitation of excised larynx experiments is the difficulty to mimic the action of the TA 

muscle. Montgomery implants (solid wedges inserted through the wings of the thyroid cartilage) have 

been used to adduct the membranous part of the VFs (Lagier et al., 2017), but the tensing and bulging 

effect of the TA muscle contraction cannot be simulated without innervation and electrical stimulation of 

the muscle. This was successfully performed by Berke et al. (2013), who demonstrated and documented 

the visible adduction motion resulting from the electrical stimulation of the TA muscle in a perfused 

human excised larynx. However, the procedure requires considerable preparation and knowledge 

regarding blood perfusion, making this kind of experiment difficult to set up. 
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Figure 20. The setup used by Van den Berg for excised larynx experiments. Based on Van den Berg et al. (1959), Fig. 1, modified 
by the author. 

Some substantial advances in our understanding of the voice production mechanisms were made through 

the use of hemilarynges, which are excised larynges where one VF is surgically removed, allowing the 

observation of the VF vibrations from the top and from the side (Jiang et al., 1993; Herbst et al., 2017). 

Notably, the relationship between the vocal fold contact area and the EGG signal was explored using 

hemilarynges (Scherer et al., 1988; Hampala et al., 2016). In addition, the modes of vibration of the VFs 

(recall section 2.3.4) were investigated by attaching micro-sutures to the VF medial surface and analyzing 

the motion of those micro-sutures through HSV (Berry et al., 2001; Döllinger et al., 2006; Veltrup et al., 

2021). 

Even though human excised larynges offer the best model for investigating human voice production and 

physiology, they still pose ethical concerns as they are obtained from human remains. Another limitation 

of excised human larynges is their age, as they are most often obtained from older individuals who died 

of natural cause. As age progresses, the cartilages ossify and become harder, which can make it more 

difficult for the preparation. To overcome those limitations, researchers have been using various 

mammalian larynges as replacements, such as larynges from dogs, cows, sheep, pigs, or deer. Those 

species seem to offer relatively similar mechanical properties of the larynx, although differences exist and 

should be taken into account (Alipour et al., 2013; Herbst et al., 2020). Other species have been studied, 

but the description of those studies is beyond the scope of this thesis. Readers can refer to the review 

from Garcia et al. (2018) for a more comprehensive review on excised larynx experiments. 

2.5.2.  Larynx storage and preparation 
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Larynges must ideally be excised and stored within 24 hours post-mortem (Titze, 2006a). Once larynges 

are harvested, they are usually flash-frozen in liquid nitrogen, which can prevent cracks, and then stored 

in freezers at low temperature (from -120°C to -18°C). If quick frozen in liquid nitrogen and stored properly 

in vacuumed bags, excised larynges can be kept for up to one month and used for experiments without 

substantial deterioration of the tissues altering the voice production (Chan et al., 2003). The effects of a 

more prolonged storage on the biomechanical properties of the VFs are unknown, however. When used 

for experiments, a larynx should be slowly thawed by being placed in a fridge at a temperature around 

0°C overnight, and then placed in a warm water bath with saline solution at around 30°C (Baer, 1975; 

Durham et al., 1987; Titze, 2006a), in order to avoid any cracks or damage to the tissues caused by quick 

temperature variations. 

Once the larynx is fully thawed, the usual preparation consists in removing superficial tissues and 

cartilages that are not needed for the experiment, or that can impede the view of the VFs. Most 

commonly, the tissues above the VFs, such as the epiglottis, the hyoid bone, and sometimes the 

ventricular folds, are removed. If present, unnecessary surrounding tissues, such as the esophagus, can 

also be removed for facilitating the access to the laryngeal muscles and cartilages. The trachea should be 

kept or shortened according to the needs of the experimental setup. If needed, one VF can be removed 

to transform the larynx into a hemilarynx. 

Once the larynx is prepared according to the needs of the experiment, it is attached to the experimental 

setup and the VFs should be adducted to create a sufficient airflow resistance, which will put them into 

oscillation. As mentioned in section 2.5.1, the arytenoid adduction can be performed by mimicking the 

action of some of the intrinsic laryngeal muscles (LCA and IA, for example), which is achieved through 

threads attached to the arytenoids and going through the tissue in the direction of the muscle. Figure 21 

shows photos of an excised red deer larynx used by the author HL, with threads attached to the arytenoids 

to mimic the action of the LCA muscle. In this case, the threads go through the tissues in a forward and 

downward direction, to come out through the crico-thyroid membrane. They are also attached to a small 

bead to prevent the threads from losing their attachment, and to push the arytenoids towards the 

direction of the threads when pulled, which has the effect of rotating the arytenoids and adducting the 

VFs. 

Another possibility for the VFs adduction is to use a system of pins or prongs that push against the 

arytenoids to create the adduction movement. The example of such a system is described by Titze (2006a). 

Figure 22 depicts the system that was used to adduct the VFs during the excised larynx experiments in 

papers I and II of this thesis: threaded metal prongs were screwed into a plate attached to two metal rods. 

Figure 22a shows the resting position of the arytenoids without the prongs exercising any force on them. 

Figure 22b shows the arytenoid adduction when the prongs are pressed against them: the adjustment of 

the prongs causes the arytenoids to come closer together and to slightly rotate. 
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Figure 21. Excised red deer larynx with threads (in blue) attached to the arytenoids. The left panel shows the resting position of 
the larynx, the right panel shows the adduction process by pulling on the threads. 

 

Figure 22. Description of the VF adduction using prongs. (a) resting position showing the prongs screwed into a metal rod; (b) 
the metal rods are pushed medially, which pushes the prongs against the arytenoids and causes them to come closer and to 

rotate. 

2.5.3.  Investigation of nonlinear dynamic phenomena in excised larynges 

As previously mentioned, excised larynges offer the possibility to control, in a reproducible way, several 

parameters which are difficult to control in vivo. Such parameters include the airflow rate, and the VF 

adduction and elongation. The subglottal pressure can be indirectly controlled through the airflow rate 

and the flow resistance caused by the VF adduction. The degree of left-right VF asymmetry with regards 

to the VF adduction and elongation can also be controlled. Furthermore, the characteristics of the 

subglottal and supraglottal tracts, and the way they connect to the larynx, can be controlled to some 
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extent. Therefore, excised larynges can be used to investigate nonlinear phenomena related to the 

inherent laryngeal characteristics and to the coupling of the VF vibrations with the supraglottal or 

subglottal tract. 

Particularly, frequency jumps (recall sections 2.3.1 and 2.3.4) have been investigated during excised larynx 

experiments, by elongating the VFs (Van den Berg et al., 1960; Švec et al., 1999; Horáček et al., 2004; 

Tokuda et al., 2007, 2008) or by inducing a left-right asymmetry in the VF adduction and elongation (Berry, 

Herzel, et al., 1996). The instructional film by Van den Berg et al. (1960), particularly, clearly demonstrates 

frequency jumps (associated with a register transition), when the VFs are smoothly elongated by a thread 

pulling and rotating the thyroid cartilage. This suggests that such jumps can also occur without any 

acoustic interactions with the supraglottal tract. Furthermore, since the TA muscle could not be 

stimulated in those studies, this implies that the sudden release of the TA activity (as hypothesized by 

Titze (2000b)) is not necessary for frequency jumps to occur. Finally, the study from Berry, Herzel, et al. 

(1996) demonstrates that sufficient left-right asymmetry in the VF adduction and elongation can disrupt 

eigenmode entrainment (recall section 2.3.4), which stimulates eigenmode desynchronization and vocal 

instabilities.  

2.6. Synthesis of kymograms through numerical modelling 

Numerical models of the VFs can offer more control on the VF geometric and vibratory properties than 

physical models, and as such their use can be relevant in a research context. Specifically, numerical models 

can be used as a visualization tool to simulate images of the VF vibrations, such as kymograms or high-

speed videos of the vibrating glottis. The development of videokymography (VKG – recall section 2.2.1.5), 

in the late 1990s and early 2000s, particularly stimulated the need to use numerical modelling for the 

generation of synthetic kymograms, to improve the interpretation of kymographic images and relate them 

to different types of phonation.  

Notably, Horáček et al. (2009) were among the first to generate synthetic kymograms, using an aeroelastic 

model of the VF vibrations. This model approximates the VFs in two dimensions (2D) by a rigid body 

defining their shape, connected to a two-degree-of-freedom (translational and rotational) system of 

masses, springs and dampers (Horáček et al., 2002). Here, the VFs are driven by aerodynamic forces 

generated by the airflow, and kymograms were generated by placing a virtual camera above the VFs and 

using an illumination method to measure the quantity of light reflected by the VF surface, based on the 

local surface slope. Three examples of synthetic kymograms generated by this model are displayed on 

Figure 23. This model is able to generate simple kymograms where both the upper and lower margins of 

the VFs are visible (Figure 23a), however since the VFs are approximated by a rigid body, the mucosal 

wave extent (the propagation of the mucosal wave across the top surface of the VFs) is not visible and the 

kymograms are visually quite distinct from those obtained from real VFs in vivo. Nevertheless, this model 

allows to investigate the appearance of kymograms when varying the subglottal pressure (Figure 23b) and 

the frequency of oscillation fo (Figure 23c). 

Later, Švancara et al. (2014) performed a similar study with a 2D finite element model, where the VF shape 

is based after the M5 model defined by Scherer et al. (2001). The VFs are discretized using a finite element 

mesh, and set to vibration by fluid-structure interaction with the airflow. Kymograms are generated using 

the same illumination method used in Horáček et al. (2009). As the VFs are deformable in this model, the 

mucosal wave extent is visible on the generated synthetic kymograms, an example of which is displayed 
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on Figure 24. This kymogram has a more realistic appearance than the kymogram generated by Horáček 

et al. (2009) but the vibratory features are still quite distinct from those visible in the kymograms of real 

VFs. 

 

Figure 23. Example kymograms generated by an aeroelastic model of the VFs. The contributions to the kymogram from the 

upper and lower margins are indicated with red lines. The values of the closed quotient (CQ), the speed quotient (QS), and the 

closing quotient (ClQ), are also indicated. (a) Kymogram generated with a subglottal pressure of 500 Pa, with the frequency of 

oscillation of 187 Hz; (b) The subglottal pressure is increased to 1 kPa, which has the effect of increasing the vibration amplitude 

and fo; (c) The subglottal pressure is kept at 1 kPa, but fo is increased to 377 Hz by increasing the VF stiffness. Modified by the 

author from Horáček et al. (2009). 

 

Figure 24. Kymogram generated from a finite element model of the VF vibrations. The thickness of the lamina propria TSLP is 
indicated here. Modified by the author from Švancara et al. (2014). 

These two models involve solving complex equations of fluid-structure interactions, which are 

computationally expensive, especially for finite element models containing a high number of points for 

calculation. To address this potential limitation, kinematic VF models have been designed for simulating 

kymograms. Here, the VFs are set in vibration by applying kinematic rules instead of driving them with 

aerodynamic forces. Besides of computational simplicity, this also has the benefit of providing more direct 

control on the pattern of vibration. Notably, Schoentgen et al. (2015) used the phase-delayed overlapping 

sinusoids (PDOS) model, which applies a medial-lateral sinusoidal motion to the VF surface, where the 

glottal exit (upper margin) is phase delayed with respect to the glottal entry (lower margin) (Titze, 2006b). 
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Schoentgen et al. (2015) demonstrated that the model is capable of generating synthetic kymograms 

exhibiting left-right asymmetry, which have a more realistic appearance since the VFs vibrate with some 

degree of asymmetry in vivo. However, this model cannot display the mucosal wave extent, as the motion 

of the VFs is only horizontal.  

The recent mucosal wave model developed by Kumar et al. (2019) addresses this issue by applying circular 

(lateral-medial and vertical) motion to the VFs. This model discretizes the VF surface into equidistant 

points following the M5 shape, which can be fully defined by a few geometric parameters. Each point is 

then set to motion following a circular trajectory, with a constant phase delay between all successive 

points. The definition of the model using only a few geometric (glottal width, convergence angle of the 

medial surface) and kinematic (amplitudes and frequencies of vibration, phase difference) parameters 

allows for a high flexibility in the appearance of the generated kymograms, which can simulate various 

types of phonations and offer the closest resemblance to kymograms of real VFs to date, also with regards 

to mucosal waves travelling over the top VF surface. This is demonstrated in Figure 25, which displays 

kymograms corresponding to a soft (Figure 25a), pressed (Figure 25b), breathy (Figure 25c) and head 

(Figure 25d) voice. This model uses a more complex illumination method which also considers the vertical 

distance from the camera. 

 

Figure 25. Synthetic kymograms generated by the mucosal wave model, showing different simulated types of phonation: (a) 
soft, (b) pressed, (c) breathy, and (d) head register. Modified by the author from Kumar et al. (2019).  



31 
  

3. ORIGINAL WORK BY THE AUTHOR 
3.1. Aims of this thesis 
The aims of this thesis are: 

• to test and document a newly developed anechoic subglottal tract, and to investigate the 

behavior of the VF vibrations using excised larynges in fully anechoic conditions and compare it 

with subglottally resonant conditions. In particular, the aim is to document the differences in the 

subglottal and radiated pressure waveforms. This is addressed in paper I. 

• to investigate the differences in the occurrences of frequency jumps in human excised larynges, 

between anechoic and subglottally resonant conditions. This is addressed in paper II. 

• to investigate the laryngeal differences in vivo between chest and head registers throughout a 

wide singing range, and to find relevant glottal parameters that can discriminate between the two 

registers throughout this entire range. This is addressed in paper III. 

• to help to extend a previously developed two-dimensional numerical kinematic model of the VF 

vibrations to three dimensions, so that it can generate not only kymograms but also synthetic 

videos of the entire glottis, which appear similar to laryngoscopic videos obtained in vivo during 

laryngeal HSV. Particularly, the aim is to allow the visualization of realistic vibrations, containing 

anterior-posterior and left-right differences. This is addressed in paper IV. 

This section gives a summary of the work by the author on each paper in this thesis, and gives an overview 

of their most significant results. Readers are referred to the papers themselves for more detailed 

descriptions. 

3.2. Paper I: Development of an anechoic subglottal tract, and comparison of 

subglottal pressure waveforms in anechoic and subglottally resonant conditions 
3.2.1.  Objectives 

The glottal flow and the VF vibrations have been shown to be influenced by the acoustic resonances of 

both the supraglottal (Titze, 2008; Titze et al., 2008; Tokuda et al., 2010; Zañartu et al., 2011; Wade et al., 

2017) and subglottal (Zhang et al., 2006) tracts. The study the inherent vibratory properties of the VFs and 

of the glottal voice source, it is necessary to remove all acoustic interactions with the supraglottal or 

subglottal tract. This study proposes to address this need by using excised larynges (which are free of a 

supraglottal tract) and a newly developed anechoic subglottal tract, which is described here. The influence 

of the subglottal resonances is further explored by comparing the subglottal pressures and properties of 

the VF vibrations in anechoic and resonant conditions. Specifically, the subglottal pressure waveform is 

investigated. In addition, the influence of the subglottal resonances on the vibratory pattern of the VFs 

(referred to as level 2 interactions by Titze (2008)) is assessed by measuring the EGG signal and the 

fundamental frequency of oscillation fo. 

3.2.2.  Design of the anechoic subglottal tract 

The anechoic subglottal tract was constructed in the Voice Research Laboratory at the Palacký University 

in Olomouc by the former doctoral student V. Hampala under the supervision of J. G. Švec. The tract 

consists of a 3.30 m plastic tube terminated by a wedge of polyurethane foam to absorb the sound waves 
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propagating through it, which prevents their reflection and therefore suppresses the acoustic resonances. 

Detailed description, analysis of the properties and behavior of the tract was carried on by the author. 

To verify that the anechoic subglottal tract was suppressing the acoustic resonances, its acoustic response 

was first measured and compared with the acoustic response of the resonant subglottal tract previously 

developed by Hampala et al. (2013). It was found that the anechoic subglottal tract is successfully 

suppressing the acoustic resonances, as shown on Figure 26: the resonant subglottal tract exhibits visible 

resonances and antiresonances, whereas the anechoic subglottal tract is practically free of these. 

 

Figure 26. Frequency responses of the anechoic subglottal tract and of the resonant subglottal tract with the piston set to two 
different positions corresponding to fR1 = 400 and 800 Hz.  

3.2.3.  Excised larynx experiments 

Red deer excised larynges were then explored during two experiments, using the experimental setup 

depicted on Figure 27. A pressure sensor was inserted through the dorsal ridge of the cricoid cartilage to 

measure the mean and oscillating subglottal pressure, and a microphone was placed approximately 10 

cm away from the glottis to register the radiated sound. EGG electrodes were also placed on each side of 

the thyroid cartilage, at the level of the VFs, and connected to the Glottal Enterprises EG2-PC device to 

monitor the relative VF contact area. For both experiments, the value of fo was measured using the SWIPE’ 

algorithm developed by Camacho et al. (2008). 

The first experiment investigated steady phonations (one larynx), in both anechoic and resonant 

conditions. In resonant conditions, the subglottal tract was set to six different resonance frequencies: fR1 

= 330, 400, 500, 600, 700 and 800 Hz. The flow was increased to a constant mean value of about 400 mL.s-

1, until the mean subglottal pressure reached a saturation value, and then the flow was decreased back 

to 0 mL.s-1. This experiment investigated the differences in the subglottal pressure waveforms between 

anechoic and subglottally resonant conditions. 

The second experiment investigated flow sweeps (three larynges), again in both anechoic and resonant 

conditions. For this experiment, in the subglottally resonant conditions the resonance frequency was only 

set to fR1 = 500 Hz, to approximate the value of the subglottal resonance frequency in vivo (see section 

2.1.1.3). The flow was increased slowly to the maximum value (550 mL.s-1) and then slowly decreased 

back to 0 mL.s-1. In this experiment, the phonation threshold pressure, and the SPL of the subglottal and 
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radiated sounds, were also measured and compared between anechoic and subglottally resonant 

conditions – for details see the paper I. 

 

Figure 27. Excised larynx experimental setup. 

Remarkable differences were visible in the subglottal pressure waveforms between anechoic and 

subglottally resonant conditions, shown in Figure 28. As expected, in the anechoic conditions, the 

subglottal pressure waveform was found to be similar to the inverted theoretical glottal flow (Sundberg, 

2018), as shown on Figure 28a: it was decreasing during the opening phase, increasing during the closing 

phase, and was rather flat with little fluctuations during the closed phase (recall section 2.2.3.1). On the 

other hand, in the resonant conditions, the subglottal pressure waveforms showed strong fluctuations 

during the closed phase, and the frequency of those fluctuations increased as the subglottal resonance 

frequency increased, as demonstrated for fR1 = 330 Hz (Figure 28b) and for fR1 = 500 Hz (Figure 28c). In 

addition, the EGG waveforms also exhibited, especially for fR1 = 330 Hz (Figure 28b), strong fluctuations in 

the closed phase, which appear to be synchronized with the fluctuations in the subglottal pressure 

waveform. 

In both experiments, the values of fo were consistently lower in the subglottally resonant conditions than 

in the anechoic conditions. The values measured during the second experiment are plotted against the 

mean subglottal pressure, for larynx #1 (only the values for the first and last repetitions are shown for 

brevity), in Figure 29. 
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Figure 28. Subglottal pressure (solid black lines) waveforms registered with an anechoic subglottal tract and with resonant 
subglottal tracts set to different resonance conditions: (a) anechoic subglottal tract, (b) fR1 = 330 Hz, (c) fR1 = 500 Hz. The 

horizontal dashed black lines indicate the mean subglottal pressure in each case. The waveforms are individually scaled in time 
(3 cycles are shown). The instants of closure and opening were approximately synchronized using the corresponding EGG signal 

waveforms (dashed gray lines). Finally, the closed and open phases are indicated by vertical dotted black lines. 

 

Figure 29. Measurement of the fundamental frequency of oscillation fo made during the flow sweep experiments, for larynx #1. 
The dashed black arrows indicate the evolution of the measured values with time. Notice the different fo values in anechoic and 

resonant conditions. 

3.2.4.  Discussion 

The resemblance of the subglottal pressure waveform to the theoretical glottal flow waveform in anechoic 

conditions (recall Figure 15a) goes in line with the theoretical relationship between the flow and the 
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pressure (described in the Appendix of paper I) in the absence of acoustic resonances. The flat subglottal 

pressure waveform during the closed phase of glottis provides a direct visual evidence of the absence of 

subglottal resonances and proper functioning of the anechoic subglottal tract. On the other hand, the 

subglottal pressure fluctuations observed during the closed phase in the resonant cases indicate the 

presence of subglottal resonances, as reported previously by measurements in vivo (Miller et al., 1985; 

Schutte et al., 1988; Švec et al., 2021). 

The fluctuations in the EGG signal and the lower values of fo measured in the resonant conditions provide 

direct evidence of level 2 interactions due to the presence of subglottal resonances. This corroborates  the 

findings from Zhang et al. (2006), who also reported a strong influence of subglottal resonances on the VF 

oscillatory frequency fo.  

3.2.5.  Conclusion 

The newly developed anechoic subglottal tract successfully suppresses its acoustic resonances, removing 

their influence on the VF vibrations. In anechoic conditions, the subglottal pressure waveform resembles 

the inverted theoretical source flow waveform (recall Figure 15a), which allows to study the source signal 

without the need for inverse filtering. The presence of subglottal resonances consistently lowers the 

fundamental frequency of oscillation of the VFs and generates strong fluctuations in the EGG signal during 

the closed phase, which provides evidence of level 2 interactions with the subglottal pressure oscillations. 

The developed anechoic subglottal tract can be used to investigate the inherent vibratory properties of 

the voice source and the impact of structure-acoustic interactions with subglottal resonances on those 

properties. 

3.3. Paper II: Frequency jumps in anechoic conditions  
3.3.1. Objectives 

Frequency jumps are a common vocal phenomenon which occurs when young prepubescent individuals 

go through puberty, or when singers switch from one register to another. Frequency jumps have been 

explained through several hypotheses: sudden release of the TA muscle (recall section 2.3.1), interactions 

with the supraglottal resonances (recall section 2.3.2) and with the subglottal resonances (Titze, 2000b), 

or nonlinear phenomenon caused by VF eigenmode desynchronization (recall section 2.3.4). However, 

the exact mechanism responsible for frequency jumps is still unknown. Past studies have demonstrated 

frequency jump events in excised larynges without supraglottal tract, which indicates that supraglottal 

resonances are not needed. However, as mentioned in section 3.2, subglottal resonances can have an 

influence on the VF vibrations, and as such could be responsible for the occurrence of frequency jumps in 

excised larynges. Consequently, the question of whether frequency jumps can also occur in fully anechoic 

conditions remains unanswered. This study proposes to answer this question by exploring frequency 

jumps in human excised larynges in anechoic conditions, using the anechoic subglottal tract described in 

paper I (see section 3.2 for a brief summary) and no supraglottal tract. The influence of the subglottal 

resonances on frequency jumps is also investigated by using a resonant subglottal tract. 

3.3.2. Methods 

Five human excised larynges are used with the experimental setup described in paper I (see Figure 27). 

The frequency of oscillation fo is increased and decreased by smoothly elongating and shortening the VFs, 

which is done by manually pulling the anterior notch of the thyroid cartilage (see Figure 30). 
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Elongation/shortening sweeps are performed in anechoic condition and in subglottally resonant 

conditions with the first subglottal resonance frequency set to fR1 = 500 Hz (i.e. similarly as observed in 

the in vivo conditions), and repeated to assess reproducibility  

 

Figure 30. Description of the VF elongation process by pulling on the anterior notch of the thyroid cartilage. 

3.3.3. Results 

When smoothly elongating the VFs, consistent jumps were observed in both anechoic and subglottally 

resonant conditions, for two larynges. Figure 31 shows the values of fo right before and after each jump, 

for larynx #1 and larynx #2, in both anechoic and resonant conditions. The presence of subglottal 

resonances did not stimulate more numerous jumps than in anechoic conditions, however the 
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resonant subglottal tract slightly altered the starting and terminating frequencies of the jumps, especially 

during the upward jumps (Figure 31a,c). 

 

Figure 31. Fundamental frequency (fo) before and after each frequency jump for larynx #1 and #2. The circles correspond to the 
first, and the triangles to the second series of frequency sweeps. For the resonant cases, we also indicate the integer divisions of 

the first subglottal resonance frequency (fR1 ≈ 500 Hz), fR1/2, fR1/3, and fR1/4. (a) larynx #1, upward jumps; (b) larynx #1, 
downward jumps; (c) larynx #2, upward jumps; (d) larynx #2, downward jumps. 

3.3.4. Discussion and conclusion 

This study presents the first clear evidence that frequency jumps occur in excised human larynges also in 

fully anechoic conditions, suggesting that acoustic interactions with the supraglottal and subglottal tracts 

are not necessary for those jumps to occur. Furthermore, the presence of acoustic resonances in the 

subglottal tract did not stimulate more numerous jumps compared to anechoic conditions, which confirms 

that those jumps were primarily caused by inherent VF properties rather than by acoustic interactions 

with the subglottal tract. Nevertheless, the presence of acoustic resonances in the subglottal tract had an 

impact on the terminating frequencies of the upward jumps, which suggests that the subglottal 

resonances also have an influence on the frequency jumps, although this influence appears secondary. As 

such, this study provides important insights on the underlying mechanisms behind frequency jumps. 

3.4. Paper III: Laryngeal adjustment differences between chest and head registers  
3.4.1. Objectives 

As mentioned in section 2.4, the exact underlying mechanisms behind the production of voice registers 

are not fully understood. Frequency jumps described in paper II (see section 3.3 for a brief summary) are 

often associated with a transition between two registers, even though singers are able to operate a 

smooth pitch glide without any perceivable transition event, by precisely controlling the adjustments of 

the laryngeal muscles (recall section 2.3.1). These adjustments, and particularly the activity of the TA 

muscle, have been hypothesized to be essential in producing different registers, specifically chest and 

head registers. Previous studies have investigated the differences in laryngeal adjustments between chest 

and head registers (recall section 2.4.2), but only over a limited pitch range where both registers can be 

produced. However, the pitch limitation of chest register to low pitches and of head register to high 

pitches could be challenged. There is even evidence that both registers can be produced over a wider 

frequency range, for example as demonstrated by the Australian singer Mal Webb, who performs register 

transitions while singing the same note, in his YouTube video “Sideways yodeling” (Webb, 2008). 



38 
  

Overall, a way to reliably recognize chest and head registers, and differentiate one from the other 

independently from pitch, is still lacking, particularly regarding the laryngeal adjustments employed by 

trained singers to produce each register. Inspired by the Mal Webb idea, the American singer Lisa Popeil 

came to the Voice Research Lab at the Palacký University in Olomouc with the idea of separating registers 

from pitch: she claimed that she can produce both the chest and head registers throughout her entire 

singing range. This study investigates this claim in detail, with the aim of finding relevant laryngeal and 

glottal parameters that can allow the discrimination between chest and head registers, regardless of pitch. 

The investigation is based on several hypotheses based on previous studies reporting more TA muscle 

activity and a richer harmonic structure of the sound in chest register. Those hypotheses are described in 

detail in paper III in this thesis but can be summarized as follows: in chest register, the VFs will exhibit a 

longer and more pronounced contact, larger phase differences between their lower and upper margins, 

a higher maximum closing speed, and there will be more high-frequency energy in the radiated sound 

spectrum. 

In this study, the terms “chest-like” and “head-like” are used to refer to the singer’s intended registers, to 

avoid confusion with the pitch-associated “chest” and “head”. The terms “chest” and “head” are only 

used here to refer to the registers described previously in the literature. 

3.4.2. Methods 

The professional singer (co-author LP) performed short sustained phonations alternating chest-like and 

head-like registers with a short pause, on every pitch from C3 (131 Hz) to C6 (1047 Hz), except for Ab3 

(208 Hz) which was omitted by mistake. The VF vibrations are captured by a high-speed camera connected 

to a 90° endoscope, at the rate of 7200 frames per second (FPS) for the pitches from C3 to Db5 (554 Hz), 

and 13600 FPS for the pitches from D5 (587 Hz) to C6. The VF contact and the radiated sound are also 

registered through EGG electrodes placed on the larynx and through a microphone placed on top of the 

camera at the distance of 22 cm from the mouth. The microphone sound is used for blind listening tests 

performed by the three authors of the study (“insiders” group) and by six other participants who were 

not familiar with the study design (“outsiders” group). The listening tests were performed to determine 

whether the intended registers could be perceptually distinguished. The experimental setup is shown in 

Figure 32. The following parameters are calculated from the phonovibrograms (PVG), the glottal area 

waveform (GAW) and the kymographic contour of the vibrating VFs: 

- Closed quotient from the PVG (CQPVG) 

- Speed quotient from the kymographic contour (SQkym) 

- Closing quotient from the kymographic contour (CgQkym) 

- Vertical phase differences between the lower and upper margins of the VFs from the kymographic 

contour (VPDkym) 

- Normalized amplitude quotient from the GAW (NAQGA). 

In addition, the following parameters are calculated: the amplitude of the EGG signal, the sound pressure 

level (SPL), the spectral balance (SB), and the difference in the levels of the first and second harmonics 

LH1-LH2– see paper III for details. 
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Figure 32. Experimental setup. 

3.4.3. Results 

On average, the outsiders were able to correctly identify the registers, as intended by the singer, in 64% 

of the cases, and the insiders in 89% of the cases. Results from the visual analysis of the high-speed videos 

are summarized in Figure 33. They revealed laryngeal and physiological differences separating the low-, 

middle-, and high-pitched phonation regions (indicated by RLo, RMid, and RHi, respectively). Importantly, the 

values of NAQGA and of the CgQkym were consistently lower in chest-like register throughout the entire 

range (except at B5 for the CgQkym), as shown in Figure 34. This indicates that the closing phase was 

consistently shorter in chest-like register. 

 

Figure 33. Diagram summarizing the visual and objective differences observed between the chest-like and head-like phonations 
in the high-speed videos and the corresponding ranges where those differences appeared. RLo, RMid and RHi indicate the low, 

middle, and high range, respectively. 
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Figure 34. Mean Normalized Amplitude Quotient NAQGA (a) and Closing Quotient CgQkym (b) distinguishing the chest-like and 
head-like registers for every pitch. The error bars represent the standard error of the mean. 

3.4.4. Discussion and conclusion 

NAQGA and the CgQkym were found to be the only two parameters with consistently lower values in chest-

like register across the entire pitch range (except at B5 for the CgQkym), which suggests the glottal closing 

speed is one of the most relevant parameters to discriminate between chest-like and head-like registers 

in our singer. This supports the hypothesis mentioned in section 2.4.2 that the increased activity of the TA 

muscle thickens the VFs and therefore increases the vibrational amplitude of the lower margin of the VFs, 

which in turn increases the closing speed. Interestingly, the CQPVG was not able to distinguish the two 

registers across the large pitch range (not shown here for brevity – see paper III for details). This conflicts 

with the results from previous studies that mostly used CQ and OQ for differentiating registers  (Sundberg 

et al., 2001; Roubeau et al., 2009; Echternach, Burk, Köberlein, Herbst, et al., 2017; Echternach, Burk, 

Köberlein, Selamtzis, et al., 2017). 

Perceptually, the lower score of the outsiders group in the listening tests indicates that those listeners 

had more difficulties than the insiders group to recognize the registers. This suggests that the distinction 

between the two registers intended by the singer is not easy to recognize. As expected, the insiders group 

performed better, as they were familiar with the study design. 

3.5. Paper IV: Simulation of laryngoscopic high-speed videos from a kinematic model  
3.5.1. Objectives 

Clinicians commonly use laryngoscopic imaging techniques to assess the general VF health and the 

presence of pathologies. Particularly, strobolaryngoscopy, and to some extent, in some places, also 

videokymography (VKG), are routinely used, as they provide real-time feedback and their clinical value 

has been demonstrated (Casiano et al., 1992; Phadke et al., 2017). Laryngeal HSV, however, requires the 

recorded images to be reviewed and analyzed and is therefore slow to be routinely used in clinical practice 

(see also the reasons described in section 2.2.1.3), even though it is the technique that can provide the 

most detailed information about the VFs. As such, the relation between visual features observed in 

laryngeal HSV images and kinematic properties of the VFs is under researched, and there is a need to 

improve our interpretation of laryngeal HSV. This study proposes to address this need by extending a 

kinematic mucosal wave model of the VF vibrations to enable the generation of synthetic HSV of the entire 

glottis. 
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3.5.2. Methods 

The mucosal wave model used in this study is described in section 2.6. This model was originally designed 

to simulate two-dimensional (2D) vibrations, by considering a coronal (vertical left-right) slice of the VFs. 

Here, it is extended to three-dimensional (3D) vibrations by concatenating 256 slices along the anterior-

posterior axis. Kymograms generated by each slice are then combined, to form a simulated high-speed 

video, where the entire glottis is visible. Geometric and kinematic parameters of the VFs are then varied 

along the anterior-posterior axis, to display anterior-posterior differences typically observed in vivo 

through laryngeal HSV. Parameters were adjusted empirically so that the simulated videos resemble 

reference laryngeal high-speed videos, obtained from the Vienna database of pathological and non-

pathological voices (Aichinger et al., 2016). 

3.5.3. Results 

For brevity, this section only describes two examples of HSV simulated by the model – see paper IV for 

details. The first example is displayed in Figure 35 and corresponds to a regular pressed phonation. For 

this example, the pressed quality is simulated by setting a negative glottal half-width across the entire 

glottis, except for the most posterior position where the glottal half-width is set to 0. The amplitude of 

vibration is also set to 0 at the posterior position, so that the left and right VFs are always only just touching 

each other at this position (this creates the impression of a slight posterior glottal gap in Figure 35c due 

to the roundedness of the VF shape). During glottal closing, the mucosal wave is seen propagating across 

the top VF surface (Figure 35a,b). 

 

Figure 35. Illustration of pressed VF vibrations. Shown are frames of maximal opening (a), maximal closure (c), and a frame in 
between (b). The mucosal waves traveling laterally are also indicated by black arrows. 

The second example corresponds to a pathological voice exhibiting chaotic vibrations, simulated by 

imposing random variations in the phase of vibration, which are different between the left and right VFs, 

and between their anterior and posterior part. This example is displayed through the PVG (recall section 

2.2.1.4) in Figure 36. The vibration of both the left and right VFs are visibly irregular, in addition to being 

asymmetric. 
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Figure 36. Phonovibrogram (PVG) corresponding to chaotic vibrations 

3.5.4. Discussion and conclusion 

The mucosal wave model is successfully extended to 3D, allowing the generation of synthetic videos with 

a realistic appearance, containing left-right and anterior-posterior differences. Additionally, the 

implementation of perturbations, in the form of random vibratory phase distortion, allows to synthetize 

irregular vibrations, which are associated with pathological voices. This includes perturbations that are 

different for the left and right VF, as well as for the anterior and posterior parts of the glottis. As such, this 

extended model offers useful insights about the effects of such perturbations in the VF kinematic 

parameters on the appearance of the corresponding vibrations. 
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4. OVERALL CONCLUSION 
 

This thesis provides important new insights on the vibratory properties of the VFs. Specifically, the first 

part tests and documents a newly developed anechoic subglottal tract, to investigate the subglottal 

pressures and the VF vibrations in fully anechoic conditions, and to compare them with subglottally 

resonant conditions. It shows that the anechoic tract successfully suppresses its acoustic resonances. This 

subglottal tract is then used with excised deer larynges without a supraglottal tract to investigate the VF 

vibrations in fully anechoic conditions. In such conditions, the subglottal pressure waveform 

demonstrated a remarkable resemblance with the theoretical source flow waveform, which shows that 

the anechoic subglottal tract can be used to study the source signal without any acoustic interactions with 

resonance cavities and without the need for inverse filtering.  

In the second part, this thesis investigates the differences in the occurrences of frequency jumps in human 

excised larynges, between anechoic and subglottally resonant conditions. This part presents the first 

experimental evidence that frequency jumps occur also in fully anechoic conditions. The results provide a 

proof that those frequency jumps are primarily caused by inherent nonlinear-dynamic VF properties, even 

though the acoustic resonances in the subglottal tract appear to play a secondary role.  

The third part of this thesis investigates the relevant glottal and laryngeal parameters that can 

discriminate between chest and head registers throughout a wide pitch range. Here, chest and head 

registers are investigated over a wide pitch range in a professional female singer. Visual and objective 

analysis revealed that the glottal closing speed is one of the most relevant parameters to discern chest 

and head registers regardless of pitch, which is revealed through the consistent lower values of the 

normalized amplitude quotient and closing quotient in chest register. This contrasts with most previous 

studies that rather assumed the closed quotient to be the most sensitive measure for distinguishing the 

chest and head registers in singing. In our study, the closed quotient was not found to be able to 

distinguish the two registers as consistently as the normalized amplitude quotient and closing quotient. 

This part helps to advance our understanding of voice registers, particularly of the laryngeal adjustments 

and VF kinematics employed by trained singers to produce chest and head registers.  

Finally, the fourth part aims at generating synthetic high-speed videos of the entire glottis. This was 

achieved through the extension of a two-dimensional existing kinematic model of the VF vibrations, 

referred to as the mucosal wave model here, to three dimensions. The extended model demonstrates 

capabilities of generating videos of the vibrating glottis that closely resemble the high-speed laryngoscopic 

videos obtained clinically in vivo. Particularly, the synthetic videos display left-right and anterior-posterior 

differences, which are typically seen in laryngeal voice disorders. Additionally, the extended model is 

capable of applying perturbations in the form of random phase distortions, which appear as irregular or 

chaotic vibrations. As such, this model could be further used to help understand the underlying 

mechanisms responsible for pathological voices.  
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Subglottal pressure oscillations 
in anechoic and resonant 
conditions and their influence 
on excised larynx phonations
Hugo Lehoux, Vít Hampala & Jan G. Švec*

Excised larynges serve as natural models for studying behavior of the voice source. Acoustic 
resonances inside the air-supplying tubes below the larynx (i.e., subglottal space), however, interact 
with the vibratory behavior of the larynges and obscure their inherent vibration properties. Here, we 
explore a newly designed anechoic subglottal space which allows removing its acoustic resonances. 
We performed excised larynx experiments using both anechoic and resonant subglottal spaces 
in order to analyze and compare, for the very first time, the corresponding subglottal pressures, 
electroglottographic and radiated acoustic waveforms. In contrast to the resonant conditions, the 
anechoic subglottal pressure waveforms showed negligible oscillations during the vocal fold contact 
phase, as expected. When inverted, these waveforms closely matched the inverse filtered radiated 
sound waveforms. Subglottal resonances modified also the radiated sound pressures (Level 1 
interactions). Furthermore, they changed the fundamental frequency (fo) of the vocal fold oscillations 
and offset phonation threshold pressures (Level 2 interactions), even for subglottal resonance 
frequencies 4–10 times higher than fo. The obtained data offer the basis for better understanding 
the inherent vibratory properties of the vocal folds, for studying the impact of structure-acoustic 
interactions on voice, and for validation of computational models of voice production.

The well-known source-filter theory proposed by Gunnar Fant1 described the voice production mechanism as 
a sound source (the exhalatory air flow modulated by vocal fold vibrations), filtered by acoustic resonances in 
the supraglottal cavities above the vocal folds (i.e. vocal tract resonances), and supposed no interaction between 
the source and the filter. Although this theory works well for speech analysis and synthesis, it is not sufficient to 
explain several voice production phenomena, such as vocal fold self-oscillations and voice instabilities. Deeper 
insights into the mechanism of the self-sustained vocal fold oscillation are provided through the myoelastic-
aerodynamic (MEAD) theory of voice production formulated by van den Berg2 and further elaborated by Titze3–5. 
This theory predicts interactions between the vocal fold vibrations and the surrounding pressures (i.e., subglot-
tal and supraglottal pressures), leading to interdependency and nonlinear phenomena6–8. Titze categorized the 
source-filter interactions in two levels: Level 1 interactions exhibit changes in the source flow waveform; Level 2 
interactions exhibit changes in the vocal fold oscillations9. Observations on the interaction phenomena preceded 
the MEAD theory: as early as in 1932, D. Weiss reported on singing voice instabilities induced by adding a reso-
nance tube to the vocal tract10. Later, e.g. Titze et al.11, Wade et al.12 and Zañartu et al.13 reported on occurrences 
of sudden pitch frequency jumps and other instabilities when the fundamental frequency of oscillation fo was in 
the vicinity of the first vocal tract resonance frequency. These phenomena were also observed through numerical 
simulations by several authors9,14–17. Interactions with subglottal resonances might have a similar influence on 
the voice source waveform and the vocal fold vibrations as the vocal tract, as observed by Austin et al.18 (using 
an excised larynx), Zhang et al.19,20 (using vocal fold physical models and an excised larynx), or Lucero et al.21 
(using vocal fold physical and mathematical models).

Excised larynges allow obtaining deeper insight into the natural behavior of the voice source as their proper-
ties closely approximate those of the living larynges. Acoustic resonances inside the air-supplying tubes below the 
larynx (i.e., subglottal space), however, may influence the vibratory behavior and obscure the inherent vibratory 
properties of the larynx. To the best of our knowledge, no data exist revealing on how much the laryngeal vibra-
tory behavior differs between anechoic and resonant subglottal conditions. In this paper, we therefore explore 
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excised larynges with a newly developed anechoic (resonance-free) subglottal tract22. This setup eliminates the 
acoustic interactions with both the vocal and subglottal tracts and allows studying the vibration properties of 
the vocal folds in their inherent state. We measured the acoustic response of the newly developed anechoic tract 
and compared it to the acoustic response of an adjustable “resonant” subglottal tract, previously developed by 
Hampala et al.23. Finally, we used these subglottal tracts in excised larynx experiments where we measured the 
subglottal pressure waveforms and the radiated sound. The vocal fold vibrations were simultaneously monitored 
by the electroglottographic (EGG) signal, which is an approximate measure of the changes in the vocal fold 
contact area24,25. In these experiments, we compared the subglottal pressure waveforms and investigated the 
influence of the subglottal acoustics on the vocal fold vibrations and on the radiated sound.

Results
The acoustic responses of the subglottal tracts.  To verify the functionality of the anechoic and reso-
nant subglottal tracts we first measured their frequency responses. Figure 1 shows the responses for the anechoic 
subglottal tract and for the resonant subglottal tract set to two different resonance frequencies: fR1 = 400 and 
800 Hz (only two resonance settings are presented here for simplicity). The resonant subglottal tract exhibits 
clear resonances and anti-resonances, as expected from the straight circular waveguide approximation: the low-
est resonances and anti-resonances follow the patterns fRn = nfR1 and fARn = (2n—1)fAR1, where n is a positive 
integer. Importantly, the anechoic tract appears free of the acoustic resonances and has a response similar to one 
of an infinite, purely resistive waveguide. A small peak around 800 Hz was present in all the frequency responses, 
we therefore concluded that it was related to the damped resonance inside the air supply tubes.

Excised larynx experiments.  Pressure and EGG waveforms in the anechoic and resonant conditions: steady 
phonations.  To find out the effect of the anechoic and resonant subglottal tracts in excised larynx phona-
tions we studied the subglottal pressure signal waveforms, detected with a pressure sensor just below the vocal 
folds. Those signals were obtained during steady phonations where the mean subglottal pressure had attained 
a saturation value, and the mean flow was set constant to about 400 mL s−1. Figure 2 shows the subglottal pres-
sure (a), EGG (b) and microphone (c) signal waveforms recorded while using the anechoic subglottal tract. The 
dashed vertical lines show the approximate instants of closure and opening of the vocal folds which were identi-
fied based on the subglottal pressure and EGG signal waveforms. As the anechoic subglottal tract is effectively 
equivalent to an infinite, purely resistive waveguide, it is expected that the pressure inside this waveguide is 
proportional to the flow26. Indeed, the subglottal pressure waveform resembled an inverted theoretical glottal 
flow voice source signal27–32: it was approximately constant during the closed phase, decreasing during the open-
ing phase and increasing during the closing phase (Fig. 2a). To observe the similarity of the subglottal pressure 
waveform to the glottal flow signal, we performed inverse filtering analysis of the microphone signals. For this, 
we used the numerical integration feature offered by the Sopran software developed by Svante Granqvist33, simu-
lating the radiation impedance without any vocal tract. As expected, the resulting waveform was almost identical 
to the inverted subglottal pressure waveform obtained using the anechoic subglottal tract (Fig. 2d). The inverse 
filtered waveform was slightly more perturbed than the anechoic subglottal waveform, however.

In contrast to the anechoic tract, the subglottal pressure waveform appeared more complex when using the 
resonant subglottal tract. This is shown in Fig. 3 which compares the subglottal pressure waveforms (left, black 
solid lines) and the radiated sound waveforms (right, black solid lines) for the anechoic (Fig. 3a) and resonant 
subglottal tract set to six different resonance frequencies: fR1 = 330, 400, 500, 600, 700 and 800 Hz (Fig. 3b–g). 
These signals were scaled in time to show exactly three cycles for each signal. The glottal opening and closing 
instants were approximately synchronized using the corresponding EGG waveforms (grey dashed lines). In 
contrast to the anechoic subglottal pressure waveforms which showed very little fluctuations during the glottis 
closed phase, the presence of subglottal acoustic resonances introduced fluctuations of the subglottal pressure 

Figure 1.   Frequency responses of the anechoic subglottal tract and of the resonant subglottal tract with 
the piston set to two different positions corresponding to fR1 = 400 and 800 Hz. Whereas the resonant tracts 
show multiple resonances and antiresonances (as expected for a tube with closed ends), the anechoic tract is 
practically free of these.
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during the closed phase similarly as observed previously in vivo34–37 (see Fig. 3b–g, left). The frequency of the 
subglottal pressure fluctuations increased when fR1 increased, further indicating that they are caused by acoustic 
resonances in the subglottal tract. For the constant flow of 400 mL∙s−1 the mean subglottal pressures (horizontal 
dashed black lines in Fig. 3, left) were about 25 hPa (i.e. c. 25 cm H2O) in the anechoic conditions, whereas they 
were between 19 and 21 hPa in the resonant conditions. The radiated sound waveforms also showed changes with 
the different subglottal tract conditions (see Fig. 3, right), revealing that the subglottal tract influences also the 
radiated sound and thus indicating the presence of Level 1 interactions. These waveform changes were smaller 
compared to those of the subglottal pressure waveforms, however. For lower subglottal resonance frequencies, 
the EGG waveforms exhibited secondary peaks which approximately coincided with the peaks of the subglottal 
pressure waveforms (e.g. Fig. 3b,c). This suggests that the subglottal resonances influenced also the vocal fold 
vibrations, indicating Level 2 interactions. For higher subglottal resonance frequencies (Fig. 3d–g), the secondary 
EGG peaks did not occur and the EGG waveforms appeared nearly identical. Interestingly, the fundamental fre-
quency of the vocal fold oscillations was found lowered in the resonant conditions (fo around 106 Hz) compared 
to the anechoic ones (fo around 126 Hz), even though the laryngeal settings were kept constant. The change of fo 
between anechoic and resonant conditions suggests the presence of Level 2 interactions. Surprisingly, however, 
the fo stayed around 106 Hz and did not change when the subglottal tract setting was changed among the six 
different resonance frequencies.

The spectra of the waveforms from Fig. 3 are presented in Fig. 4. Again, the subglottal spectra are on the left 
and the radiated spectra on the right. Clear harmonic components appeared in all the spectra at multiples of the 
fundamental frequency, revealing that the oscillations occurred at a steady pitch. The resonant subglottal spectra 
(Fig. 4b–g, left) exhibited a repetitive formant structure, reflecting the resonances and antiresonances observed 
in the frequency response of the resonant subglottal tracts (recall Fig. 1). The frequency of the first formant and 
the distance between the formants increased with the increasing resonance frequencies of the subglottal tract, 
as expected. The formant frequencies were, however, slightly lower than the resonance frequencies previously 
measured on the subglottal tracts without the larynx (indicated by dashed vertical lines in Fig. 4b–g). This dif-
ference can be explained by changes in the boundary conditions caused by the larynx. As expected, the envelope 
of the anechoic subglottal spectrum (Fig. 4a, left) was more uniform than in the resonant conditions and did not 
display a clear repetitive formant structure. The amplitude of the harmonic components decreased here with 
increasing frequency, although some fluctuations of the spectral envelope were also present.

The radiated sound spectra are shown in Fig. 4 on the right. In contrast to the resonant subglottal spectra, 
they did not display such a prominent formant structure in the resonant conditions. Nevertheless, slight modula-
tion of the envelope of the radiated spectra occurred here too and the distances between the spectral envelope 
maxima appeared to increase with the increasing resonance frequency of the subglottal tract (Fig. 4b–g, right) 
similarly as in the subglottal spectra. This suggests that the subglottal resonances partially transferred to the 
radiated spectra. However, the subglottal resonance peaks were very broad and much less distinctive there. The 

Figure 2.   Signal waveforms for the excised larynx experiment in steady phonation, obtained using the anechoic 
subglottal tract. (a) Subglottal pressure; (b) EGG signal in arbitrary units [au]; (c) microphone signal (radiated 
sound) at 10 cm distance from the glottis; (d) glottal flow signal obtained by inverse filtering (black solid line) 
and inverted subglottal pressure (dashed gray line). The inverted subglottal pressure waveform in (d) was scaled 
to match the amplitude of the flow to observe the similarity of these waveforms. The closed phase (CP) and open 
phase (OP) were identified manually using both EGG and subglottal pressure signals.
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radiated spectrum for the anechoic case (Fig. 4a, right) also showed some fluctuations in its envelope. It differed 
slightly from the radiated resonant spectra but these differences were, again, less distinct than the differences 
between the anechoic and resonant spectra in the subglottal space. As expected, the slope of the harmonic decay 
(the decrease in the peak amplitude for every doubling of the frequency) appeared smaller in the radiated sound 
spectra than in the subglottal sound spectra. This can be explained by the high-frequency amplification caused 
by the sound radiation into free air (see Eqs. (3) and (4) in the appendix).

Phonation changes due to interactions with the subglottal acoustics: flow sweeps.  In order to find out whether 
there was an influence of the subglottal resonances on the vibrational properties of the vocal folds, we investi-
gated the phonation threshold onset and offset pressures, the frequency of the vocal fold oscillations fo, and the 
SPL of the subglottal and the radiated sounds. We analyzed the data from repeated flow sweeps, where the flow 
was slowly increased to about 550 mL∙s−1 and slowly decreased back to zero. The experiments were done with an 
anechoic tract and with a resonant tract set to 500 Hz subglottal resonance frequency. In both the anechoic and 
resonant conditions, the offset pressures were generally smaller than the onset pressures (see Fig. 5). This agrees 
with the theoretical studies of vocal fold oscillation onset and offset38,39 as well as with previous experimental 
observations on vocal fold mucosa40 and excised larynges41–43.

To find whether the subglottal resonance conditions had significant effect on the onset and offset phonation 
threshold values, we used multiple linear regression models (see the Supplementary material S1 for details on 
the statistics). The onset pressure values were not significantly different (p = 0.97) between the resonant and 
anechoic conditions. The offset pressure values were, however, approximately 11% lower (95% confidence interval 
6–16%) in the resonant conditions than in the anechoic conditions, and this effect was statistically significant 
(p = 0.0003). These results suggest that the subglottal acoustics has little influence on the oscillation onsets, but 
has significant influence on the oscillation offsets.

Figure 6 shows the fo values obtained from the phonations of the three larynges during the flow-sweep experi-
ments. The fo values were different for the different larynges. However the same phenomenon was visible in all 
the three larynges: the fo values were consistently higher in the anechoic than in the resonant subglottal tract for 
the same subglottal pressures. This corroborates similar observation from the steady flow experiment where the 
fo was also higher in the anechoic tract compared to all the resonant tracts. For clarity, only the values from the 
first and last of the flow sweeps are shown in Fig. 6, but these show the repeatability along the sweeps. Near the 

Figure 3.   Subglottal pressure (left, solid black lines) and radiated sound (right, solid black lines) waveforms 
registered with an anechoic subglottal tract and with resonant subglottal tracts set to different resonance 
conditions: (a) anechoic subglottal tract, (b) fR1 = 330 Hz, (c) fR1 = 400 Hz, (d) fR1 = 500 Hz, (e) fR1 = 600 Hz, (f) 
fR1 = 700 Hz and (g) fR1 = 800 Hz. The horizontal dashed black lines on the left panel indicate the mean subglottal 
pressure in each case. The waveforms are individually scaled in time (3 cycles are shown). The instants of closure 
and opening were approximately synchronized using the corresponding EGG signal waveforms (dashed gray 
lines). Notice the drastic difference in the subglottal pressure waveforms between the anechoic (a) and resonant 
(b–g) cases. In (b–g), notice the increased frequency of the secondary subglottal oscillations related to the 
increasing resonance frequency of the subglottal tract. The radiated audio signals also show changes with the 
different subglottal tract conditions but these are smaller compared to those of the subglottal pressure and occur 
mainly during the glottal open phase.
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phonation onsets and offsets, the larynges exhibited irregular vocal fold vibrations, therefore we did not include 
these parts of the signal in the fo analysis. Only the parts with a stable fo were kept for analysis.

For given mean subglottal pressures, the SPL of the subglottal sound was found to be higher when using 
the resonant tract, as shown in Fig. 7a–c. At the mean subglottal pressures above 8 hPa, the difference in SPL 
was about 6–8 dB for the first larynx, 2–3 dB for the second larynx and 4–5 dB for the third larynx. In both the 
anechoic and resonant cases the subglottal SPLs showed extremely high values reaching up to 150 dB re 20 µPa.

Figure 4.   Spectra of the subglottal (left) and radiated (right) sounds, corresponding to the waveforms 
shown in Fig. 3. The subglottal settings were: (a) anechoic subglottal tract, (b) fR1 = 330 Hz, (c) fR1 = 400 Hz, 
(d) fR1 = 500 Hz, (e) fR1 = 600 Hz, (f) fR1 = 700 Hz and (g) fR1 = 800 Hz. The vertical dashed lines indicate the 
subglottal resonance frequencies up to 2.5 kHz, measured with no larynx attached. The spectra were produced at 
the frequency resolution of 4 Hz and were normalized by calculating the maximum value in each spectrum and 
setting it to 0 dB.

Figure 5.   Oscillation threshold pressure for each larynx with an anechoic subglottal tract and resonant tract 
set to 500 Hz subglottal resonance. Each point corresponds to one flow sweep. Notice the onset thresholds are 
generally higher than the offset thresholds. The subglottal acoustics had little influence on the onset pressures 
(dots versus crosses), but the offset pressures were significantly lower for the resonant subglottal tract (circles 
versus squares). For the numerical values and the statistical results, see the Supplementary material S1 to this 
article.
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Compared to the subglottal SPLs, the SPLs of the radiated sound at 10 cm distance were about 60 dB (!) lower 
reaching the maximum values of about 90 dB re 20 µPa. Similarly to the SPL of the subglottal sound, the radiated 
sound showed higher values when using the resonant tract, for the same subglottal pressures, as demonstrated 
in Fig. 7d–f. This increase was especially visible for mean subglottal pressure values above approximately 800 Pa. 
The increase in SPL, for identical mean subglottal pressures above 8 hPa, was about 2.5–3.5 dB for the first larynx, 
2–4.5 dB for the second larynx and 1.5–2.5 dB for the third larynx.

Discussion
While subglottal resonances have been observed to influence voice and vocal fold vibrations19, hardly any experi-
mental data have been available documenting the voice and laryngeal behavior when the subglottal resonances are 
not present. Yet, removing the interactions with acoustic resonances is important for understanding the inherent 
vibratory properties of the voice source and of the vocal folds, and for validating computational models of voice 
production. To the best of our knowledge, Zhang et al.44 did the first and so far the only study, which attempted 
to design and use an anechoic subglottal tract for voice generation. They used it for studying sound produced 
through an orifice simulating glottis with time-varying area. Anechoic terminations consisting of two connected 
perforated rubber hoses sealed with fiberglass were inserted into the air-supplying tube. Measurements of the 
frequency response revealed reduction of the subglottal resonances to some extent, although not fully. No excised 
larynx experiments using this tract were reported in the study.

In our experiments, we used a newly developed anechoic subglottal tract with a different design22. The meas-
ured frequency response (recall Fig. 1) revealed that the newly developed anechoic subglottal tract was able to 
cancel most of the acoustic resonances in the subglottal space. In this respect, the new design appears to be more 
effective than the anechoic subglottal tract pioneered by Zhang et al.44. Furthermore, the adjustable resonant 
subglottal tract allowed creating and changing the subglottal resonances to study their influence on the voice 
source and vocal fold behavior. The resonant subglottal tract allowed us to modify the lowest subglottal reso-
nance frequencies from c. 330 to 800 Hz. This covers the range of subglottal resonance frequencies in humans, 
which are expected to be between 500 and 700 Hz45–47. The vocal fold fundamental frequency of 100–120 Hz 

Figure 6.   Analysis of fo of the vocal fold oscillations with regards to the mean subglottal pressure. The results 
from the first (solid lines) and last (dashed lines) flow sweeps are showed, for each larynx. The black lines mark 
the data measured with the anechoic tract, whereas the gray lines mark the data measured with the resonant 
subglottal tract set to fR1 = 500 Hz. The dashed arrows indicate, for each flow sweep, the evolution of the 
measured values through time. In all the three larynges, the fo values are lower for the resonant tract than for the 
anechoic one. The fo differences vary among the three larynges, however.
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measured in the red deer larynx during the steady phonation experiment corresponds to low-pitched phona-
tions of male human subjects. The fundamental frequencies in the flow sweep experiment were lower, however, 
around 40–80 Hz, because larger red deer larynges were used.

To our knowledge, this study is the first to directly demonstrate the effect of absence and presence of sub-
glottal resonances on phonation properties of excised larynges. Excised larynges are considered to be the most 
representative models of living vocal apparatus, therefore the observed effects can be expected to be similar to 
those observed in vivo. Our results clearly indicate that subglottal resonances influence both the radiated acous-
tic signals, as well as the vocal fold oscillations. Overall, for subglottal resonance frequencies that were much 
higher than the fundamental frequencies of vocal fold oscillations, their presence was found to slightly change 
the shape of the radiated acoustic waveforms (Fig. 3) and increase the radiated sound pressure levels by up to c. 
4.5 dB (Fig. 7). The spectrum of the radiated sound showed some differences among the anechoic and resonant 
subglottal conditions. These differences were, however, considerably less apparent than those in the subglottal 
sound spectra which showed prominent formants in the resonant conditions (recall Fig. 4). The changes of the 
radiated pressure waveform, its SPL and spectrum belong to Level 1 interactions, but they can be influenced also 
by the Level 2 interactions as discussed below.

The presence of subglottal resonances was found also to change the fundamental frequency of the vocal fold 
oscillations (Fig. 6) and the threshold pressure for phonation offset (Fig. 5). These differences indicate the occur-
rence of Level 2 structure-acoustic interaction9, as a change of subglottal acoustics induces a change in the vocal 
fold vibrations. Interestingly, no clear influence of subglottal resonances was found for the threshold pressure in 
phonation onset (Fig. 5). This suggests that the mechanisms for voice onset and offset should be seen differently 
from the perspective of subglottal interactions: subglottal resonances can be expected to be little excited in both 
the anechoic and resonant tracts before the phonation starts, thus having little influence on the phonation onset. 
At voice offset, however, the subglottal resonances are excited in a resonant tract, influencing the offset differently 
than the anechoic tract where no resonances occur.

The subglottal pressure oscillation amplitudes shown in Fig. 3 were around 800 Pa in the anechoic case and 
about twice as much in the resonant cases. These pressure fluctuations correspond to extremely high sound pres-
sure levels around 140–150 dB re 20 µPa (non-weighted) which are indicated in Fig. 7. Such strong subglottal 
pressure oscillations appear to influence also the vocal fold tissue oscillations causing changes in the electroglot-
tographic waveform (shown in Fig. 3), again indicating Level 2 interactions. Subglottal pressure oscillations of 

Figure 7.   Analysis of the SPL (non-weighted) of the subglottal (a–c) and radiated (d–f) sounds at 10 cm 
distance with regards to the mean subglottal pressure. The black lines mark the data measured with the anechoic 
tract, whereas the gray lines mark the data measured with the resonant subglottal tract set to fR1 = 500 Hz. (a,d) 
First larynx, (b,e) second larynx, (c,f): third larynx. Notice that for a given subglottal pressure the SPLs are 
higher in the resonant than in the anechoic tract. For clarity, only the results from the first and last flow sweeps 
are shown, for each larynx. The solid lines correspond to the first flow sweep and the dashed lines to the last flow 
sweep for each larynx, illustrating the repeatability of the values.
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similar magnitude were observed also in the in vivo human data34,36,37,48,49. The increase of the subglottal SPL in 
the resonant case (shown in Fig. 7a–c) is likely caused by the presence of subglottal acoustic resonances, which are 
boosting some harmonics of the source signal (see Fig. 4b–d, left). It is also possible that the vocal folds vibrated 
with more amplitude when using the resonant subglottal tract, which would also be a Level-2-interaction effect, 
but verifying this assumption would require accompanying laryngeal video recordings which were not available 
for these pilot experiments.

The radiated sound levels at 10 cm distance were about 60 dB lower than the subglottal sound levels. The 
highest radiated sound levels achieved here were around 90 dB (non-weighted) whereas the highest subglottal 
SPL were around 150 dB. The approximate 60 dB difference is a consequence of the conversion of the subglottal 
acoustic pressures to the acoustic volume flow which serves as the acoustic source radiating the sound to the 
surrounding space. The theoretical relationship between the subglottal and radiated sound pressures is derived in 
the Appendix. The radiation impedance for the glottal sound source is frequency dependent, therefore the low-
frequency spectral components radiate less efficiently than the high-frequency components. Figure 8a compares 
the theoretical relationship between the subglottal and radiated pressures to the corresponding experimentally 
observed values in our excised larynx flow-sweep experiments. The values were obtained by comparing the 
spectral harmonic components of the subglottal and radiated sound (Fig. 8b). Even though the model relies 
on simplifying assumptions, the experimental and theoretical values follow the same trend and match reason-
ably well. The final SPL difference between the subglottal and radiated sound depends mainly on the dominant 
components of the sound spectrum which are around the lowest harmonic frequencies50. In our case these were 
around 50–200 Hz (Fig. 8b) where the decrease is, indeed, around 60 dB (Fig. 8a).

In the steady flow experiment shown in Fig. 3, we noticed that the mean subglottal pressures were higher for 
the anechoic than for the resonant conditions, in contrast to the oscillatory pressure amplitudes which showed 
an opposite tendency. Similarly, in the flow sweep experiments higher mean subglottal pressures were achieved 
in the anechoic conditions for the highest flows, as seen in Fig. 7. This suggests that glottal resistance is higher 
in anechoic than in the resonant conditions. Since the vocal fold settings were kept constant throughout the 
experiments, this is likely related to altered vocal fold oscillations (again indicating Level 2 interaction), pos-
sibly to their larger vibratory amplitudes in resonant conditions, but finding more about this effect would again 
require high-speed videolaryngoscopic data which were not available for these experiments. We plan to address 
this issue in future studies.

In an experiment with synthetic vocal folds and modifiable subglottal tract resonances, Zhang et al.19 reported 
on a strong tendency of the vocal fold fo to be driven towards the first, second, third or fourth subglottal reso-
nance frequency. In our flow sweep experiments, we avoided such effects by keeping the subglottal resonances 
well above, i.e. 6–10 times higher than the vocal fold fo, analogously as it is in the low-pitched phonations in 
humans. Interestingly, even under these conditions the presence of the subglottal resonances caused the vocal 
fold fo to be decreased compared to anechoic conditions in all the cases investigated (Fig. 6). The amount of fo 
change was different for the different larynges, however (Fig. 6). Once the resonant subglottal tract was attached, 
changing its resonance frequency between 330 and 800 Hz did not cause any significant change of fo in the 
steady-flow-excised-larynx experiment (Fig. 3). The fo remained to be around 106 Hz here. This suggests that 
no strong resonance tuning effects occurred between the subglottal resonances and the vocal fold oscillations. 
Nevertheless, the fo differences between the anechoic and resonant subglottal conditions indicate that the mere 
presence of the resonances in the subglottal system can influence the vocal fold vibrations (Level 2 interaction). 
In future, it is desirable to confirm these effects also on human larynges.

Figure 8.   (a) Ratios of the first 20 spectral peak amplitudes between the radiated sound pressure and the 
subglottal pressure, expressed in dB, for the three larynges used during the flow sweeps experiment with 
anechoic subglottal tract. The solid line shows the expected ratio values according to the theory described in 
the appendix (value AL from Eq. 5). (b) Example spectra of the subglottal (black line) and radiated (gray) sound 
pressures in the anechoic conditions. These spectra were taken from the second larynx, obtained from a one-
second window at the maximum mean subglottal pressure during the first flow sweep, and normalized to the 
value of the first peak in the subglottal sound pressure spectrum.
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The anechoic subglottal tract offers an interesting possibility to get direct information on the voice source 
waveform. As shown in Fig. 2, the vertically inverted subglottal pressure waveform matches well the inverse-
filtered acoustic waveform. It shows the signal increasing and decreasing when the vocal folds open and close 
and being relatively constant during the glottis closure, as expected by the source-filter theory51,52. Compared 
to the subglottal-pressure-based waveform, the inverse-filtered waveform from the radiated sound shows more 
perturbations, suggesting the radiated sound is more polluted by surrounding noise and sound reflections from 
the structures around the larynx. The cleaner anechoic subglottal pressure waveform therefore appears to be 
advantageous for monitoring the voice source and can be explored in future studies.

Conclusion
The newly developed anechoic subglottal tract successfully removed its acoustic resonances to suppress their 
influence on vocal fold vibrations. When used in excised larynx experiments, the subglottal acoustic pressure 
waveform was similar to the inverted glottal flow source signal: almost constant during the closed phase, decreas-
ing during the opening phase and increasing during the closing phase. In comparison, when using a resonant 
subglottal tract, the subglottal pressure exhibited fluctuations during the closed phase, which were related to the 
subglottal acoustic resonances, as expected. The subglottal resonances were found to influence both the radi-
ated acoustic waveforms and radiated sound pressure levels, as well as the vocal fold oscillations. These provide 
direct evidence of the occurrence of both the Level 1 and Level 2 interactions of the voice source with subglottal 
pressure oscillations. The developed anechoic subglottal tract can be used to study the inherent properties of 
the voice source and vocal fold oscillations, free of acoustic interactions with adjacent cavities. The obtained 
data offer the basis for better understanding the inherent vibratory properties of the voice source, for studying 
the impact of structure-acoustic interactions on voice source, and for validation of simulation results obtained 
from computational models of voice production.

Methods
Design of the anechoic and resonant subglottal tracts and excised larynx experiments 
setup.  The design of the subglottal tract was shortly described in a preliminary conference paper22. Here we 
provide its complete description. When designing the subglottal tract, we divided the subglottal spaces into a 
primary subglottal space and a secondary air-supply system. The primary subglottal space consisted of a 55 cm 
long straight cylindrical Plexiglas tube with the diameter of 24 mm. This tube formed an air space which could 
be changed from resonant to anechoic. Figure 9 shows simplified drawings and photographs of the subglottal 
tract in resonant and anechoic mode. In the resonant case, the tube was terminated by a piston the position of 
which could be changed to modify the resonance frequency of the subglottal space (Hampala et al.23). To change 
the resonant subglottal tract to the anechoic one, the piston was removed and the subglottal Plexiglas tube was 
extended by a plastic tube of the same diameter with the length of 330 cm terminated by a sound-absorbing 
pyramidal wedge. The wedge was approximately 200 cm long, and was made out of polyurethane foam (Molitan 
T-2337), with a density of about 23 kg∙m−3. We closed this end of the tube with a plastic plug in order to prevent 
air leaks and pressure drops (see Fig. 9). Our subglottal tract is then seen by the voice source as a virtually infinite 
waveguide. The design of the sound-absorbing polyurethane wedge was inspired by the work of Sondhi (1975) 
who used similar approach to create an anechoic vocal tract for the purpose of inverse filtering27.

The primary subglottal tract comprised a small side hole allowing the connection to the air-supply system 
using a small, rigid metal tube and then a long, flexible plastic tube. To prevent sound from entering or exiting 
the air supply system, the rigid metal tube was filled with polyurethane foam and a thinner thread of this foam 
(about 1 cm2 cross-sectional area) was inserted in the flexible plastic tube (see Fig. 9). The thread was used to 
absorb the noise generated by the air pump and to cancel acoustic resonances inside the air-supply tubes as 
much as possible, in order to prevent any acoustic interaction with the larynx. The tubes had a 15 mm diameter.

An air pump (RESUN LP 100) was used to generate a continuous airflow through the system. The airflow was 
heated and humidified, before going through an artificial lung model (an air tank with a volume of 50 L with an 
inserted acoustically absorbing polyurethane foam) and to the subglottal tract via narrow air supply tubes. We 
used a mechanical flow meter placed just after the pump to adjust and monitor the amount of flow going out of 
the pump. The flow was also measured with a flow sensor placed after the flow meter. During the experiments, 
an electroglottograph (EGG) device (Glottal Enterprises EG2-PC) registered the vocal fold contact area, using 
two small electrodes screwed to the sides of the thyroid cartilage. We registered the subglottal acoustic pressure 
with a 2.4 mm diameter pressure transducer (Kulite XCQ093) placed at the inner side of the subglottal wall 
through a hole in the dorsal ridge of the cricoid cartilage. This pressure transducer is sensitive to frequencies 
between 0 and 150 kHz, allowing to measure both the DC pressure and the AC acoustic signals. The pressure 
transducer was inserted into a warmed metal tube to prevent moisture condensation around the transducer. 
A condenser microphone (MicW M416) placed approximately 10 cm above the glottis registered the radiated 
sound. All signals were sampled at 200 kHz using a DEWE-43 USB data acquisition system and recorded in the 
associated software Dewesoft X2.

Acoustic measurements.  As the resonant subglottal tract has a shape of a simple straight circular wave-
guide, we expected it to exhibit harmonic resonance frequencies fRn = nfR1, where fR1 is the first resonance fre-
quency and fRn the nth resonance frequency. Anti-resonances were also expected to be present, following the 
pattern fARn = (2n—1)fAR1, where fAR1 is the first anti-resonance frequency and fARn the nth anti-resonance fre-
quency. We carried out pilot acoustic measurements to find the value of fR1 when the piston is at the lowest 
and highest positions, and to locate piston positions corresponding to ‘round’ resonance frequencies (400 Hz, 
500 Hz, etc.). When doing this, we placed a small extension tube (about 3 cm long) at the upper open end of the 
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subglottal system in order to approximate the space generally added by an excised larynx. To this extension tube, 
we attached a small electret microphone (AV-JEFE, TCM14) and a small loudspeaker (Ekulit LSF-23 M/N/G), 
using plasterine which enclosed the upper end to prevent air leaks. We used Audacity software (version 2.3.0)53 
to generate a ten-second linear chirp from 50 to 5000 Hz, to play it through the loudspeaker and to record the 
response of the subglottal tract captured by the microphone. Finally, we used the spectrum-plotting feature from 
Audacity to quickly find the approximate value of fR1, by locating the first peak in the spectrum. We observed 
that fR1 was about 330 Hz when the piston was at the lowest position and about 800 Hz when the piston was at 
the highest position. We marked approximate positions of the piston corresponding to fR1 = 400, 500, 600 and 
700 Hz with adhesive tape. These values were measured without a larynx specimen and might vary slightly when 
attaching one. The lengths of the subglottal tract corresponding to those values of fR1 were as follows: 46.5 cm 
(400 Hz), 37 cm (500 Hz), 31 cm (600 Hz) and 27 cm (700 Hz). As stated, the maximum length of the resonant 
subglottal tract was 55 cm (corresponding to fR1 = 330 Hz) and the minimum length was 25 cm (corresponding 
to fR1 = 800 Hz).

Consequently, we measured the acoustic responses of both subglottal tracts accurately using the same electret 
microphone and loudspeaker attached to the upper open end of the system. Again, we used plasterine to ensure 
the microphone and the loudspeaker were tightly fixed to the tract tube and to prevent air leaks. We used the 
following protocol to measure the acoustic response of both the anechoic and resonant subglottal tracts:

1.	 The loudspeaker played hundred impulses at the rate of one impulse per second. The impulse signal was 
manually generated by Audacity software.

2.	 The microphone registered the temporal response of all these impulses. The microphone signal was digital-
ized using a Focusrite Scarlett 2i2 2nd Gen USB audio interface and recorded by Audacity.

3.	 We segmented the microphone signal into one-second windows and averaged all the windows in the time 
domain to remove unwanted noise.

4.	 We performed Fast Fourier Transform (FFT) on the averaged temporal impulse response to get the frequency 
response of the system.

To compensate for the possible unevenness in the frequency responses of the microphone and loudspeaker, 
we measured the frequency response of the loudspeaker in free air with the same microphone, using the same 

Figure 9.   Excised larynx experimental setup.
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protocol. Then we divided the frequency responses of the subglottal tracts by the frequency response of the loud-
speaker obtained in free air. We used Matlab custom-made scripts to perform all the numerical computations. 
The resonant subglottal tract was manually set to the previously determined piston positions corresponding to 
fR1 = 330, 400, 500, 600, 700 and 800 Hz.

Excised larynx experiments.  Preparation of the larynges.  During the excised larynx experiments we 
used red deer (cervus elaphus) larynges. These larynges were shown to behave similarly as human larynges54,55. 
The larynges were harvested from animals living wildly in forests, which were hunted by the Czech Army Forest 
Service during a regular hunting season, and they were treated in accordance with the standard ethical require-
ments of the Palacký University in Olomouc. After being harvested, the larynges were ‘flash-frozen’ using liquid 
nitrogen and kept in a freezer. Before the experiment, the larynges were put in a water bath heated to 30 °C until 
the larynx was completely defrosted. We prepared the larynges to expose the vocal folds, by removing the tissues 
above them: the epiglottis, the ventricular folds and part of the thyroid cartilage56–58. We attached the larynges at 
the open end of the subglottal tract and tightened them to prevent air leaks.

Experimental procedure.  We used data from two separate experiments with red deer larynges. During these 
experiments, metal prongs were used to adduct the vocal folds and keep the laryngeal adjustment constant.

•	 In the first experiment (steady phonations), we adjusted the air flow to approximately 400 mL/s and waited 
until the subglottal pressure stabilized to a final value. After getting representative data we stopped the flow. 
We first performed the experiment with the anechoic subglottal tract attached to the system, then with the 
resonant subglottal tract set to six different values of fR1: 330, 400, 500, 600, 700 and 800 Hz. To rule out the 
possibility of the long-term laryngeal tissue changes influencing the results, we then repeated the procedure 
once again with the anechoic subglottal tract and with the resonant subglottal tract set to the same values of 
fR1, in order to verify the repeatability of the results.

•	 During the second experiment (flow sweeps), we first used the anechoic subglottal tract, and performed 
three flow sweeps, each executed in the following manner: the flow was slowly increased from 0 to approxi-
mately 550 mL/s, and after about five seconds we slowly decreased the flow back to 0 mL/s, for a total dura-
tion of about one minute per sweep. After that, we changed the subglottal tract to the resonant one (set to 
fR1 = 500 Hz), and repeated the three flow sweeps with the same flow values. Then, we switched back to the 
anechoic subglottal tract, and repeated the whole experiment once again to verify the repeatability of the 
results. Four larynges were used during the experiment, but one of them could not vibrate steadily, therefore 
we decided to discard it.

Data processing.  The fundamental frequency fo was estimated with the SWIPE’ algorithm developed by Cama-
cho et al.59. The onset and offset threshold pressures were measured by manually finding the oscillation onsets 
and offsets in the subglottal pressure waveform. We used a custom Matlab script to click on the waveform and 
get the onset and offset times. Afterwards, we averaged the subglottal pressure over a 50 ms window before the 
onset and after the offset. The radiated SPL was derived from the calibrated microphone signal at 10 cm from the 
vocal folds. We used the SPL calibration method 1A (using a calibrator and the microphone) described by Švec 
& Granqvist50 together with the corresponding software package for Matlab60. The subglottal SPL was derived 
from the calibrated subglottal pressure signal, measured by the pressure sensor placed just below the vocal folds. 
The subglottal pressure was calibrated in cm H2O using a U-shaped tube. The pressures were converted to hec-
topascals by multiplying it by the factor of 0.981. We applied a high-pass filter with a cutoff frequency of 10 Hz to 
the subglottal pressure and microphone signals to remove any DC offset, and then calculated both SPLs on the 
filtered signals using ‘fast’ time-weighting and no frequency weighting.

Inverse filtering.  We performed inverse filtering analysis using the Sopran software developed by Svante 
Granqvist33. The signals were downsampled to 6 kHz to make the procedure easier. Through the software one 
can manually set up inverse poles and zeros to obtain a waveform as close to the theoretical source signal wave-
form as possible. Sopran also includes an option to select the type of the original signal: ‘Sound pressure (mic)’ or 
‘Flow signal (mask)’. When the first option is selected, Sopran adds a numerical integration step and a high-pass 
filter, for which the cutoff frequency is manually set by the user. As we used the microphone signal registering 
the radiated sound pressure, we accordingly selected the ‘Sound pressure (mic)’ option and used the cutoff fre-
quency 20 Hz.

Statistics.  Statistical tests were performed to find out significance of the differences between the anechoic 
and resonant subglottal conditions in the phonation onset and phonation offset pressures. Since we had onset 
and offset pressure data from two repetitions of three pressure sweeps for three larynges in both anechoic and 
resonant conditions, we utilized linear regression models with multiple categorical variables to take all these fac-
tors into account. We performed the statistical tests using Matlab built-in functions. The details on the statistical 
treatment of our data are provided in the Supplementary materials S1 to this article.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
on request.
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Appendix
Theory of the relationship between the anechoic subglottal pressure, the glottal flow modula-
tion and the radiated sound pressure.  As mentioned in the methods section, the subglottal tract has the 
shape of a straight circular waveguide, and in the anechoic conditions it is assimilated to a semi-infinite wave-
guide. We can therefore assume that plane waves propagate in this waveguide in only one direction along the 
longitudinal axis of the waveguide. If we now consider the upwards direction (towards the glottis) along this axis 
to be the positive direction, then the subglottal acoustic waves propagate in the negative direction (away from 
the glottis). Below the glottis, the subglottal acoustic pressure ps decreases when the glottis opens and increases 
when it closes, while the subglottal acoustic velocity us increases when the glottis opens and decreases when the 
glottis closes. This means ps and us have an opposite phase. Furthermore, since in the anechoic conditions the 
waves propagate in only one direction, the amplitudes of ps and us are proportionally related through the charac-
teristic impedance Zc = ρ0c

26, where ρ0 is the mean density of air and c the velocity of sound in air. It is therefore 
possible to write the relation between both quantities:

For moist air with the temperature of 37 °C, it holds Zc ≈ 400 Pa∙s∙m-1. If we express the subglottal volume 
flow U  as the particle velocity us multiplied by the cross-sectional area of the anechoic subglottal tract S (in our 
case S = 4.5 mm2), the volume flow can be expressed as:

Since S and Zc are constants, the equation justifies that the acoustic pressure and the acoustic flow are pro-
portional inside the anechoic subglottal tract and their waveform shapes are identical, but with reversed polarity.

The radiated acoustic pressure can be estimated from the oscillatory glottal volume flow. Because the glottal 
area is small compared to the wavelengths of the dominant frequencies of the voice spectrum, it is reasonable 
to approximate the oscillating glottis as a point source, generating the glottal volume flow Q . In the frequency 
domain, the glottal volume flow can be expressed as Q = Q0(ω)e

jωt , where Q0(ω) is the amplitude, j2 = −1 , and 
ω is the angular frequency. Here Q only corresponds to the acoustic component of the glottal flow, disregarding 
the steady component which does not contribute to the sound. In this case, the radiated acoustic pressure pr , in 
free air at the distance r from the glottis and at the angular frequency ω , can be estimated from the time deriva-
tive of the glottal volume flow by the theoretical relationship61:

The complex notation is only useful here to know the phase difference (here 90 degrees) between the flow and 
the pressure. It is possible to express the volume flow U  and the acoustic pressure ps in the frequency domain 
through the Fourier series, as a sum of sinusoidal components of different amplitude, phase and frequency. If 
we assume that for every angular frequency ω , the subglottal volume flow U(ω) is equal to the glottal flow Q(ω) , 
combination of Eqs. (2) and (3) provides an analytical relation between the anechoic subglottal pressure ps and 
the radiated sound pressure pr:

where A(r,ω) = ωρ0S
4πrZc

 . To find the sound pressure level (SPL) difference between the radiated and subglottal 
sound in decibels, we can use the amplitudes of the radiated and subglottal pressure components ( prA(ω) and 
psA(ω) , respectively) and express their ratio logarithmically as:

The theoretical dependence of AL on frequency, for the distance r = 10 cm, was plotted by solid line in Fig. 8 
for frequencies ranging from 50 to 2000 Hz.

Received: 16 July 2020; Accepted: 30 November 2020

References
	 1.	 Fant, G. M. Acoustic theory of speech production. (Mouton, 1960).
	 2.	 Van Den Berg, J. Myoelastic-aerodynamic theory of voice production. J. Speech Lang. Hear. Res. 1, 227–244 (1958).
	 3.	 Titze, I. R. Comments on the myoelastic-aerodynamic theory of phonation. J. Speech Lang. Hear. Res. 23, 495–510 (1980).
	 4.	 Titze, I. R. The physics of small-amplitude oscillation of the vocal folds. J. Acoust. Soc. Am. 83, 1536–1552 (1988).
	 5.	 Titze, I. R. The Myoelastic Aerodynamic Theory of Phonation. (National Center for Voice and Speech, 2006).
	 6.	 Titze, I. R., Baken, R. J. & Herzel, H. Evidence of chaos in vocal fold vibration. in Vocal Fold Physiology, Frontiers in Basic Science 

143–188 (edited by I. R. Titze (Singular Publishing Group, San Diego), 1993).
	 7.	 Baken, R. Between organization and chaos: a different view of the voice. In Producing speech: Contemporary issues for Katherine 

Safford Harris (ed Bell-Berti, F. & Raphael, L. J.) 233–245 (1995).

(1)us = −

ps

ρ0c
= −

ps

Zc
.

(2)U = −

S

Zc
ps .

(3)pr(r,ω) =
ρ0

4πr

∂Q

∂t
=

jωρ0Q

4πr
.

(4)pr(r,ω) = −

jωρ0S

4πrZc
ps = −jA(r,ω)ps(ω),

(5)AL(ω) = 20 log
prA(ω)

psA(ω)
= 20 log

ωρ0S

4πrZc
,



13

Vol.:(0123456789)

Scientific Reports |           (2021) 11:28  | https://doi.org/10.1038/s41598-020-79265-3

www.nature.com/scientificreports/

	 8.	 Herzel, H., Berry, D., Titze, I. & Steinecke, I. Nonlinear dynamics of the voice: Signal analysis and biomechanical modeling. Chaos 
Interdiscip. J. Nonlinear Sci. 5, 30–34 (1995).

	 9.	 Titze, I. R. Nonlinear source-filter coupling in phonation: theory. J. Acoust. Soc. Am. 123, 2733–2749. https​://doi.
org/10.1121/1.28323​37 (2008).

	10.	 Weiss, D. Zur Frage der Registerbruchstellen. Die Wirkung vorgeschalteter Resonanzröhren auf die Stimme. [On the question of 
register breaks. The effect of upstream resonance tubes on the voice]. Z Hals-, Nas-u Ohrenheilk 70, 353–358 (1932).

	11.	 Titze, I. R., Riede, T. & Popolo, P. Nonlinear source–filter coupling in phonation: Vocal exercises. J. Acoust. Soc. Am. 123, 1902–1915 
(2008).

	12.	 Wade, L., Hanna, N., Smith, J. & Wolfe, J. The role of vocal tract and subglottal resonances in producing vocal instabilities. J. Acoust. 
Soc. Am. 141, 1546. https​://doi.org/10.1121/1.49769​54 (2017).

	13.	 Zañartu, M., Mehta, D. D., Ho, J. C., Wodicka, G. R. & Hillman, R. E. Observation and analysis of in vivo vocal fold tissue instabili-
ties produced by nonlinear source-filter coupling: a case study. J. Acoust. Soc. Am. 129, 326–339. https​://doi.org/10.1121/1.35145​
36 (2011).

	14.	 Tokuda, I. T. Non-linear dynamics in mammalian voice production. Anthropol. Sci. 126, 35–41 (2018).
	15.	 Murtola, T., Aalto, A., Malinen, J., Aalto, D. & Vainio, M. Modal locking between vocal fold oscillations and vocal tract acoustics. 

Acta Acust. united Ac. 104, 323–337 (2018).
	16.	 Mergell, P. & Herzel, H. Modelling biphonation—the role of the vocal tract. Speech Commun. 22, 141–154 (1997).
	17.	 Hatzikirou, H., Fitch, W. & Herzel, H. Voice instabilities due to source-tract interactions. Acta Acust. united Ac. 92, 468–475 (2006).
	18.	 Austin, S. F. & Titze, I. R. The effect of subglottal resonance upon vocal fold vibration. J. Voice 11, 391–402 (1997).
	19.	 Zhang, Z., Neubauer, J. & Berry, D. A. The influence of subglottal acoustics on laboratory models of phonation. J. Acoust. Soc. Am. 

120, 1558–1569 (2006).
	20.	 Zhang, Z., Neubauer, J. & Berry, D. A. Influence of vocal fold stiffness and acoustic loading on flow-induced vibration of a single-

layer vocal fold model. J. Sound Vib. 322, 299–313 (2009).
	21.	 Lucero, J. C., Lourenço, K. G., Hermant, N., Van Hirtum, A. & Pelorson, X. Effect of source–tract acoustical coupling on the oscil-

lation onset of the vocal folds. J. Acoust. Soc. Am. 132, 403–411 (2012).
	22.	 Lehoux, H., Hampala, V. & Švec, J. G. Development and Use of an Anechoic Subglottal Tract for Excised Larynx Experiments. in 

Models and Analysis of Vocal Emissions for Biomedical Applications - 11th International Workshop, MAVEBA 2019. (ed Claudia 
Manfredi) 209–212 (Firenze University Press, 2019).

	23.	 Hampala, V., Švec, J., Schovánek, D. & Mandát, D. Utility Model No. 25585: Subglottal tract model (In Czech). Czech republic 
patent (2013).

	24.	 Baken, R. J. Electroglottography. J. Voice 6, 98–110 (1992).
	25.	 Hampala, V., Garcia, M., Švec, J. G., Scherer, R. C. & Herbst, C. T. Relationship between the electroglottographic signal and vocal 

fold contact area. J. Voice 30, 161–171 (2016).
	26.	 Kinsler, L. E., Frey, A. R., Coppens, A. B. & Sanders, J. V. The Acoustic Wave Equation and Simple Solutions. in Fundamentals of 

Acoustics 113–148 (John Wiley & Sons, Inc. New York, 2000).
	27.	 Sondhi, M. M. Measurement of the glottal waveform. J. Acoust. Soc. Am. 57, 228–232 (1975).
	28.	 Miller, R. L. Nature of the vocal cord wave. J. Acoust. Soc. Am. 31, 667–677 (1959).
	29.	 Murtola, T., Alku, P., Malinen, J. & Geneid, A. Parameterization of a computational physical model for glottal flow using inverse 

filtering and high-speed videoendoscopy. Speech Commun. 96, 67–80 (2018).
	30.	 Rothenberg, M. A new inverse-filtering technique for deriving the glottal air flow waveform during voicing. J. Acoust. Soc. Am. 

53, 1632–1645 (1973).
	31.	 Sundberg, J. Flow glottogram and subglottal pressure relationship in singers and untrained voices. J. Voice 32, 23–31 (2018).
	32.	 Wolfe, J., Chu, D., Chen, J.-M. & Smith, J. An experimentally measured source-filter model: glottal flow, vocal tract gain and output 

sound from a physical model. Acoust. Aust. 44, 187–191. https​://doi.org/10.1007/s4085​7-016-0046-7 (2016).
	33.	 Granqvist, S. Sopran sound editor, available from http://www.tolva​n.com/index​.php?page=/main/home.php (last accessed 

02.06.2020).
	34.	 Cranen, B. & Boves, L. Pressure measurements during speech production using semiconductor miniature pressure transducers: 

Impact on models for speech production. J. Acoust. Soc. Am. 77, 1543–1551 (1985).
	35.	 Miller, D. & Schutte, H. Characteristic patterns of sub-and supraglottal pressure variations within the glottal cycle. In Transcr. 

XIIIth Symp. Care Prof. Voice. 70–75 (1985).
	36.	 Schutte, H. & Miller, D. Resonanzspiele der Gesangsstimme in ihren Beziehungen zu supra-und subglottalen Druckverlaufen: 

Konsequenzen für die Stimmbildungstheorie. [Play of Resonances in the Singing Voice in the Supra- and Subglottal Pressure 
Changes: Consequences for the Theory of Voice Production]. Folia Phoniatr. Logo. 40, 65–73 (1988).

	37.	 Sundberg, J., Scherer, R., Hess, M., Müller, F. & Granqvist, S. Subglottal pressure oscillations accompanying phonation. J. Voice 27, 
411–421 (2013).

	38.	 Lucero, J. C. Subcritical hopf bifurcation at phonation onset. J. Sound Vib. 218, 344–349 (1998).
	39.	 Lucero, J. C. Oscillation hysteresis in a two-mass model of the vocal folds. J. Sound Vib. 282, 1247–1254 (2005).
	40.	 Titze, I. R., Schmidt, S. S. & Titze, M. R. Phonation threshold pressure in a physical model of the vocal fold mucosa. J. Acoust. Soc. 

Am. 97, 3080–3084 (1995).
	41.	 Berry, D. A., Herzel, H., Titze, I. R. & Story, B. H. Bifurcations in excised larynx experiments. J. Voice 10, 129–138 (1996).
	42.	 Mau, T., Muhlestein, J., Callahan, S., Weinheimer, K. T. & Chan, R. W. Phonation threshold pressure and flow in excised human 

larynges. Laryngoscope 121, 1743–1751 (2011).
	43.	 Regner, M. F., Tao, C., Zhuang, P. & Jiang, J. J. Onset and offset phonation threshold flow in excised canine larynges. Laryngoscope 

118, 1313–1317 (2008).
	44.	 Zhang, Z., Mongeau, L. & Frankel, S. H. Experimental verification of the quasi-steady approximation for aerodynamic sound 

generation by pulsating jets in tubes. J. Acoust. Soc. Am. 112, 1652–1663 (2002).
	45.	 Arsikere, H., Leung, G. K., Lulich, S. M. & Alwan, A. Automatic estimation of the first three subglottal resonances from adults’ 

speech signals with application to speaker height estimation. Speech Commun. 55, 51–70 (2013).
	46.	 Cranen, B. & Boves, L. On subglottal formant analysis. J. Acoust. Soc. Am. 81, 734–746 (1987).
	47.	 Ishizaka, K., Matsudaira, M. & Kaneko, T. Input acoustic-impedance measurement of the subglottal system. J. Acoust. Soc. Am. 

60, 190–197 (1976).
	48.	 Miller, D. G. & Schutte, H. Effects of downstream occlusions on pressures near the glottis in singing. in Vocal fold physiology: 

Acoustic, perceptual, and physiological aspects of voice mechanism 91–98 (1991).
	49.	 Schutte, H. K. & Miller, D. G. The effect of F0/F1 coincidence in soprano high notes on pressure at the glottis. J. Phon. 14, 385–392 

(1986).
	50.	 Svec, J. G. & Granqvist, S. Tutorial and guidelines on measurement of sound pressure level in voice and speech. J. Speech Lang. 

Hear. Res. 61, 441–461. https​://doi.org/10.1044/2017_JSLHR​-S-17-0095 (2018).
	51.	 Alku, P. Glottal inverse filtering analysis of human voice production: A review of estimation and parameterization methods of the 

glottal excitation and their applications. Sadhana 36, 623–650 (2011).
	52.	 Fant, G., Liljencrants, J. & Lin, Q.-G. A four-parameter model of glottal flow. STL-QPSR 4, 1–13 (1985).
	53.	 The Audacity Team. Audacity: Free Audio Editor and Recorder. At https​://www.audac​ityte​am.org/ (2020).

https://doi.org/10.1121/1.2832337
https://doi.org/10.1121/1.2832337
https://doi.org/10.1121/1.4976954
https://doi.org/10.1121/1.3514536
https://doi.org/10.1121/1.3514536
https://doi.org/10.1007/s40857-016-0046-7
http://www.tolvan.com/index.php?page=/main/home.php
https://doi.org/10.1044/2017_JSLHR-S-17-0095
https://www.audacityteam.org/


14

Vol:.(1234567890)

Scientific Reports |           (2021) 11:28  | https://doi.org/10.1038/s41598-020-79265-3

www.nature.com/scientificreports/

	54.	 Herbst, C. T. Glottal efficiency of periodic and irregular in vitro red deer voice production. Acta Acust. United Ac. 100, 724–733 
(2014).

	55.	 Herbst, C. T., Hampala, V., Garcia, M., Hofer, R. & Svec, J. G. Hemi-laryngeal setup for studying vocal fold vibration in three 
dimensions. J. Vis. Exp. https​://doi.org/10.3791/55303​ (2017).

	56.	 Durham, P. L., Scherer, R., Druker, D. & Titze, I. Development of Excised Larynx Procedures for Studying Mechanisms of Phonation. 
(Technical report: Voice Acoustics and Biomechanics Laboratory, Department of Speech Pathology and Audiology, The University 
of Iowa, IA, USA., 1987).

	57.	 Titze, I. R. Experiments with excised larynges. In The myoelastic aerodynamic theory of phonation 1–62 (National Center for Voice 
and Speech, 2006).

	58.	 van den Berg, J. & Tan, T. S. Results of experiments with human larynxes. Pract. Oto-Rhino-Laryng. 21, 425–450. https​://doi.
org/10.1159/00027​4240 (1959).

	59.	 Camacho, A. & Harris, J. G. A sawtooth waveform inspired pitch estimator for speech and music. J. Acoust. Soc. Am. 124, 1638–1652 
(2008).

	60.	 Granqvist, S. & Švec, J. G. CalibrateVoiceSPL. Matlab scripts available from http://www.mathw​orks.com/matla​bcent​ral/filee​xchan​
ge/64231​-calib​ratev​oices​pl (last accessed 02.06.2020) (2017).

	61.	 Kinsler, L. E., Frey, A. R., Coppens, A. B. & Sanders, J. V. Radiation and Reception of Acoustic Waves. in Fundamentals of Acoustics 
171–209 (John Wiley & Sons, Inc. New York, 2000).

Acknowledgements
This work was supported by the Czech Science Foundation (GA CR) project no. 19-04477S. A preliminary ver-
sion of this work was presented at the 11th International Workshop Models and Analysis of Vocal Emissions 
for Biomedical Applications (MAVEBA), in Florence, Italy on December 17-19, 2019. The authors appreciate 
the help of O. Vencálek, Ph.D. from the Department of Mathematical Analysis and Applications of Mathemat-
ics at the Faculty of Science of the Palacký University in Olomouc with the statistical analysis of the measured 
data, and the help of Ing. P. Liška from the Czech Army Forest Service with acquiring the excised deer larynges.

Author contributions
H.L.: formal analysis, investigation, data curation, writing—original draft, visualization. V.H.: methodology, 
subglottal tract model development, investigation. J.G.Š.: conceptualization, methodology, resources, writing—
review and editing, supervision, funding acquisition.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-79265​-3.

Correspondence and requests for materials should be addressed to J.G.Š.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.3791/55303
https://doi.org/10.1159/000274240
https://doi.org/10.1159/000274240
http://www.mathworks.com/matlabcentral/fileexchange/64231-calibratevoicespl
http://www.mathworks.com/matlabcentral/fileexchange/64231-calibratevoicespl
https://doi.org/10.1038/s41598-020-79265-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


68 
  

Supplement B: Paper II 
 

 

 

 

 

 

Frequency jumps in excised larynges in anechoic conditions: A pilot study.  

 

H. LEHOUX, C. T. HERBST, M. DOBIÁŠ, J. G. ŠVEC 

 

Journal of Sound and Vibration, 551, 117607 (2023) 

doi: 10.1016/j.jsv.2023.117607 

  



Journal of Sound and Vibration 551 (2023) 117607

Available online 12 February 2023
0022-460X/© 2023 Elsevier Ltd. All rights reserved.

Frequency jumps in excised larynges in anechoic conditions: A 
pilot study 

Hugo Lehoux a, Christian T. Herbst b,c, Martin Dobiáš d,e, Jan G. Švec a,* 
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A B S T R A C T   

Sudden fundamental frequency jumps between chest and falsetto registers are among the least 
understood phenomena occurring in human voice. Such jumps are recognized as bifurcation 
events and have been assumed to result from nonlinear-dynamic properties of the vocal folds 
interacting with acoustic resonances of the vocal tract and of the subglottal tract (ST). Here, we 
explored an anechoic (resonance-free) ST and investigated these frequency jumps in five excised 
human larynges, without a supraglottal vocal tract, under two conditions: (a) anechoic and (b) 
subglottally resonant. When smoothly elongating the vocal folds, we observed consistent jumps in 
anechoic conditions, proving that subglottal and supraglottal vocal tract resonances are not 
necessary for the jumps to arise. The presence of a resonant ST did not result in more numerous 
jumps compared to anechoic conditions, indicating that the inherent nonlinear-dynamic prop
erties of the larynges were the primary cause for the jumps. Nevertheless, the resonant ST slightly 
altered the initial and terminating frequencies of the jumps, suggesting that the role of the 
interaction of the vocal fold oscillations with subglottal acoustics should not be neglected. These 
experimental findings should be considered when validating mathematical models simulating the 
nonlinear-dynamic behavior of the human vocal apparatus.   

1. Introduction 

Breaks between chest and falsetto registers accompanied by sudden fundamental frequency (fo) jumps occur typically in adolescent 
male voices but can also be found in voice disorders or some singing styles [1,2]. Such jumps can occur abruptly without any abrupt 
changes in phonatory settings [1,2]. They have been described as bifurcation events that emerge from inherent nonlinear dynamic 
properties of the phonatory apparatus [1], but they have to date not been explained in sufficient detail. Experimental studies have 
identified multiple factors which stimulate abrupt fo jumps, such as the interactions between (a) vocal fold (VF) vibrations and the 
acoustic resonances of the supraglottal vocal tract [3,4], (b) VF vibrations and the acoustic resonances of the subglottal tract (ST) [5], 
and (c) the vibrations of the left and right VFs [6]. Theoretical and modeling studies predicted that sudden frequency jumps might 
occur without any influence of subglottal or supraglottal vocal tract resonances [7,8], but these predictions have never been verified 
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Fig. 1. Experimental setup for the excised larynx experiments.  
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empirically with real larynges. 
In order to empirically investigate the inherent laryngeal vibratory properties, we have developed an excised larynx setup with an 

anechoic (i.e., resonance-free) ST [9]. This setup allows eliminating interactions of the subglottal acoustic resonances with the VFs. In 
this pilot study, we investigated the occurrence of abrupt fo jumps in excised human larynges in two conditions: (a) fully anechoic and 
(b) subglottally resonant, without any supraglottal vocal tract. The goal of this study was to determine the potential influence of 
subglottal resonances on the fo jumps when smoothly elongating the VFs. In particular, we wanted to find out whether the abrupt jumps 
occur also when subglottal resonances are not present. 

2. Methods 

We used 5 excised larynges from deceased male humans (aged 55, 64, 69, 72, and 77 years), for whom a medical autopsy was 
ordered for forensic purposes. The bodies had been placed in a standard refrigerated facility within a short time interval after death and 
did not show any signs of postmortem autolytic changes at autopsy. Autopsies were performed within 24–48 h after death. After the 
required standard diagnostic procedures of the medical autopsy had been fulfilled, the larynges were secured for further investigations 
in accordance with the ethical rules established by Czech legislation [10] and used for this study. Secured specimens were flash frozen 
with liquid nitrogen and stored at − 80 ◦C. Each larynx was placed in a refrigerator at about 4 ◦C the night before the experiment to 
facilitate slow thawing. On the day of the experiment, each larynx was placed in a water bath at 30 ◦C until completely thawed. A visual 
inspection was performed to ensure that only larynges without abnormalities were used. 

We prepared the larynges to expose the VFs by removing the superficial tissues above them, following previously established 
guidelines [11,12]. The upper part of the thyroid cartilage was cut, but the anterior notch was kept in order to facilitate the elongation 
of the VFs. Metal prongs were used to adduct the arytenoids (as described in [12]). 

The experimental setup is presented in Fig. 1. A detailed description of this setup can be found in Lehoux et al. [9]; here we provide 
its brief description. The ST consists of a plexiglass tube of 55 cm length, which can be set to either a resonant (RES) or anechoic (AE) 
condition by modifying its termination. For the anechoic condition, the base plexiglass tube was extended by a long plastic tube 
terminated by a pyramidal wedge made from polyurethane that absorbed the sound waves and prevented acoustic resonances. For the 
resonant condition, a rigid moveable piston terminated the plexiglass tube. 

For the present experiment, we set the first resonance frequency fR1 to 500 Hz, so that it approximated the values observed in vivo 
[13]. The frequency response of the subglottal tract was measured using a small loudspeaker and a small electret microphone attached 
to the glottal end of the tract, fixed with plasticine to prevent air leaks. We obtained the final response by dividing it by the response of 
the loudspeaker, measured in free space. More details on the procedure can be found in [9] (Methods section, pp. 9–11). The frequency 
responses in the anechoic and resonant conditions are shown in Fig. 2. 

For the excised larynx experiments, we used a condenser microphone (MicW M416, Beijing Shengwang Acoustics Technology Co., 
Beijing, China) to register the radiated sound, calibrated at 94 dB re 20 µPa (1 kHz tone). The airflow was monitored and controlled by 
a F300L mechanical flow meter (GM Instruments, Irvine, United Kingdom) and registered with an SDP-1000 L-05 flow sensor (Sen
sirion AG, Stäfa, Switzerland). The subglottal pressure was measured using two pressure sensors: a Kulite XCQ-093 (Kulite Semi
conductor Products, Inc., Leonia, NJ, USA) and a Keller 41X (Keller Group plc, London, UK). Both pressure sensors were calibrated in 
cm H2O using a U-tube. Electroglottography (EGG) was used to monitor the VF contact area (not analyzed here for brevity). All signals 
were digitized using a DEWE-43 USB data acquisition system (DEWESOFT d.o.o., Trbovlje, Slovenia) at 48 kHz and recorded by the 
associated software Dewesoft X2 (DEWESOFT d.o.o., Trbovlje, Slovenia). 

We performed repetitive frequency sweeps by slowly elongating and shortening the VFs. This was accomplished by manually 
pulling and pushing the thyroid notch, respectively. The following four tasks were executed: 

Fig. 2. Frequency response of the subglottal tract (ST) in anechoic (gray line) and resonant (black line) setup. The bandwidth of the first subglottal 
resonance is also shown. 
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Fig. 3. Spectrograms derived from the microphone signal for each recording. The blue arrows indicate the initial and terminating frequencies of the investigated upward and downward fo jumps. AE1 – 
1st anechoic series: three elongation-shortening sweeps with the anechoic ST; RES1 – 1st resonant series: three elongation-shortening sweeps with the resonant ST set to fR1 = 500 Hz; AE2 – 2nd 
anechoic series: repetition of AE1; RES2 – 2nd resonant series: repetition of RES1. 
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(1) AE1 – 1st anechoic series: three elongation-shortening sweeps with the anechoic ST  
(2) RES1 – 1st resonant series: three elongation-shortening sweeps with the resonant ST  
(3) AE2 – 2nd anechoic series: repetition of AE1  
(4) RES2 – 2nd resonant series: repetition of RES1 

For the analysis of frequency jumps, narrow-band spectrograms (500 ms segments using a Gaussian window, 50% overlap) were 
obtained from the microphone signal after pre-emphasizing (+6 dB per octave). The spectrogram viewing range was set to 0–450 Hz to 
visualize fo and the lowest harmonics. 

We also extracted the fo contour from the microphone signals, using the SWIPE’ algorithm designed by Camacho et al. [14]. The 
signal was divided into 100 ms segments with a 50% overlap between segments, and one value of fo was estimated for every segment. 
From the fo contour, we manually selected the values directly before and after each frequency jump to estimate its extent. 

3. Results 

Two of the five larynges - larynx #1 (aged 55 years) and #2 (aged 69 years) - exhibited consistent frequency jumps during the 
elongation-shortening sweeps for both anechoic and resonant conditions. The remaining three larynges exhibited none or sparse 
frequency jumps that were not repeatable and did not provide reliable measurable data. Therefore, our pilot results are limited to two 
of the five larynges. The values of the air flow were at approximately 320 mL/s for larynx #1 and 270 mL/s for larynx #2. The mean 
subglottal pressure ranged from 6.6 to 26.7 cm H2O for larynx #1, and from 6.6 to 14.9 cm H2O for larynx #2. These values fall within 
the usual ranges of flows and pressures observed in excised human larynges [15]. 

Spectrograms of the sweeps for larynx #1 and #2 are shown on Fig. 3, showing consistent fo jumps (indicated by blue arrows in 
Fig. 3) during the upward and downward frequency sweeps for both the anechoic and the resonant subglottal condition. The number of 
jumps and their appearance were similar for the anechoic and resonant conditions; no additional jumps emerged when the resonant 
subglottal tract was present. In both larynges and both conditions (resonant vs. anechoic), systematic hysteresis effects were observed: 
the upward jumps always occurred at higher frequencies than the downward jumps, which is consistent with the observations of other 
studies [2,7,16]. In addition, regardless of the subglottal conditions, secondary jumps appeared occasionally for both larynges, which 
were not reproducible. Therefore, we did not consider that latter class of phenomena in our analyses. 

Visually, the spectrograms did not reveal any clear difference in the frequency jumps between anechoic and resonant conditions. To 
find out more, quantitative analysis was performed. The values of fo measured before and after each jump are shown in Fig. 4, for 
larynx #1 and #2. Within each condition, the repeated experiments showed considerable variability as regards the initial and ter
minating frequency of the jumps. 

Considering the upward jumps, in larynx #1 (Fig. 4a), the starting frequency was between 120 and 170 Hz in the anechoic and 
between 125 and 165 Hz in the resonant condition. The terminating frequency was between 215 and 250 Hz in the anechoic and 
between 240 and 270 Hz in the resonant condition. In larynx #2 (Fig. 4c), the starting jump frequency was slightly lower, i.e., between 
110 and 125 Hz in the anechoic and between 110 and 130 Hz in the resonant condition. The terminating frequency was found in a 
range of 240–280 Hz in the anechoic condition (higher than in larynx #1, with 10 Hz overlap) and 205–235 Hz (lower than in larynx 
#1) in the resonant condition. Altogether, the upward jump frequencies were different between the two larynges, and the subglottal 
resonances noticeably changed the terminating frequencies of the jumps. 

Looking at the downward jumps, in larynx #1 (Fig. 4b), the starting frequency was between 160 and 185 Hz in the anechoic and 
between 160 and 210 Hz in the resonant condition. The terminating frequency was between 110 and 130 Hz in both the anechoic and 
resonant conditions. In larynx #2 (Fig. 4d), the starting frequency of the downward jumps was between 170 and 245 Hz in the 
anechoic and between 155 and 260 Hz in the resonant condition (larger variability than in larynx #1). The terminating frequency was 
between 115 and 130 Hz in both anechoic and resonant conditions, similarly to larynx #1. Overall, the differences between the two 
larynges and between the two conditions were smaller in the downward jumps than in the upward jumps. 

The two series of tasks in identical conditions (i.e., AE1 vs. AE2, and RES1 vs. RES2) were used to check the repeatability of the 
events over time. Mostly, no systematic differences were found in the frequency jumps between the two series (see the full versus 
dotted lines in Fig. 4). Nevertheless, in two out of the eight cases, the values of fo both before and after the frequency jumps were 
slightly lower in the second than in the first series: (a) during the upward frequency jumps for larynx #1 in the anechoic condition 
(Fig. 4a); and (b) during the downward frequency jumps for larynx #2 in resonant condition (Fig. 4d). For larynx #1, phonation was 
lost after reaching high values of fo during some of the sweeps, and no downward jump was observed during the third sweep of the 
RES2 series (see Fig. 3d). 

4. Discussion and conclusion 

This study presents the very first experiments on fo jumps in excised human larynges conducted in acoustically anechoic conditions. 
We prove that the jumps occur in excised larynges in anechoic conditions. Furthermore, we have not observed the resonant subglottal 
tract to stimulate more numerous frequency jumps compared to anechoic conditions, confirming that those jumps are primarily caused 
by inherent laryngeal properties excited by the airflow rather than by acoustic interactions with subglottal and/or supraglottal tracts. 
These inherent properties differ among larynges: we found differences between our two larynges especially during upward jumps (see, 
e.g., Fig. 4a,c). 

Besides the differences between the larynges, there was considerable variability of the frequency jumps within each larynx. This 
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Fig. 4. Fundamental frequency (fo) before and after each frequency jump for larynx #1 and #2. The circles correspond to the first, and the triangles to the second series of frequency sweeps. For the 
resonant cases, we also indicate the integer divisions of the first subglottal resonance frequency (fR1 ≈ 500 Hz), fR1/2, fR1/3, and fR1/4. (a) larynx #1, upward jumps; (b) larynx #1, downward jumps; (c) 
larynx #2, upward jumps; (d) larynx #2, downward jumps. 
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jump variability was not only present in anechoic, but also in resonant conditions. Because the subglottal resonances were held 
constant, this variability suggests that the fo values during the jumps were not strongly entrained to the subglottal resonance fre
quencies. The potential entrainment frequencies are indicated in Fig. 4 as horizontal lines marked as fR1/2, fR1/3 and fR1/4, corre
sponding to the attraction of the 2nd, 3rd and 4th harmonics (2fo, 3fo and 4fo) to the lowest subglottal resonance frequency fR1. The 
initial and terminating fo frequently did not coincide with these lines. This contrasts with the findings of Zhang et al. [5], who used a 
physical model of the VFs coupled to an extendable ST and found the fo to be attracted to the first four subglottal resonance frequencies 
fR1, fR2, fR3, and fR4. However, our ST was different in that it approximated the values of the first subglottal resonance frequency fR1 
found in vivo (approximately 500 Hz), which was considerably higher than the values used by Zhang et al. [5]. Consequently, our fos 
were never in the vicinity of fR1, which can explain the different results from [5]. 

When comparing the jump characteristics between anechoic (AE) and resonant (RES) conditions, we observed that the jump 
variability within a single (AE or RES) condition was larger or comparable to the differences between AE and RES conditions in 7 out of 
the 8 cases shown in Fig. 4. This again suggests that the subglottal resonances did not play a primary role for the jump characteristics. 
Nevertheless, during the upward jumps the terminating fo values were noticeably different between AE and RES conditions (Fig. 4a,c). 
In one case, i.e., the upward jumps in larynx #2 (Fig. 4c), there was about a 37 Hz difference between the AE and RES mean value, 
which was larger than the inter-attempt variability (33 Hz in AE condition and 31 Hz in RES condition), and there was no overlap 
between the AE and RES values. Spencer et al. [17] reported similar findings in vivo when the subglottal resonance frequencies were 
changed through inhalation of helox gas (a mixture of 20% oxygen and 80% helium): one out of four subjects exhibited an average 
increase of the starting and terminating frequencies of the jumps in these conditions. This indicates that the acoustic subglottal res
onances also have an influence on the jump characteristics. However, such an influence appears to be secondary and not as dominant 
as that of the inherent properties of the larynges. 

Generally, the acoustic damping properties of the ST influence the strength of the interaction between the subglottal acoustics and 
the VF oscillations. In our experiment, the resonance bandwidth of our ST (for fR1 = 500 Hz) was about 43 Hz (Q factor = 0.086) (see 
Fig. 2), which is considerably smaller than the subglottal resonance bandwidths of > 100 Hz (Q factor > 0.2) measured in vivo [13]. A 
smaller resonance bandwidth (smaller Q factor) reflects less subglottal damping. Therefore, our subglottal resonance effects are ex
pected to be stronger than those occurring in vivo. Despite this, our observed subglottal resonance effects were still not as prominent as 
the vocal tract resonance effects on the frequency jumps observed in vivo [3,4,16,18]. This corroborates the findings from simulation 
experiments of Tokuda et al. [16], who reported that the influence of the subglottal resonances on potential frequency jumps is rather 
small in comparison with the influence of the vocal tract acoustic resonances. 

The data presented in this pilot study stem from two excised human larynges. The other three investigated larynges exhibited either 
none or very sparse fo jumps that were not reproducible. We attribute the lack of fo jump occurrences to the high age of the subjects 
from which the larynges were collected (66–77 years). Such larynges have the tendency to stay in falsetto-like vibratory regime and do 
not switch to the chest-like regime. Due to ethical constraints, we did not collect more human larynges for these pilot investigations, 
which is a limitation of this study. Nevertheless, our results provide a definite proof that the fo jumps can occur in excised human 
larynges within acoustically anechoic conditions and therefore are primarily source-induced. It concurs with the explanation that the 
jumps result from different laryngeal mechanisms [19] and from VF vibratory mode changes [8,20]. These novel experimental findings 
can be used for tuning the properties of mathematical models aiming at replicating the nonlinear-dynamic behavior of the human vocal 
apparatus. 
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Laryngeal and Acoustic Analysis of Chest and Head Registers
Extended Across a Three-Octave Range: A Case Study

*Hugo Lehoux, †Lisa Popeil, and *Jan G. �Svec, *Olomouc, Czech Republic, and yLos Angeles, California

Summary: Voice registers are assumed to be related to different laryngeal adjustments, but objective evidence
has been insufficient. While chest register is usually associated with the lower pitch range, and head register with
the higher pitch range, here we investigated a professional singer who claimed an ability to produce both these
registers at every pitch, throughout her entire singing range. The singer performed separated phonations alternat-
ing between the two registers (further called chest-like and head-like) at all pitches from C3 (131 Hz) to C6 (1047
Hz). We monitored the vocal fold vibrations using high-speed video endoscopy and electroglottography. The
microphone sound was recorded and used for blind listening tests performed by the three authors (insiders) and
by six “naive” participants (outsiders). The outsiders correctly identified the registers in 64% of the cases, and the
insiders in 89% of the cases. Objective analysis revealed larger closed quotient and vertical phase differences for
the chest-like register within the lower range below G4 (<392 Hz), and also a larger closed quotient at the mem-
branous glottis within the higher range above Bb4 (>466 Hz), but not between Ab4-A4 (415-440 Hz). The nor-
malized amplitude quotient was consistently lower in the chest-like register throughout the entire range. The
results indicate that that the singer employed subtle laryngeal control mechanisms for the chest-like and head-like
phonations on top of the traditionally recognized low-pitched chest and high-pitched head register phenomena.
Across all pitches, the chest-like register was produced with more rapid glottal closure that was usually, but not
necessarily, accompanied also by stronger adduction of membranous glottis. These register changes were not
always easily perceivable by listeners, however.
Key Words: Voice registers−Vocal fold oscillation−Singing range−High-speed videoendoscopy−Electroglot-
tography.

INTRODUCTION
The division of the human voice into different regions is a
widely accepted but highly controversial concept in the
voice research and singing community. Such regions are
called “registers”, a term that originated as an analogy to
church organ registers.1 The vocal registers can have many
different names, definitions, and frequency ranges according
to the language or the teaching methods: in 1963, M€orner
et al, reported more than a hundred different terms to
describe registers.2 Nevertheless, it is most commonly
accepted that there are two main registers used in singing,
and they are named “chest” (or “modal”) and “head” (or
“falsetto”) registers. There is currently no strictly objective
method to differentiate those registers, but singers or singing
teachers appear to be able to differentiate them from their
singing or teaching experience by recognizing acoustic char-
acteristics or proprioceptive sensations. A sudden register
change can also be recognized directly from a transition
event, such as a voice break or a pitch jump. Such events

typically occur at the transition between the chest and head
registers, for example when singing a glissando.3

Registers are usually named after their perceptual or pro-
prioceptive characteristics. For example, the terms “chest”
and “head” are associated with a sensation of sympathetic
vibrations in the chest and head areas respectively. Despite
those characteristics, these two registers are assumed to be
associated mostly with different laryngeal adjustments,
which produce different vocal fold vibratory patterns.4 Such
laryngeal adjustments are sometimes referred to as “laryn-
geal mechanisms” and numbered from low pitch to high
pitch (M0, M1, M2 and M3),5 where M1 and M2 are usu-
ally associated with the chest and the head registers, respec-
tively. In order to observe the activity of the laryngeal
muscles when using different registers, Hirano et al,6 per-
formed electromyographic (EMG) measurements. They
found that the thyroarytenoid (TA) muscle (also called the
vocalis muscle) was generally more active in the chest regis-
ter than in the head register. Similar findings were reported
also by the studies of Baer et al,7 and Kochis-Jennings
et al,8 although the TA dominance for the chest register
appears questionable at the fundamental frequencies above
300 Hz.9

The electroglottographic (EGG) signal5,10,11 and its rela-
tion to registers has also been analyzed: it has been found
that its amplitude generally decreases and its open quotient
increases when singers shift from the chest to the head reg-
ister. Laryngeal imaging has finally proven to be a useful
tool to observe the vibrations of the vocal folds, through
simple laryngoscopy,12,13 videokymography14 or high-
speed videoendoscopy.15-22 General findings mostly agree
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on a firmer, longer vocal fold contact in the chest than in
the head register.

Registers are often associated with pitch (a perceptual
correlate to fundamental frequency fo, in singing often
expressed by musical notes): the chest register is mostly used
for comfortable speech and lower notes and the head regis-
ter is used for higher notes. There exists an overlap region
where both these registers can be used, however. Therefore,
previous works have studied registers either by comparing
parameters at the same pitch in this overlap region, or by
analyzing the transition occurring in ascending or descend-
ing glissandi.

While the register transitions are traditionally smoothed
out in classical western operatic singing, some non-operatic
singing styles, such as Country and Western yodeling, or
Pop “falsetto flips”, explore the register transitions for artis-
tic purposes. In 2008, the Australian singer Mal Webb pub-
lished a short video describing a special singing technique
which he calls “sideways yodeling”.23 He defined this tech-
nique as a sudden change of register (from chest to head or
from head to chest) while keeping the same pitch, or even
switching from a higher chest-register pitch to a lower head-
register pitch, which contrasts with the traditional yodeling
techniques. Interestingly, this singer claimed that the chest
and head registers are in fact not limited by the pitch, as he
demonstrates using the chest register up to high notes like
E5 = 659 Hz and using the head register down to low notes
like Ab2 = 104 Hz.

In this study, we investigated a female professional singer
and singing pedagogue (co-author LP) who took inspiration
from Mal Webb’s “sideways” register transitions and
extended it to her entire singing range. In other words, she
claimed that she can alternatively use both chest and head
registers regardless of pitch, according to her own kines-
thetic and auditory perceptions, and therefore that her
chest-to-head-register-overlap region was extended through-
out her full pitch range. We decided to perform a detailed
experimental laryngeal investigation of this subject using
laryngeal high-speed videoendoscopic, electroglottographic
(EGG) and audio recordings of the produced vocal sound.
Besides quantitative analyses of the recorded signals, we
also performed listening tests to assess the perceptual distin-
guishability of the two vocal registers across the whole pitch
range.

During the course of the study, we ran into terminological
problems with assigning proper names to the two registers
investigated in this study. The singer initially used the terms
“M1” and “M2”, but we decided to avoid these since we
had no proof that the two registers are two distinct vibratory
mechanisms separated by a clear transition event, as under-
stood by the scientists who introduced the M1, M2 register
terminology (N. Henrich, personal communication). The
traditional terms “chest” and “head” registers, on the other
hand, we considered potentially confusing, since they are
commonly associated with low and high pitches. We finally
opted for the terms “chest-like” and “head-like” which are
used in the rest of this article to refer to the singer’s intended

registers. The terms “chest” and “head” are used here to
refer to the registers described previously in literature.

Based on the previous findings reporting more TA muscle
activity6-9 and acoustically richer harmonic structure of the
sound in chest than in the head register,24,25 we formulated
the following hypotheses for our study:

(1) The vocal folds will have a longer and more pronounced
contact in the chest-like register than in the head-like reg-
ister. This hypothesis is based on the knowledge that the
TA muscle bulges the membranous portion of the vocal
folds26,27 allowing firmer membranous adduction.28,29

(2) The vertical phase differences between the vibrations of
the lower and upper margins of the vocal folds will be
larger in the chest-like register than in the head-like regis-
ter. This hypothesis stems from the knowledge that the
TA muscle makes the vocal fold thicker vertically,26

thus allowing larger differences between the motions of
the upper and lower margins.

(3) The amplitude of vibration of the lower margin of the
vocal folds will be larger and, consequently, the maximum
glottal closing speed will be higher in the chest-like regis-
ter than in the head-like register. This hypothesis takes
into account that the more adducted lower margin of
the vocal folds likely vibrates with larger amplitude,
which presents itself through larger maximum area dec-
lination rate.30

(4) There will be more high-frequency energy in the sound
spectrum of the chest-like compared to the head-like reg-
ister. This hypothesis is based on previous observations
reporting a flatter spectral slope of the sound source in
chest than in head register.24,25

METHODS

Experimental setup
A female professional singer and singing pedagogue (co-
author LP) with more than 40 years of experience with per-
forming, recording, and teaching singing served as a subject
for this study. She performed short (between 0.9 and 2.2 s)
sustained phonations on all musical notes (semitones)
throughout the range of three octaves from C3 (131 Hz) to
C6 (1047 Hz), first in the chest-like then (after a short pause)
in the head-like register, using the “laryngoscopic vowel”
similar to the neutral vowel /ǝ:/. No recording was per-
formed on one pitch (Ab3 = 208 Hz), however, as it was
omitted by mistake. We also asked the singer to perform
continuous phonations, alternating between the chest-like
and head-like registers without a pause, to verify findings
related to the changes in laryngeal configuration and to
check for discontinuities during the register transitions. This
second task was only performed at pitches Db3 (139 Hz),
Bb3 (233 Hz), F4 (349 Hz), C5 (523 Hz), F5 (698 Hz) and
Bb5 (932 Hz) to reduce the excessive duration of the experi-
ment (c. 10-minutes waiting time was needed for data stor-
age before starting a new recording, making the experiment
time-demanding). We monitored the vocal fold vibrations
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with a rigid 90° endoscope (8707 DA, 10 mm, Karl STORZ,
Germany) connected to a high-speed camera (FASTCAM
Mini AX100 54, 16GB memory, Photron, Japan). We used
a 350 W xenon light source (Hawk HW-300A) connected to
the endoscope via a light-conducting cable (P2551A
HAWK, 5 £ 2500 mm). All the phonations were registered
by the camera at 7200 frames per second (fps), with the reso-
lution of 384 £ 576 pixels except the high-pitched phona-
tions from D5 (587 Hz) to C6 (1047 Hz) which were
recorded at the increased high-speed rate of 13600 fps. The
videos were saved as uncompressed AVI files.

Simultaneously, we registered the radiated sound through
a small condenser microphone (Isomax 2 omnidirectional
microphone, Countryman Associates, USA) placed on top
of the camera as depicted in Figure 1. During the phona-
tion, the mouth-to-microphone distance was measured to be
22 cm. Furthermore, we simultaneously registered the EGG
signal with electrodes placed at the vocal fold level using the
GLOTTAL ENTERPRISES EG2-PC EGG device.
Finally, we used an impulse signal generated by the camera
to synchronize the audio and the video events. The micro-
phone, EGG and synchronization signals were sampled at
48 kHz, 24 bits resolution using the Fireface 400 soundcard
(RME, Germany) connected to a second computer, which
recorded the signals using the Audacity software31 and
saved them as synchronized uncompressed mono WAV
files. The high-speed video recordings were limited by the
camera storage memory to about 7 seconds at 7200 fps and
about 4 seconds at 13600 fps. Each recording contained at
least one phonation of each register, and the intended regis-
ter of every phonation according to the subject’s own pro-
prioception was noted.

Listening test
Listening tests were performed to determine whether the
two different registers could be audibly distinguished. For
this purpose, the chest-like and head-like phonations from
the microphone signal, including the phonation onsets and
offsets, were manually separated and saved as individual
WAV files. There were 72 samples in total, containing two

audio samples per each pitch from C3 = 131 Hz to
C6 = 1047 Hz (except for the pitch Ab3 = 208 Hz as previ-
ously mentioned in section 2.1), i.e., 36 pitches in total: one
in the chest-like register and one in the head-like register.
Each sample was individually normalized by setting the
maximum absolute value of the signal to 1. A total of 9 eval-
uators independently performed the listening tests. To assess
the repeatability of the perceptual evaluations, each listener
completed the test twice with at least 1-week interval
between the two attempts to minimize the memory effect.
The evaluators were divided in two groups − “insiders” and
“outsiders”. The “insiders” group contained the three authors
of this study who were familiar with the study design and
knew that each sample was intended to be either in the chest-
like or in the head-like register, according to the professional
singer. The six listeners from the “outsiders” group were
recruited among acquaintances of the three authors. Two of
them were singing teachers and the others were singers in the
university student choir. They were all familiar with the sound
of chest and head registers but were not familiar with the study
design. They were given detailed instructions on how to per-
form the listening test (the instructions are available in the
appendix). The listeners self-rated their ability to produce and
to recognize both registers, on a scale from 0 (not experienced)
to 10 (expert) (see the appendix). Table 1 lists the singing expe-
rience in years and the claimed ability to recognize both regis-
ters, for each participant.

The listening tests were performed using the Visor
software32,33 which allows visual sorting and rating of audio
samples. The software interface is composed of icons (one
icon for each audio sample) the listeners can right-click on,
to listen to the sample as many times as needed (see
Figure 2). The listeners were asked to rate and order the
audio samples on a continuous scale going from “chest-
like” phonation to “head-like” phonation, by moving the
samples up (more “head-like”) or down (more “chest-like”).
The listener could also freely arrange the samples horizon-
tally according to the pitch, but the horizontal position was
not saved by the software and therefore had no impact on
the test result. In addition, the placement of each sample
was fully randomized every time the test started. When the

FIGURE 1. Experimental setup for the experiments. (For color version of this figure, the reader is referred to the Web version of this arti-
cle.)
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test was finished, the software saved the results as a text file
which we subsequently analyzed using custom MATLAB
scripts.

The rating scale was continuous between “chest-like” and
“head-like”; the score 0 meaning the “pure chest” register
and 1000 meant the “pure head”. For the purpose of the
analysis, we defined three possible outcomes for the results
per pitch in the following way:

� Correct: the sample intended in the chest-like register was
rated more than 30 points lower (more chest-like) than the

sample intended in the head register, for the same pitch.
This outcome was represented by the ”score” of +1.

� Similar: the sample intended in the chest-like register was
rated at most 30 points lower or higher than the sample
intended in the head-like register, for the same pitch. This
outcome was represented by the ”score” of 0.

� Incorrect: the sample intended in the chest-like register was
rated more than 30 points higher (more head-like) than the
sample intended in the head-like register, for the same pitch.
This outcome was represented by the ”score” of -1.

For each group and for each pitch, the sum of the
“scores” was defined as the “agreement score”, which was
expressed per pitch and per group, and could have a value
ranging from �n (100% disagreement with the intended reg-
ister) to þn (100% agreement with the intended register),
where n is the number of tests in the corresponding group
(12 for the outsiders group and 6 for the insiders group).

Processing of the high-speed videos
For each video file, we obtained two 100-ms-long digital
kymograms (one for the chest-like phonation and one for the
head-like phonation) from the position at the middle of the
membranous glottis, perpendicularly to the glottal axis, using
the software ImageJ and Python scripts developed by Chris-
tian T. Herbst.34 These kymograms were segmented by the
VKGAnalyzer software35 to obtain the oscillation contours of
the left and right vocal folds. These contours were used for
analysis using custom Matlab scripts. We also segmented the

FIGURE 2. Screenshot of the Visor window, where all the sample icons appear. The loudspeaker icons represent samples which have been
played at least once, and the ‘gift’ icons show the samples which have never been played.

TABLE 1.
General Information About the Participants in the Lis-
tening Tests

Singing

experience

(years)

Claimed ability to

recognize chest and

head registers ER (0: not

experienced, 10: expert)

Outsiders subjects

O1 12 7

O2 20+ 9

O3 14 2

O4 18 8.5

O5 12 4

O6 11 4

Insiders subjects

HL 4 7

JGS 20+ 8

LP 20+ 10
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full-sized high-speed videos using Glottal Analysis Tools 2018
(Erlangen, Germany) to extract the glottal area waveform
(GAW)36-38 and to obtain Phonovibrograms (PVGs) of the
vocal fold edges.39 PVGs are a measure of the distance of the
glottal edge from the glottal midline for each vocal fold, seg-
mented into 256 positions along the longitudinal axis of the
glottal midline. Glottal Analysis Tool was also used to auto-
matically detect the vocal fold oscillation cycles. For the tones
between Ab4 (466 Hz) and C6 (1047 Hz), we performed the
segmentation on the sections of the high-speed videos corre-
sponding to the 100 ms windows of the obtained kymograms.
The segmentation was done similarly for the tones below Ab4,
but for those we also included 100 ms just before and after the
part corresponding to the obtained kymograms, for a total
duration of 300 ms per segmentation, in order to obtain more
cycles of vibration.

Processing of the microphone and EGG signals
For the analysis of the microphone and EGG signals, the
synchronized microphone and EGG channels were edited
to separate the chest-like and head-like phonations. The
phonation onsets and offsets were removed here in order to
keep only the stable phonation sections. This resulted in a
total of 144 samples (72 samples for each signal): one per
pitch and per register. The microphone signal was calibrated
in pascal using the 2A method from �Svec and Granqvist40

and the associated MATLAB scripts.41

In order to visually compare the spectra of all phonations,
the power spectrum of each microphone sample was calcu-
lated from 100 Hz to 5000 Hz at 24 bands per octave using
the “poctave” Matlab built-in function, after applying a
pre-emphasis filter (+6 dB per octave). For each phonation,
the spectrum was normalized by dividing the power of all
the spectral components by the power of the maximum
spectral component. Then gray-scale coding was applied so
that the individual spectra at all pitches could be presented
visually as spectrogram-like images (refer to Figure 11B,C
in section 3.3). For calculation of the spectral parameters,
the pre-emphasis filtering and the spectral normalization
were not applied.

Calculation of the parameters
According to the hypotheses formulated in the introduction,
we calculated several parameters for which we expected to
see a substantial difference between the chest-like and head-
like registers. In relation to hypothesis (1), the selected
parameters were: the closed quotient from the PVG signal
(CQPVG) and the EGG amplitude. The parameter related to
hypothesis (2) was the vertical phase difference, ie, the phase
delay between the movements of the lower and upper vocal
fold margins. To test hypothesis (3), we calculated the nor-
malized amplitude quotient from the GAW (NAQGA), the
speed quotient from digital kymograms (SQkym), and the
closing quotient from digital kymograms (CgQkym). To
account for hypothesis (4), we calculated the spectral bal-
ance from the microphone signal (SB) and the difference

between the levels of the first and second harmonics (LH1-
LH2) from the microphone signal. The calculation of all
those parameters is detailed below.

Parameters obtained from laryngeal high-speed
videos
Closed quotient (CQPVG) − this parameter provides infor-
mation on the relative glottal closure duration during pho-
nation. The CQPVG is expected to be longer in chest than in
head register. From the PVG, we obtained the closed quo-
tient for each cycle by dividing the number of frames where
the glottis was closed (i.e., the distance between both vocal
folds was 0) by the duration of the cycle (in frames). The
CQPVG was calculated in this way at each of the 256 posi-
tions along the longitudinal axis of the glottal midline and
was then averaged over the cycles, to obtain one mean value
and its standard error per longitudinal position (referred to
as the cycle-averaged local CQPVG). To account for the pos-
sible anterior-posterior differences in glottal adduction, in
every recording we divided the glottis along the glottal axis
into three sections: anterior, middle and posterior, compris-
ing respectively 85, 86, and 85 positions, and selected the
median value of the cycle-averaged local CQPVG in these
three sections, similarly as done by Sielska-Badurek et al,
for the open quotient.42

Normalized amplitude quotient (NAQGA) − this parame-
ter represents an idealized relative duration of the closing
phase assuming the glottis moves with the maximum
observed velocity43,44 for the whole duration of the closing
phase. It was calculated from the maximum area declination
rate30,36,37 using the following equation:

NAQGA ¼ max GAWð Þ �min GAWð Þ
MaximumAreaDeclinationRate � T ð1Þ

where T is the cycle duration. We expected NAQGA to be
lower in the chest-like than in head-like register, reflecting a
more rapid glottal closing movement in the chest-like regis-
ter.

Vertical phase difference (VPDkym) − this parameter is an
estimation of the phase delay of the upper margin of the
vocal folds behind the motion of the lower vocal fold margin
and is related to the mucosal wave velocity on the medial
vocal fold surface.45,46 The VPDkym was expected to be
larger in chest-like than in head-like register. We extracted
the vocal fold contours from the digital kymograms seg-
mented by the VKGanalyzer software.35 We estimated the
VPDkym between the lower and upper vocal fold margins
using the sinusoid fitting method detailed in Jiang et al,47

and we obtained one value per pitch and per vocal fold.
Speed quotient (SQkym) − this parameter compares the

average speed of the opening and closing phases of the glot-
tal cycle. It is defined as the ratio between the opening phase
duration tog and the closing phase duration tcg:

48

SQkym ¼ tog
tcg

ð2Þ
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The SQkym is assumed to reflect the ratio between the
amplitude of the lower versus the upper margin, increasing
values indicating larger amplitude of the lower versus the
upper margin.30 For chest-like register, we expected the
lower margin amplitude to be larger and therefore also the
SQkym to be larger than for the head-like register. We
obtained the SQkym using the vocal fold contour extracted
from digital kymograms.

Closing quotient (CgQkym) − this parameter measures the
relative duration of the closing phase with regards to the
cycle duration; it was defined as the closing phase duration
tcg divided by the cycle duration T:49,50

CgQkym ¼ tcg
T

ð3Þ

The CgQkym is expected to decrease when the closing
movement becomes more rapid. We expected it to be
smaller for chest-like than for head-like register. Similar to
the speed quotient and the vertical phase difference, the
closing quotient was calculated using the vocal fold con-
tours, extracted from the digital kymograms via VKGana-
lyzer.

Acoustic parameters
Sound pressure level (SPL) - we calculated the SPL of the
calibrated signal using the “C” frequency weighting and the
“special” time weighting (50 ms moving average), and we
kept one value every 40 ms (1920 samples). As previously
mentioned, the mouth-to-microphone distance was approxi-
mately 22 cm.

Spectral balance (SB) − this parameter served as a quali-
tative indication of the voice sound quality. The spectral
balance was calculated based on the method from Collyer
et al,51 for each phonation, the original microphone signal
was first filtered in order to separate it into low-frequency (0
to 2000 Hz, low-pass filter) and high-frequency (2000 to
4000 Hz, band-pass filter) bands. The two resulting wave-
forms were then processed to obtain their corresponding
sound level, using the “C” frequency weighting and the
“special” time weighting, representing the sound levels in
the frequency bands 0-2000 Hz (low frequency) and 2000-
4000 Hz (high frequency). The spectral balance (SB) was
calculated as the difference between the high-frequency
sound level and the low-frequency sound level. One value of
the SB was kept every 40 ms (1920 samples).

Difference between the levels of the first and the second
harmonics (LH1-LH2) − this parameter was used to assess
the relative importance of the first harmonic in the acoustic
spectrum.52,53 First, the signal was divided into 40-ms (1920
samples) segments with a 50% overlap between neighboring
segments. After applying a Hanning window, the power
spectrum of each segment was calculated from 100 Hz to
5000 Hz at 24 bands per octave, using the “poctave”Matlab
built-in function. The power levels of the first (LH1) and sec-
ond (LH2) harmonics were defined as the maximum value of
the power spectrum in the frequency bands around the

intended fo (§ 3.5 semitones) and twice the intended fo
(§ 3.5 semitones), respectively. LH1-LH2 was then calculated
for each segment as the difference between the power level
of the first harmonic and the power level of the second har-
monic (in dB).

Electroglottographic parameter
EGG amplitude − this parameter was used as an indication
of the relative vocal fold contact area during phonation. We
expected it to be larger in chest-like than in head-like regis-
ters. For every phonation, we divided the EGG signal into
20-ms (960 samples) windows and calculated the RMS value
of the signal in each of these windows.

Statistical analysis
We first verified whether the parameters were normally dis-
tributed using the Kologomorov-Smirnov test. Then, in
order to find whether the differences between the chest-like
and head-like register were statistically significant, we
paired the mean chest-like register values with the corre-
sponding mean head-like register values at each pitch, and
we performed paired, one-sided statistical tests on the entire
range, for each parameter. We used Student’s t-tests on
each of the analyzed parameters which were normally dis-
tributed, and Wilcoxon signed-rank tests on the other
parameters. The significance level was set to a = 0.05 (5%).

RESULTS

Listening tests
Figure 3 presents the results for the listening tests in the
form of an “agreement score” summing the opinions of the
listeners, as mentioned in the methods section (2.2) − the
larger the score, the more frequently the listeners agreed
that the perceived voice register was the same as intended
by the singer. To account for a potential bias due to the
familiarity of the “insiders” group with the recorded data,
we separated the results of the “insiders” and “outsiders”
groups. Figure 3 is divided into three panels showing the
agreement scores of the insiders group (Figure 3A), the out-
siders group (Figure 3B), and the total score regardless of
the group (Figure 3C). Each panel was divided into an
“agreement” zone (values between 0 and þn) and a “dis-
agreement” zone (values between �n and 0). Table 2 also
presents the average results of each group, as well as the
individual results from each listener.

Within the “insiders” group (n ¼ 6 answers per pitch), the
majority of the answers agreed with the singer’s intent, thus
correctly recognizing the head-like register having more
head-like quality than the chest-like register (Figure 3A).
Agreement was not reached for three tones: on C4, F5 and
B5, the chest-like and head-like register phonations were
not clearly distinguishable by these listeners. The agreement
score was 0 for the C4 tone, indicating a “random” agree-
ment (there was the same amount of “correct” and “incor-
rect” answers), and it was negative for F5 and B5,
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indicating that there were more answers disagreeing with the
singer’s intent than answers agreeing with it, for those two
tones. On average, the correct identification rate for the
insider’s listener group was 89% and the listeners were in
100% agreement with the singer's intention on 24 out of 36
pitches (see Table 2).

The listening test results for the “outsiders” group (n ¼ 12
answers per pitch) are shown in Figure 3B. Generally, the
agreement rate was considerably lower, i.e., 64 % (see
Table 2). Out of 12 performed tests on each tone, only one

tone (Ab4) had a 100 % correct identification rate, indicat-
ing that the listeners often did not find the register differen-
ces to be clear for the other tones. Nevertheless, for all
except one pitch (Eb4, where the agreement score was 0),
the majority of the answers agreed that the produced head-
like register had more head-like quality than the produced
chest-like register (agreement score > 0, as seen in
Figure 3B). Compared with the results of the insiders, the
pitches C4, F5 and B5 did not have a visibly lower differ-
ence score than the average.

FIGURE 3. “Agreement score” from the listening tests. (A) insiders group: 6 tests; (B) outsiders group: 12 tests; (C) total: insiders + outsiders, 18
tests. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

TABLE 2.
Main Results From the Listening Tests

Listeners group Individual percentage of

agreement with the

singer’s intent

Average percentage

of agreement with

the singer’s intent

Number of pitches with

a 100 % agreement

rate (out of 36 pitches)

Outsiders O1 71 64 1

O2 83

O3 39

O4 54

O5 51

O6 86

Insiders HL 90 89 24

JGS 90

LP 88

Total 73 1
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Figure 3C displays the “total” results, which consists of
the sum of the “insiders” and the “outsiders” groups. For
these results, all tones were in the “agreement” zone, indi-
cating that majority of the answers agreed with singer’s
intention, perceiving the head-like register having more
head-like quality than the chest-like register.

In order to test the reliability of the listeners in their
ratings, we investigated the intra-rater repeatability by
calculating Cohen’s weighted Kappa k values for all the
listeners (see Table 3). The values were between -0.08
and 0.58, indicating that the ratings were rather inconsis-
tent. In only two raters the value of kappa was above
0.4, indicating a moderate repeatability (according to
Landis and Koch54). The table also includes the number
of identical answers between the two test attempts NI for
each participant, as another way of quantifying the repeat-
ability with the values ranging between 31 and 92% agree-
ment. Finally, the table lists the Pearson’s correlation
coefficient r estimating the degree of correlation between
the self-rated listeners’ experience in recognizing registers
ER (see Table 1), Cohen’s Kappa, and the number of iden-
tical answers between the two listening test attempts. We
observed that there was no correlation between the listen-
ers’ experience in recognizing registers and Cohen’s Kappa
(r = 0.23), and between the listeners’ experience in recog-
nizing registers and the number of identical answers
between the two attempts (r = 0.45). None of the correla-
tions was found significant at the 5% threshold.

As expected, the number of identical answers between the
two test attempts was higher for the insiders group than for
the outsiders group (except the participant O6). The out-
siders group had an average of 22 identical answers between
the two test attempts (61%), whereas the insiders group had
an average of 31 identical answers between the two test
attempts (86%). In general, we observed no clear correlation

between this number and their self-rated ability to recognize
the registers.

High-speed video analysis
Visual evaluation
At first, we evaluated the laryngeal configurations and vocal
fold vibratory patterns from the high-speed video recordings
visually. Figure 4 shows an overview of the pitch ranges
where consistent visual differences were observed between
the chest and head registers. For convenience, we defined
RLo, RMid and RHi as the low (C3 to G4), middle (Ab4 to
B4) and high (C5 to C6) ranges respectively.

The head-like register phonations exhibited a consistent
decrease in the ventricular fold medialization for the
lower pitch range, from C3 (131 Hz) to F4 (349 Hz), as
indicated in Figure 4. The difference is shown on Figure 5
for the pitches Bb3 (233 Hz) and D4 (294 Hz). For each
pitch, the left and middle panels show a high-speed video
frame corresponding to the maximum glottal opening in
the chest-like and head-like register respectively. On those
frames, we drew the contour of the glottis and of the sur-
rounding structures, such as the arytenoids, the aryepi-
glottic folds, the ventricular folds and the epiglottis. The
right panel shows the sketches of the chest-like and head-
like register contour overlaid for comparison. For the
lower pitches Bb3 (first row) and D4 (second row), the
ventricular folds were less adducted in the head-like regis-
ter, which is indicated by solid black arrows. In the higher
pitch range, ie, above F4 (349 Hz), differences in adduc-
tion were seen in some pitches but were not consistent.
Furthermore, in that range it was not clear whether the
differences were really reflecting a change in the laryngeal
adjustment or were simply caused by a shift of the endo-
scope or a change of the larynx height.

TABLE 3.
Test-Retest Results of the Listening Tests for the Individual Raters and the Correlations Between the Results and the Lis-
tener Experience ER From Table 1

Participant Weighted

Cohen’s Kappa k

Strength of

agreement (see54)

Number of identical answers between the

two attempts NI , out of 36 (percentage)

Outsiders (mean) 0.17 22 (61%)

O1 0.13 Slight 20 (56%)

O2 0.08 Slight 26 (72%)

O3 -0.06 Poor 11 (31%)

O4 0.19 Fair 18 (50%)

O5 0.40 Moderate 23 (64%)

O6 0.29 Fair 30 (86%)

Insiders (mean) 0.29 31 (86%)

HL -0.08 Poor 29 (81%)

JGS 0.58 Moderate 33 (92%)

LP 0.36 Fair 30 (83%)

Parameters tested for correlation (ER, k) (ER, NI )

Pearson’s correlation coefficients r(A, B) 0.23 0.45

Significance of the correlation p 0.55 0.21
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Figure 4 also indicates consistent differences in the aryte-
noids adduction in the range C4 (262 Hz) − G4 (392 Hz).
Figure 5 shows those differences for the pitch D4 (294 Hz,
second row), where the arytenoids were clearly more
adducted in the head-like register (indicated by solid grey
arrows). Finally, Figure 5 shows differences in the epiglottis
position, where in the chest-like register the epiglottis was
moved posteriorly (indicated by dashed black arrows).
These differences were noticed visually on the pitches G3
(196 Hz), Bb3-Ab4 (233-415 Hz), and B4-Bb5 (494-932
Hz).

Consistent differences between the chest-like and head-
like registers were observed in glottal closure between C3
(131 Hz) and G4 (392 Hz), and between C5 (523 Hz) and
C6 (1047 Hz). Inside those pitch ranges, the glottal closure
was fuller and longer in chest-like register. Examples of
these differences are shown on Figure 6, which displays the
juxtaposed high-speed video frames of one or two vocal fold
oscillation cycles for several pitches, in both registers. For
the pitch A3 (220 Hz), in chest-like voice the glottis fully
closed along its membranous part, leaving a very small pos-
terior gap between the arytenoids (Figure 6A). In contrast,
in head-like register only a smaller portion of the glottis was
closed (Figure 6B). In addition, the closure duration was
visibly longer in chest-like than in head-like register. For the
pitches Gb5 (740 Hz) and A5 (880 Hz), similarly to the
lower pitches, the membranous portion of the glottis fully
closed in chest-like register (Figure 6G and I), whereas an
anterior gap was always visible in head-like voice
(Figure 6H and J). In the middle of glottis, the closure also
appeared to have a longer duration in chest-like than in
head-like register.

Further, we observed clear differences in the vocal fold
vibration patterns between C3 (131 Hz) and Db4 (277 Hz).
In this pitch range, the chest-like phonations exhibited a
“rectangular” vibration pattern, ie, the glottis closed and
opened as a whole (as visible for the pitch A3 in Figure 6A),
whereas the head-like phonations exhibited an “hourglass”
glottal closure, ie, the glottis was closed only in its middle
section, always leaving a small gap both anteriorly and pos-
teriorly (Figure 6B).

Finally, in the pitch range from Ab4 (415) to B4 (494 Hz)
the differences in the glottal closure were small, hardly
noticeable visually, and rather inconsistent. For the pitch
Ab4 (415 Hz), the glottis opening appeared slightly more
abrupt in the chest-like register (Figure 6C) than in head-
like register (Figure 6D), which is indicated in Figure 6C
and D with red rectangles, but this could possibly be related
also to slightly different image sampling moments within
the vibratory cycle between the two phonations. The pitch
A4 (440 Hz) showed very little but noticeable differences
between the chest-like and head-like phonations, which are
again shown by red rectangles: in the chest-like register
(Figure 6E), the glottis opening started from the anterior
section, whereas it started from the posterior section in the
head-like register (Figure 6F).

Quantitative analysis of the segmented high-speed
videos

Closed quotient (CQPVG). The results of the quantita-
tive CQPVG analysis for the anterior, middle and poste-
rior glottis are shown in Figure 7. The CQPVG values
show a remarkable transition around the pitch Ab4 (415

FIGURE 4. Diagram summarizing the visual differences observed between the chest-like and head-like phonations in the high-speed videos
and the corresponding ranges where those differences appeared. RLo, RMid and RHi define the low (C3 − G4), middle (Ab4 − B4) and high
(C5 − C6) ranges respectively. Examples of high-speed video recordings for the tones A3, E4, A4 and C6 are provided as supplementary vid-
eos S1A−S8A and the corresponding vocal sounds are provided as supplementary files S1B−S8B.
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Hz) separating the lower pitches from the rest of the
pitch range. In the lower pitch range (RLo), the differen-
ces between the chest-like and head-like registers were

more apparent. Here, the CQPVG showed consistently
larger values for chest-like than for head-like register at
the middle and anterior locations along the glottis (see

FIGURE 5. Frames of the high-speed videos and sketches of the laryngeal configuration at maximum glottal opening for the pitches Bb3,
D4 and F5. The solid lines correspond to the chest-like register and the dashed lines to the head-like register. The arrows indicate recogniz-
able differences between the two registers and the direction of change from the head to the chest register: the solid black arrows indicate a
change in the ventricular fold medialization, the solid grey arrows indicate a change in the arytenoid adduction, and the dashed black arrows
indicate a displacement of the epiglottis.
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Figure 7A and B). At the posterior glottis, the CQPVG

values were also generally larger for the chest-like regis-
ter except for the pitches A3 (220 Hz), C4 (262 Hz) and
Eb4 (311 Hz). These results agree with the visual

differences in the vocal fold contact (incomplete and
shorter glottal closure in the head-like register) observed
in the high-speed video frames of the lower-pitched pho-
nations (recall Figure 6).

FIGURE 6. Frames from the high-speed videos comparing one or two glottal oscillation cycles for the chest and head registers for different
pitches. The red rectangles emphasize the slight differences observed between the two registers for the pitches Ab4 (415 Hz) and A4 (440 Hz).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In the middle pitch range (RMid), around Ab4-B4 (415 -
494 Hz), the CQPVG values of the chest-like and head-like
registers were similar, sometimes even unexpectedly slightly
larger for the head-like register, for example at the pitch
Ab4, reflecting the slightly shorter glottal closure duration
observed in the chest-like register (see Figure 6C-D). In the

high pitch range (RHi) from C5 to C6 (523 - 1047 Hz), at the
anterior glottis, the CQPVG values were again larger for the
chest-like register, even though the difference appeared
smaller than in the low range below Ab4 (415 Hz)
(Figure 7A). At the middle glottis, the CQPVG was higher in
the chest-like register only between D5 (587 Hz) and A5
(880 Hz), and this difference appeared smaller than at the
anterior glottis (Figure 7B). Finally, at the posterior glottis,
the CQPVG differences between the chest-like and head-like
registers were not consistent from C5 to C6 (Figure 7C).
Again, these findings at high pitches agree with the visual
observations of the high-speed video frames in Figure 6,
where a small gap was observed in the head-like register at
the anterior (and sometimes middle) glottis, but not in the
posterior glottis (see pitches Gb5 and A5 in Figure 6H and
Figure 6J). One-sided paired Student’s t-tests showed that
the CQPVG was significantly higher in chest-like than in
head-like register at the anterior (P < 0.001), the middle (P
< 0.001) and the posterior (P < 0.001) positions.

Normalized amplitude quotient (NAQGA) and clos-
ing quotient (CgQkym). In contrast to the CQPVG, which
showed different behavior at the lower, middle and high
pitch ranges, the behavior of NAQGA was found remark-
ably consistent across the entire pitch range. NAQGA was
always lower in the chest-like register than in the head-like
register (see Figure 8A). The smallest NAQGA difference
was observed for the transition pitch Ab4 (415 Hz). The
CgQkym showed similar trends to NAQGA, as expected: it
was consistently lower in the chest-like than in the head-like
register, indicating that the closing phase was shorter in the
chest-like register, except for the pitch B5 (988 Hz), where
the values were very close (Figure 8B). One-sided paired
Student’s t-tests showed that both parameters were signifi-
cantly lower (P < 0.001) in the chest-like than in the head-
like register.

Speed quotient (SQkym). The values of the SQkym,
obtained from the segmented digital kymograms at the

FIGURE 7. Median value of the cycle-averaged local closed quo-
tients from the (A) anterior, (B) middle and (C) posterior thirds of the
glottis. The error bars represent the standard error of the mean at the
representative location for the anterior, middle and posterior glottis
as determined by the median. The low, middle and high ranges are
indicated by vertical dotted lines to highlight consistent differences.
These ranges correspond to those indicated in Figure 4 and are also
indicated in the following figures, for comparison purposes.

FIGURE 8. Mean Normalized Amplitude Quotient NAQGA (A) and Closing Quotient CgQkym (B) for every pitch. The error bars repre-
sent the standard error of the mean.
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place of maximum vibration amplitude in the middle of
glottis, were rather different for the left and right vocal
folds. It seemed the values followed an inverse trend for the
left and right vocal fold as fo increased: the values for the
left vocal fold went up (Figure 9A), whereas the values for
the right vocal fold went down (Figure 9B). The averages of
the left and right values were mostly between 0.5 and 1
(Figure 9C) and did not exhibit any increasing or decreasing
trend. Unlike the CQPVG, the SQkym values did not display
a change in behavior across the low, middle and high pitch
ranges. One-sided paired Student’s t-tests showed that the
SQkym had significantly higher values in chest-like register
than in head-like register for the left (P < 0.001) and right
(P = 0.004) vocal folds, as well as for the left-right average
values (P < 0.001). The SQkym values did not allow clearly
distinguishing between the chest-like and head-like phona-
tions across all pitches, however.

Vertical phase differences (VPDkym). The estimated
vertical phase differences (VPDkym) between the vibrations
of the upper and lower vocal fold margins for the chest-like
and head-like registers are shown in Figure 10. Similar to
the CQPVG values, the VPDkym parameter shows a remark-
able transition around the note Ab4, separating the low
pitch range from the rest. At the low pitch range, the
VPDkym values are notably larger for the chest-like register
than for the head-like register, as hypothesized. From Ab4
up, the VPDkym parameter could not reliably distinguish the
two registers, however. Overall, however, the one-sided
paired Student’s t-test test showed that the VPDkym was sig-
nificantly higher (P < 0.001) in the chest-like than in the
head-like register.

Acoustic analysis
Figure 11 shows the results from the acoustic analysis of the
microphone signal. None of the analyzed acoustic parameters
showed consistent differences for distinguishing the chest-like
and head-like phonations across the whole pitch range. The
SPL (Figure 11A) was consistently higher in chest-like register
for the pitches from C3 (131 Hz) to Bb3 (233 Hz), and from
Db5 (554 Hz) to C6 (1047 Hz). In this range, the differences
in SPL ranged from about 0.9 dB (at C3) to slightly under
10 dB (at E5 = 659 Hz). In the middle pitch range from B3
(247 Hz) to C5 (523 Hz), there appeared to be no consistent
differences in the SPL, but for two specific tones (A4 and B4)
the SPL was about 2.5 dB higher in chest-like than in head-
like register. The one-sided paired Student’s t-test showed that
the SPL was significantly higher in chest-like than in head-like
register (P < 0.001).

The spectra of the chest-like and head-like phonations
were visually quite similar. A more detailed analysis
revealed that the head-like phonations (Figure 11C) had a
slightly lower energy in the higher partials around 3000 Hz
than the chest-like phonations (Figure 11B). The relative
amplitude of the first harmonic was also generally higher in
the head-like register. In both registers, the relative ampli-
tude of the third harmonic abruptly decreased from Gb3
(185 Hz) to around C4 (262 Hz) - this is shown by the
dashed white ellipses in Figure 11B and C. This spectral
change did not show up to be reflected in the laryngeal con-
figurations or in the physiologic and oscillatory parameters
investigated here, however.

FIGURE 9. Mean speed quotient SQkym for the left vocal fold
(A), right vocal fold (B) and the mean of the left and right vocal
folds (C). The error bars represent the standard error of the mean.

FIGURE 10. Estimated vertical phase differences between the lower and upper vocal fold margins (average value of the left and right vocal
folds).
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The values of LH1-LH2 were generally higher in the head-
like register (Figure 11D), except for the pitch E5 (659 Hz),
pitches from G5 (784 Hz) to A5 (880 Hz), and B5 (988 Hz).
Higher values of LH1-LH2 indicate that the first harmonic con-
tains more energy relative to the second harmonic. A one-
sided paired Student’s t-test indicated that the LH1-LH2 values
were significantly higher in the head-like register (P < 0.001).

The values of the spectral balance (Figure 11D) were
mostly higher in the chest-like phonations, but this did not
hold for the pitches from C4 (262 Hz) to D4 (294 Hz), from
E5 (659 Hz) to G5 (784 Hz), and from Bb5 (932 Hz) to B5

(988 Hz). Higher values of the spectral balance indicate
more energy in the high-frequency band compared to the
low-frequency band. A one-sided paired Student’s t-test
revealed that the spectral balance was significantly higher in
chest-like register (P < 0.001).

Amplitude of the EGG signal
Amplitude of the EGG signal was analyzed to compare the
relative vocal fold contact area between the two registers.
The mean RMS amplitude was almost always higher in the

FIGURE 11. Results of the acoustic analysis of the microphone signal. (A) Mean sound pressure level (SPL). (B) Average power spectra
for the chest-like register phonations. (C) Average power spectra for the head-like register phonations. (D) Mean difference between the lev-
els of the first and second harmonic (LH1-LH2). (E) Mean spectral balance (difference of the sound level between the 0-2000 Hz and 2000-
4000 Hz frequency bands). The dashed white ellipses in panels (B) and (C) indicate the abrupt decrease of the amplitude of the third har-
monic. The error bars in panels (A), (D) and (E) represent the standard error of the mean.
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chest-like register than in the head-like register (see
Figure 12), as hypothesized. The only pitch where the head-
like register value was slightly higher than the chest-like reg-
ister value was Ab4 (415 Hz). Statistically, the RMS ampli-
tude of the EGG was overall significantly higher in the
chest-like register (P < 0.001), as expected.

DISCUSSION
As we mentioned in the introduction, both chest and head
registers are usually assumed to be limited in pitch, suggest-
ing that the chest register cannot be used above a certain
pitch and the head register cannot be used below a certain
pitch, even though the limits can vary to some extent
between individuals. Consequently, being able to freely
choose either register regardless of the pitch throughout a
singing range spanning over three octaves is a rather
unusual claim. Nevertheless, our objective analysis of the
vocal fold vibratory patterns using laryngeal high-speed vid-
eoendoscopy and electroglottography confirmed the claim
of the singer by revealing consistent differences between the
two registers produced. Most consistently, the normalized
amplitude quotient (NAQGA, obtained from the GAW) and
the closing quotient (CgQkym, obtained from the digital
kymograms) showed distinctly lower values in the chest-like
register at every pitch (except one pitch for the CgQkym),
and the RMS amplitude of the EGG signal showed consis-
tently higher values in the chest-like register at every pitch
except one. However, there were also remarkable differen-
ces in the laryngeal configuration separating the low-, mid-
dle-, and high-pitched phonation regions (Figure 4). These
indicate that our professional singer employed subtle laryn-
geal control mechanisms for the chest-like and head-like
phonations on top of the traditionally recognized low-
pitched chest versus high-pitched head register phenomena.

Perceptually, while the listeners agreed with the singer’s
intention in the majority of the cases, distinguishing between
the two registers showed up to be a challenging task. The
two registers were recognizable by the “outsiders” listeners,
on average, only in 64% of the cases (see Table 2). This sug-
gests that the listeners had different expectations about the
registers, even those who were singing teachers with many
years of experience. Some listeners might be used to focus
on articulation differences when recognizing registers, and
therefore the articulation limitations imposed by the endo-
scope insertion might have decreased their confidence when
rating the samples. The “insiders” performed better, as
expected, agreeing with the singer’s intent in 89 % of the
cases, on average. Among the “insiders”, interestingly, the
singer LP did not score as the best rater in the listening tests,
showing only 83% test-retest agreement (recall Table 3) and
correctly identifying her intended registers in 88% of the
pitches, whereas the two other authors both correctly identi-
fied the registers in 90% of the pitches (recall Table 2). This
is likely related to the fact that the singer uses also kines-
thetic and bone-conduction-sound feedback when produc-
ing the registers and her auditory sensations were
insufficient to correctly recognize the intended voice register
in all the cases. This seemed to eliminate the potential bias
of the singer as a listener judge; therefore, we kept her
results as part of the insiders group.

Physiologically, our hypothesis (1) expected a longer and
more pronounced contact in the chest-like register than in
the head-like register. The values of the high-speed-video-
based CQPVG and of the EGG amplitude generally sup-
ported this hypothesis at most pitches but not all of them.
In the low (up to G4 = 392 Hz) and high (from C5 = 523 Hz
to C6 = 1047 Hz) ranges, the CQPVG was always higher in
the chest-like register at the anterior and middle glottis, sug-
gesting a higher membranous vocal fold adduction. How-
ever, the values from the middle range (Ab4 = 415 Hz to

FIGURE 12. Mean RMS value of the EGG signal. The error bars represent the standard error of the mean. For each pitch, the mean value
and the standard error were normalized by the mean value of the chest-like register.
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B4 = 494 Hz) showed much smaller differences, and were
even higher in the head-like register for some pitches. The
RMS amplitude of the EGG signal was also generally
higher in the chest-like register and the differences were
smaller in the middle range. Like the larger CQPVG value, a
higher RMS amplitude of the EGG signal also indicates a
stronger and longer relative vocal fold contact, but some
role could be played here also by the different larynx height
in the chest-like and head-like registers which could not be
ruled out in this study. In principle, the EGG contact quo-
tient could also have been used for estimating the relative
duration of the glottal closure (see Herbst et al,55) but due
to deviations of the EGG waveform shape from the com-
monly-observed shapes in some of our phonations we have
not explored this parameter. The obtained results, neverthe-
less, provide strong evidence of a more membranous adduc-
tion in the chest-like register at most pitches, which
supports the hypothesis of a stronger TA muscle activity in
this register.

Hypothesis (2) expected the vertical phase differences
(VPDkym) between the vibrations of the lower and upper
margins of the vocal folds to be larger in the chest-like regis-
ter than in the head-like register. This was found true only
in the low range (from C3 = 131 Hz to G4 = 392 Hz). It sug-
gests that, for the higher pitches, either there was no sub-
stantial difference in the vocal fold thickness allowing larger
VPDkym, or that the VPDkym is not the most robust parame-
ter to detect the register differences there.

Hypothesis (3) expected the glottal closing speed to be
higher in the chest-like register than in the head-like register.
The observed NAQGA and CgQkym values support this
hypothesis. The consistently lower NAQGA values indicate
that the maximum closing speed was higher in the chest-like
register throughout the entire pitch range. Similarly, the
CgQkym values were consistently lower in the chest-like reg-
ister, indicating that the relative duration of the closing
phase was shorter than in the head-like register. Since the
maximum speed of glottal closure and the relative duration
of the closing phase were theoretically shown to be related
to the vibration amplitude of the lower vocal fold margins,30

those results suggest that the amplitude of the lower margin
of the vocal folds was larger in the chest-like register. In
addition, the analysis of the SQkym revealed that in the
chest-like register the duration of the closing phase was gen-
erally shorter in relation to the duration of the opening
phase, but these differences were less consistent across the
entire pitch range than those found for the NAQGA and
CgQkym values.

Hypothesis (4) expected more high-frequency energy in
the sound spectrum of the chest-like compared to the head-
like register. The results from the acoustic analysis of the
microphone signal generally support this hypothesis
(Figure 11D-E), but, again, not at all pitches. The increase
in the energy of the higher partials could be caused by an
increase in the vocal fold adduction and in the glottal clo-
sure duration,25 which agrees with the findings from the
analysis of the high-speed video recordings. Chest-like

register phonations were found to be produced mostly with
higher SPL than the head-like phonations, although also
not at all pitches (Figure 11A). Higher values of the SPL are
generally associated with a higher phonatory effort, higher
subglottal pressure,56,57 and an increase in the maximum
flow declination rate.44,58 For technical reasons the subglot-
tal pressure and glottal flow could not be measured in our
study. The singer aimed at performing both registers with
similar phonatory effort and therefore the differences in sub-
glottal pressure were supposedly small; nevertheless, the
influence of this control parameter cannot be totally
neglected and should be addressed in future studies. The
observed changes in the laryngeal configuration indicate,
however, that the higher SPL values in the chest register
observed here were not purely the result of respiratory fac-
tors but there was a considerable influence of different
laryngeal adjustments.

Overall, our results suggest that the glottal closing speed
is one of the most relevant parameters for discriminating
between chest-like and head-like registers across the entire
pitch range. This can be derived from the values of the
NAQGA and the CgQkym (see Figure 8), which were both
consistently lower (except for one pitch in the CgQkym) in
the chest-like register, indicating shorter closing duration
and thus higher closing speed of the vibrating vocal folds.
More directly, the faster closure can be observed on the
GAW which is more skewed to the right in the chest-like
register (see Figure 13). As the closing movement is expected
to depend mainly on the vibration of the lower margin of
the vocal folds,30,59 higher values of the closing speed indi-
cate faster movement and a larger oscillatory amplitude of
the lower margin of the vocal folds in chest-like register.
Physiologically, this could be achieved by an increased TA

FIGURE 13. Glottal area waveforms (GAWs) for the chest-like
and head-like register, representative of the low, middle and high
pitch ranges shown in Figure 4: (A) GAW at the pitch Gb3
(185 Hz, RLo), (B) Bb4 (466 Hz, RMid), (C) A5 (880 Hz, RHi).
Each waveform amplitude was normalized to 1. Notice the steeper
declining slope in the GAWs of the chest-like registers.
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muscle activity bulging the vocal folds and pushing the
lower part of the glottis in the medial direction so that the
lower-margin oscillations could be more strongly excited by
intraglottal aerodynamic forces. This mechanism would be
in line with previous EMG studies showing more TA activ-
ity in chest than in head register.6-9 Some role in the GAW
skewing could also be played by the source-filter interaction
(ie, the interactions of the oscillating glottis with the vocal
tract acoustics). Despite of the rigid laryngoscope limiting
the vocal tract adjustments, our laryngeal images revealed
slight changes of the lower vocal tract geometry by varying
the epiglottis and arytenoids position between the two regis-
ters (recall Figure 5). More research is needed to elucidate
the degree of possible influence of the vocal fold bulging
and of the source-filter interaction on the faster glottal clos-
ing speed observed here, however. Remarkably, the recent
study of Patel et al. (2022)60 also found the closing speed
and closing duration to be among the most important fac-
tors for differentiating specific types of phonations.

Interestingly, within the range C4 − G4 our professional
singer abducted the arytenoid cartilages in the chest-like reg-
ister while pressing the arytenoids together in the head-like
register (recall Figure 5, pitch D4). This contrasts with the
results in an untrained female singer published by �Svec,
Sundberg and Hertegård14 who reported more adducted
arytenoid cartilages in chest than in head register. This dis-
crepancy could possibly be related to the differences
between naïve and highly skilled professional singers. While
in the case of the naïve untrained singer the release of the
arytenoid adduction was related to an abrupt transition
from low-pitched chest to high-pitched head register,14 in
our professional singer no such abrupt transition was identi-
fied. The skilled singers usually aim at equalizing the voice
quality throughout the entire pitch range; controlling the
arytenoid adduction independently from the glottal adduc-
tion can serve as a possible means of achieving the goal. In
this perspective, it appears important to distinguish between
the cartilaginous and membranous glottal adduction when
investigating the subtle laryngeal mechanisms of voice qual-
ity and register control in singing.28,29,61

Besides analyzing the separate register phonations of our
singer, we also analyzed the phonations when the singer was
switching back and forth between the two registers at the
same pitch. We have not found any clear register breaks
when switching from one register to another, which con-
trasts with Mal Webb’s clearly audible breaks occurring at
every change of register.23 This difference might be related
to the generally higher extent of pitch jumps in male than in
female singers (see e.g.,62,63), suggesting that female singers
generally have a smoother transition between registers.
Alternatively, the discrepancy could be due to differences in
both singers’ training, as well as intentions to try smoothing
(or not) the register transitions.

It is unknown how gender might influence the ability to
freely choose either chest-like or head-like register regard-
less of the pitch. When experimenting with her students, our
singer has informally noticed that female singers have little

problem producing the chest-like and head-like sounds on
all notes of their range, whereas this ability seems less com-
mon with male singers. Further work has to be done to find
out possible gender-related differences.

It is worth noting that this study was performed only with
one singer and our results are not a reflection of the general
case. Nevertheless, the ability of the singer to shift between
chest-like and head-like registers across a large range of
pitches allows investigating which parameters appear the
most consistent for differentiating the chest and head regis-
ters in highly skilled singers. This provides highly useful
insights as such singers are expected to have enhanced phys-
iological control of the laryngeal configuration surpassing
that of naïve singers.

CONCLUSION
This case study offers a deeper insight into the laryngeal
adjustments utilized by a female professional singer for
changing the voice register. Our results are unique due to
the fact that the singer showed an ability to use chest-like
and head-like registers over a very large pitch range of three
octaves. The most consistent parameter differing the two
registers across the whole pitch range was NAQGA (from
the glottal area waveform) showing always smaller values
for chest-like than head-like register, and the closing quo-
tient CgQkym (from the kymogram) revealing the same dif-
ferences at all except one pitch. Biomechanically, these
findings can be attributed to faster glottal closure and larger
oscillatory amplitude of the lower margin of the vocal folds.

Additionally, the results showed longer closed phase at
anterior glottis and larger EGG amplitudes in chest-like reg-
ister at most pitches. These findings are in line with the pre-
vious observations that the chest register is mostly, but not
necessarily, produced with more bulged vocal folds and
more adducted membranous glottis, usually achievable
through higher activity of the thyroarytenoid muscle. How-
ever, besides these rather consistent differences across the
entire pitch range, we also noticed laryngeal, physiological
and acoustic differences separating the low-, middle-, and
high-pitched phonation regions indicating that the singer
employed subtle laryngeal control mechanisms for the
chest-like and head-like phonations on top of the tradition-
ally recognized low-pitched chest and high-pitched head
register phenomena. Acoustically, the register changes were
not easily perceivable by listeners, however, which is in line
with the long-term controversial opinions on registers based
mainly on auditory perceptual evaluation.
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S1A (pitch A3, 220 Hz, chest-like register). Sampling
rate: 48 kHz, sample format: 24 bits.
Supplementary video S2A: High-speed video recording
(excerpt) at the pitch A3 (220 Hz) in the head-like regis-
ter. Frame rate: 7200 fps. Resolution: 384*576 px.
Supplementary audio S2B: Vocal sound corresponding to
S2A (pitch A3, 220 Hz, head-like register). Sampling
rate: 48 kHz, sample format: 24 bits.
Supplementary video S3A: High-speed video recording
(excerpt) at the pitch E4 (330 Hz) in the chest-like regis-
ter. Frame rate: 7200 fps. Resolution: 384*576 px.
Supplementary audio S3B: Vocal sound corresponding to
S3A (pitch E4, 330 Hz, chest-like register). Sampling
rate: 48 kHz, sample format: 24 bits.
Supplementary video S4A: High-speed video recording
(excerpt) at the pitch E4 (330 Hz) in the head-like regis-
ter. Frame rate: 7200 fps. Resolution: 384*576 px.
Supplementary audio S4B: Vocal sound corresponding to
S4A (pitch E4, 330 Hz, head-like register). Sampling
rate: 48 kHz, sample format: 24 bits.
Supplementary video S5A: High-speed video recording
(excerpt) at the pitch A4 (440 Hz) in the chest-like regis-
ter. Frame rate: 7200 fps. Resolution: 384*576 px.
Supplementary audio S5B: Vocal sound corresponding to
S5A (pitch A4, 440 Hz, chest-like register). Sampling
rate: 48 kHz, sample format: 24 bits.
Supplementary video S6A: High-speed video recording
(excerpt) at the pitch A4 (440 Hz) in the head-like regis-
ter. Frame rate: 7200 fps. Resolution: 384*576 px.
Supplementary audio S6B: Vocal sound corresponding to
S6A (pitch A4, 440 Hz, head-like register). Sampling
rate: 48 kHz, sample format: 24 bits.
Supplementary video S7A: High-speed video recording
(excerpt) at the pitch C6 (1047 Hz) in the chest-like regis-
ter. Frame rate: 13600 fps. Resolution: 384*576 px.
Supplementary audio S7B: Vocal sound corresponding to
S7A (pitch C6, 1047 Hz, chest-like register). Sampling
rate: 48 kHz, sample format: 24 bits.

Supplementary video S8A: High-speed video recording
(excerpt) at the pitch C6 (1047 Hz) in the head-like regis-
ter. Frame rate: 13600 fps. Resolution: 384*576 px.
Supplementary audio S8B: Vocal sound corresponding to
S8A (pitch C6, 1047 Hz, head-like register). Sampling
rate: 48 kHz, sample format: 24 bits.

Appendix
Instructions for the listening test
You will be provided with a file, which contains voice
sounds of a singer. The singer produced sounds at different
pitches across 3 octaves. The singer was able to produce the
chest (modal) register, the head (flutey, loft) register, as
well as produce the mix of these registers. Your task will be
to rate the sound quality on the continuum between chest-
like and head-like voice quality based on your own
impressions.

1. Download the Visor software from Svante Granqv-
ist’s website (http://www.tolvan.com/index.php?page
=/visor/visor.php)

2. Run the software (you will most likely need a Win-
dows computer, I do not think MAC is supported. . .)
as administrator and open the test.visor file I have
sent you by email.

3. Click on “Start test!” and enter your name.
4. You should see a screen with many small icons look-

ing like presents. Every one of these icons is the micro-
phone signal of one phonation from the experiments,
ranging from C3 to C6.

5. You can play each of them by right clicking on the
present icons, as many times as you need.

6. The goal is to “rate” these phonations acoustically,
whether they sound more like a chest voice or more like
a head/flutey voice. To do this, drag the icons more to
the bottom if you feel they sound more ‘chest-like’, or
more to the top if you feel they sound more ‘head-like’.
It does not have to be always 100% chest (all the way to
the bottom) or 100% head (all the way to the top) but it
can also be somewhere in between. The scale is continu-
ous.

7. You can freely arrange the icons according to pitch,
from left to right if you find it more convenient. The
horizontal position has no impact on the test results.

8. You have to do the test fully in one go, which means
you cannot save your progress in the middle and con-
tinue later. Be aware that the test can take probably
10-30 minutes, maybe more.

9. Once you are done, please check all the icon sounds
again by right clicking them and verify they are in the
right vertical position according to your rating.

10. Finally, click on “Stop test!”. The software will tell
you where the result file (‘Test.txt’) will be saved.
Please send me this file at hugo.lehoux.fr@gmail.com.

11. Please answer these questions, it will help us for the
study.
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� Are you a singer?
� If yes, for how many years have you been trained
as a singer? (including singing in choir)

� How experienced are you in producing the chest
(modal) register and the head (flutey, loft) register?
(rate on a scale between 0 and 10, where 0 is no
experience and 10 is an expert)

� How experienced are you in recognizing the chest
(modal) register and the head (flutey, loft) register?
(rate on a scale between 0 and 10, where 0 is no
experience and 10 is an expert)

� How difficult was it to identify the register across
the different pitches in this singer?

� Did you experience any problems with this study?
� Any other comment that you might find relevant.

Thank you! Your help is greatly appreciated.
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A B S T R A C T

Purpose: Laryngeal high-speed videoendoscopy (LHSV) has been recognized
as a highly valuable modality for the scientific investigations of vocal fold (VF)
vibrations. In contrast to stroboscopic imaging, LHSV enables visualizing aperi-
odic VF vibrations. However, the technique is less well established in the clinical
care of disordered voices, partly because the properties of aperiodic vibration
patterns are not yet described comprehensively. To address this, a computer
model for simulation of VF vibration patterns observed in a variety of different
phonation types is proposed.
Method: A previously published kinematic model of mucosal wave phenomena
is generalized to be capable of left–right asymmetry and to simulate endoscopic
videos instead of only kymograms of VF vibrations at single sagittal positions.
The most influential control parameters are the glottal halfwidths, the oscillation
frequencies, the amplitudes, and the phase delays.
Results: The presented videos demonstrate zipper-like vibration, pressed voice,
voice onset, constant and time-varying left–right and anterior–posterior phase
differences, as well as left–right frequency differences of the VF vibration. Video
frames, videokymograms, phonovibrograms, glottal area waveforms, and wave-
forms of VF contact area relating to electroglottograms are shown, as well as
selected kinematic parameters.
Conclusion: The presented videos demonstrate the ability to produce vibration
patterns that are similar to those typically seen in endoscopic videos obtained
from vocally healthy and dysphonic speakers.
Supplemental Material: https://doi.org/10.23641/asha.20151833

Vocal fold (VF) geometry and kinematics reflect
vocal health status, and they serve as key elements in relat-
ing voice physiology to voice acoustics and perception. In
contrast to self-oscillating models, kinematic VF models
avoid the need of solving tissue–flow–acoustic interactions
but still support the understanding of VF vibratory behav-
ior by implementing empirically based rules of tissue oscil-
lation. Moreover, kinematic models combined with their
visualization through images and videos enable investigation
of the diverse effects of varying kinematic parameters on VF
vibration. Knowledge obtained from such investigation is

useful for gaining intuition of these effects. In addition,
such models provide means for assisting the interpretation
of clinical laryngoscopic videos.

In an early kinematic model of VF vibration, two
planes that were mirror symmetric over the median plane
were used as the VFs’ medial surfaces and driven sinusoi-
dally (Titze, 1984). The planes were later curved to better
fit anatomy (Cranen & Schroeter, 1996; Titze & Alipour,
2006). The model was combined with a vocal tract model
to produce audio signals (Story, 2013) and generalized to
left–right asymmetry found in unilateral VF paralysis
(Samlan & Story, 2017). Three-dimensional (3D) geometry
of VFs was modeled using parametric curved polynomial
surfaces based on magnetic resonance imaging of human
larynges (Wu & Zhang, 2016).
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A salient milestone in kinematic modeling of VF
vibration was the development of the phase-delayed over-
lapping sinusoid (PDOS) model (Titze, 1988; Titze & Alipour,
2006), via revisiting the earlier proposed sinusoidal driving of
VF trajectories (Titze, 1984). PDOS uses phase-delayed sinu-
soids to model trajectories of the upper and lower margins of
the VFs. Compared with the two-mass model, the phase delay
is controllable more easily in the kinematic PDOS model.
The PDOS model was extended to use sums of sinusoids
instead of single sinusoids, enabling nonsinusoidal cycle
shapes (Jiang et al., 2000). However, in these kinematic
models from the past, emphasis was neither given to generat-
ing realistically looking videos emulating the laryngoscopic
view, nor to combining inferior, medial, and superior VF
surfaces, nor to perturbation, nor to the vertical component
of vibration. These aspects are addressed in this article.

The recently proposed kinematic model for synthesiz-
ing single-line videokymograms can be seen as another step
in the development of the PDOS model (Kumar & Švec,
2019). It used sinusoids for a number of contour points of
the VFs’ frontal cross section. Sinusoids were combined for
lateral and vertical movement, which enabled circular or
elliptical motion in the frontal plane and simulation of the
mucosal waves that travel upward on the medial VF sur-
faces and continue laterally on the top VF surfaces. These
waves are physiologically important, because they make the
energy transfer from the airflow to the VFs efficient and
serve as clinical indicators of the health of the VF mucosa.
The kymogram synthesizer had been later generalized to be
capable of simulating time-constant left-to-right phase dif-
ferences, and it was validated by fitting simulated kymo-
grams to clinical kymograms (Bulusu et al., 2021).

The purpose of this study is to expand the 2D model
of Kumar and Švec (2019) from a single coronal section to a
3D kinematic model of the entire VFs. Combined with the
simulated laryngoscopic visualization, this expansion allows
generating high-speed videos in addition to the kymograms
and is capable of simulating laryngeal high-speed videos
(LHSVs) of a variety of phonation types, which are known
from experimental and clinical studies. The first aim is to
implement conditions that vary in terms of glottal adduction,
from zipper-like vibration found in breathy voice to pressed
phonation with an excessively short open phase. The transi-
tion between the two extremes enables generating conditions
for breathy voice onset combined with a pressed sustained
phase of phonation. The second aim is to implement glottal
conditions with left–right and anterior–posterior differences
that do not vary over time. In particular, time-constant
phase and frequency differences across the lateral and sagit-
tal1 dimension were explored. The third aim is to

implement conditions for highly irregular phonation show-
ing phase differences that vary on the pulse-to-pulse time
scale.

The remainder of this article is structured as follows.
In the Method section, the computer model for simulating
LHSVs is described. In the Results section, a selection of
nine videos is described to demonstrate the capabilities of
the synthesizer. In the Discussion and Conclusions sec-
tions, added values of our approach with regard to the
prior state of the art are listed, and limitations and sugges-
tions for future work are provided.

Method

We synthesize the LHSVs by concatenating a num-
ber of simulated kymograms obtained with an updated
version of the model proposed earlier (Kumar & Švec,
2019). In particular, kymograms sampled at 256 equidis-
tant sagittal positions are used. The model is advanced
here to be capable of more general left–right differences.
Regarding anterior–posterior differences, a few rules with
respect to the variation of kinematic VF parameters across
sagittal positions are proposed. Most notably, vibration is
controlled at a few spatially separate supporting points
(left, right, anterior, midsagittal, and posterior) while
ensuring spatial continuity of the parameters along the
sagittal axis by interpolation. As a result, tangible control
parameters are provided that enable developing an intui-
tion of how they relate to VF vibration patterns.
Anterior–posterior differences of kinematic parameters are
introduced such that the model is capable of producing a
few qualitative key features that are observed in the
Vienna database of LHSV (Aichinger et al., 2016) and
described elsewhere (Aichinger & Pernkopf, 2021; Childers
et al., 1986; Orlikoff et al., 2012; Shiba & Chhetri, 2016;
Verdonck-de Leeuw et al., 2001; Yokonishi et al., 2016).

For identifying the features observed in the LHSV
database and setting the parameters of the kinematic
model, the first author P.A. (with 10 years of experience
with LHSV) thoroughly reviewed the clinical videos using
various modalities of visualization, such as single- and multi-
line digital videokymography, phonovibrograms, glottal
area waveforms, and frame montages. He then manually
adjusted the model parameters so that the synthetic videos
demonstrated the specific clinical features (i.e., the zipper-
like vibrations, pressed phonation, breathy voice onset,
left–right phase differences, anterior–posterior phase differ-
ences, left–right frequency differences, and left–right and
anterior–posterior jitter differences). Because these clinical
features are purposefully directly linked to the adjustable
model parameters (i.e., glottal halfwidth, initial vibratory
phases of the left and right VFs, anterior–posterior phase
delays, vibratory frequencies of the left and right VFs, left

1The anterior–posterior direction has often been referred to as longi-
tudinal, which normally refers to the anatomical orientation of the
spine. Thus, we prefer the term sagittal over longitudinal.
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and right jitter, and anterior–posterior jitter differences), it
proved relatively straightforward to set the model parame-
ters to qualitatively demonstrate the targeted clinical fea-
tures. The authors J.G.S., H.L., and S.P.K. (with over 20,
3, and 5 years of experience with LHSV, respectively)
reviewed the synthesized videos and confirmed their resem-
blance to clinical videos.

Generation of Single-Line Kymograms

The generation of single-line kymograms is based on
a kinematic model proposed earlier (Kumar & Švec,
2019). Figure 1 illustrates the reference geometry of the
VFs, VF vibration, and the model of local illumination.
The reference geometry of the VFs represented by the
contours in a frontal plane is initialized according to the
M5 model (Scherer et al., 2001). The M5 parameters var-
ied in this study are the glottal halfwidth wh, which
reflects the opening of the glottal reference geometry; the
convergence angle α, which reflects the declination of the
medial surface in the reference geometry; and the vertical
thickness of the VFs. The reference geometry is the VFs’
contours at zero amplitude of vibration representing the

prephonatory shape also referred to as the “resting position.”
Surface points of the VFs are sampled from the M5 con-
tours with a resolution of 25 μm. To simulate vibration, the
surface points are moved circularly. Circular trajectories are
used here for simplicity, although elliptical motions are also
possible in the model. The vibration amplitudes are the cir-
cles’ radii, which are imposed on the lower and the upper
margin separately. At the bottom VF surface, the amplitudes
of the points below the upheaval point Z are set to zero.
Amplitudes in between these three supporting points, that is,
Z, the lower margin, and the upper margin, are interpolated.
Phase differences between individual surface points are
imposed to simulate the mucosal waves that are surface
waves traveling from the subglottal upheaval point across
the VF surface upward and laterally. At the top surface, the
amplitude decays gradually toward the lateral end, resulting
in damping of the outward travelling mucosal waves, owing
to the mucosal wave extent parameter as described earlier
(Kumar & Švec, 2019). In particular, the mucosal wave extent
reflects how far the mucosal wave travels beyond the glottal
edge on the superior surface of the VFs. Smaller mucosal
wave extent is simulated by faster decay of the amplitude of
the mucosal wave travelling across the VF surface laterally.

Furthermore, the Kumar & Švec model is general-
ized here to enable a variety of left–right differences
including cycle frequency perturbations commonly referred
to as frequency jitter. Shimmer is applied by modulating
amplitudes randomly from one pulse to the next.

Kymograms are obtained from the vibrating VF
contours described above using a local illumination model
based on diffuse reflection as proposed in Kumar and Švec
(2019). In particular, light intensity across the VF surface is
proportional to the distance to the light source, as well as
the slope of the contour. The slope is the surface declina-
tion with regard to the direction of light incidence.

The kinematic VF parameters that are allowed to be
different for the left and the right VF are listed as follows.

1. Left–right differences in frequency
To simulate diplophonia, sometimes also referred to
as biphonation, different vibration frequencies for
the left and the right VF are used. Typically, due to
coupling via the glottal airstream as well as colli-
sion, the frequencies are small integer multiples of a
common cycle frequency, for example, 3/4 or 4/5
(Lucero et al., 2015).

2. Left–right differences in phase
Constant and time-varying phase differences are dis-
tinguished. To simulate a time-constant delay of one
VF with regard to the other, a time-constant left–
right phase difference is imposed as proposed in the
work of Bulusu et al. (2021). To simulate irregular
VF vibration, a time-variant left–right phase differ-
ence is imposed. The phase difference is allowed to

Figure 1. Illustration of the contours of the vocal folds in a frontal
section, including left–right differences. The reference geometry
(dashed curves) is obtained using the M5 model (Scherer et al.,
2001). Contours at an example time instant (solid curves) differ
between the left and the right vocal folds. Dotted curves on the left
are contours at equidistant points in time. Red circles indicate tra-
jectories of example contour points. Their midpoints coincide with
the M5 reference contour. Red diamond-headed lines indicate cur-
rent vibratory phases. Note that the current phases increase clock-
wise from bottom to top. Their evolvement over time (red arrows)
is counterclockwise, resulting in mucosal waves traveling upward
and outward. Vert. = vertical; pos. = position; Lat. = lateral.
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vary from one pulse to the next. In particular, the
difference is imposed by randomly shifting times
of individual pulses, as proposed in the work of
Aichinger and Pernkopf (2021). Time shifts are
Gaussian random numbers and differ between the
left and the right VFs. This results in a jitter that is
different for the two VFs.

3. Left–right differences in amplitude
To simulate left–right amplitude asymmetry, the
vibration amplitudes A are enabled to differ between
the left and the right VF.

Generation of Simulated Laryngoscopic
Videos by Combining Single-Line Kymograms

For each simulated LHSV, 256 kymograms at equi-
distant sagittal positions are generated and concatenated.
The first kymogram is located at the anterior end of the
VFs, which is the anterior commissure, and the last one at
the posterior end corresponding to the vocal processes.
The length of the VFs is 15 mm in all presented simula-
tions. Variation of kinematic parameters across sagittal
positions is described as follows.

1. Anterior–posterior difference in glottal halfwidth
The posterior glottal halfwidth wpost

h illustrated in
Figure 2a controls the opening of the reference

glottal contours at the posterior end of the VFs. At
the anterior end, the glottal halfwidth is negative to
compensate for the upper margin radius of the M5
model, which makes the top surface of the VFs plain
where the VFs are adnate. At sagittal positions in
between the anterior and the posterior ends, the
glottal halfwidth is linearly interpolated, making the
reference VFs’ margins straight lines (V-shaped solid
contours as shown from above in Figure 2a).

2. Anterior–posterior difference in vibration amplitudes
Vibration amplitudes A are controlled at the midsag-
ittal position and at the posterior end separately,
whereas they are zero at the anterior end. They are
obtained by shape-preserving piecewise cubic interpo-
lation in between, which ensures continuity. The
vibration amplitude is assumed to be maximal at the
midsagittal position and smaller at the posterior end.
For example, when the amplitude is zero at the poste-
rior end, the shape of the amplitude is approximately
half-sinusoidal (see, e.g., Figure 4d). Figure 2a illus-
trates the vibration amplitude with regard to the V-
shaped margins at resting position (solid lines) and
excursion extremes (dashed lines).

3. Anterior–posterior differences in phase
Figure 2b illustrates waves that travel on the VF mar-
gins in a sagittal direction. This is achieved by im-
posing an anterior–posterior phase difference Φs. The
phase difference is controlled at the anterior end with
respect to the posterior end. At sagittal positions in
between, the phase difference is obtained by linear
interpolation.

Similar to what is done for left–right phase differ-
ences, we distinguish constant and time-varying sagittal
phase differences. To simulate irregular VF vibration, a time-
varying anterior–posterior phase difference Φs is imposed.
The phase difference is allowed to vary from one glottal
pulse to the next, resulting in a jitter that is different at all
sagittal positions. In particular, the phase difference is
obtained by randomly modulating pulse times at the anterior
and the posterior end separately and independently of each
other, as described above for left–right phase differences.
The phase is interpolated linearly across sagittal positions
between the ends. The randomly time-varying Φs is either
an identical or a different realization of the random pro-
cess for the left and the right VF, resulting in left–right
symmetric or asymmetric anterior–posterior phase differ-
ences, respectively.

Results

Table 1 gives an overview of the synthesis parame-
ters used to generate the individual videos. The values of

Figure 2. Illustrations of the vocal fold margins as shown from above.
(a) The posterior glottal halfwidth wpost

h is indicated with regard to the
V-shaped glottal margins (solid lines) at resting position. Dashed lines
show glottal margins at excursion extremes defined by the vibration
amplitude A. (b) Illustration of sagittal phase differences. The numbers
1, 2, and 3 refer to margins at three subsequent time instances.
Mirror-symmetrical waves travel from posterior (top) to anterior
(bottom). Lat. = lateral; pos. = position; Sag. = sagittal.
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the parameters were determined experimentally such that
the simulated videos look similar to clinical ones con-
tained in the Vienna database of pathological and non-
pathological voices (Aichinger et al., 2016).

Zipper-Like Vibrations

Supplemental Video V1 shows a zipper-like vibration
pattern. Figure 3 shows a video frame at maximal opening
(a) and a frame at minimal opening (b). The VF margins are
concave and convex, respectively, as shown from above.
The zipper-like vibration is characterized by the movement
of the most posterior collision point C. C moves anteriorly
during the opening phase and posteriorly during the closing
phase. This may be reminiscent of the zipper of a jacket
moved down and up in a cyclic way, which justifies the use
of the term zipper-like proposed earlier (Childers et al., 1986;
Orlikoff et al., 2012). A posterior glottal chink is observed,
due to the posterior glottal halfwidth (wpost

h ¼ 1 mm) that is
larger than the vibration amplitude at the posterior end (top
of the frames, Apost = 0.1 mm). The zipper-like movement
occurs due to the triangular prephonatory shape of the glot-
tis, as zero anterior–posterior phase differences were pre-
scribed for this case. Figure 3c shows the glottal halfwidth
with respect to sagittal position, and the upper and lower VF
margin vibration amplitudes. At the anterior commissure
(bottom of the figure), wh is negative to compensate the
rounding of the upper margin contour. The glottal halfwidth
increases linearly in the posterior direction until it reaches its
maximum wpost

h at the posterior end (top of the figure). The
vibration amplitudes are zero at the anterior end. They equal

their nominal values Amid and Apost at midsagittal position
and at the posterior end, respectively, and are obtained by
shape-preserving piecewise cubic interpolation in between.

Pressed Phonation

Supplemental Video V2 shows VF vibration of
pressed phonation similar to those described by Yokonishi
et al. (2016). Figure 4 shows a video frame at maximal
opening (a), a frame at maximal closure (c), and a frame
in between (b). In (a), the peaks of the mucosal waves are
laterally close to the VF margins. The peaks are located
at the midsagittal position, because the vibration ampli-
tudes are maximal there, see (d). In the middle frame (b),
the mucosal waves have travelled laterally. Their ampli-
tudes decay over time toward lateral sides. In frame (c),
they have vanished completely. Pressed phonation is char-
acterized by a negative glottal halfwidth and large ampli-
tudes, see (d). The open quotient in the shown example is
approximately 30%.

Breathy Voice Onset

Supplemental Video V3 shows a breathy voice onset
transitioning into pressed phonation (Shiba & Chhetri,
2016). Kinematic parameters over time such as the addi-
tional posterior glottal halfwidth wpostþ

h and the amplitude
factor A* for oscillation fade-in are shown in Figure 5a.
wpostþ
h is added to wpost

h , which is the residuum posterior
glottal halfwidth during sustained phonation. All vibration
amplitudes are multiplied by A* that goes from 0 to 1

Table 1. Synthesis parameters used to generate the presented Supplemental Videos V1–V9.

Parameters

Videos

V1 V2 V3 V4 V5 V6 V7 V8 V9

fo 230 70 230 115 230 Left: 180, right: 240 230 230 230
α 10 10 20 10 10 10 10 10 10
T 3 3 3 3 2 3 2 2 2
Φv 90 60 60 20 10 20 10 10 10
Φl 0 0 0 90 0 0 Rand.var. 0 Rand.var.
Φs 0 0 0 0 120 0 0 Rand.var. Rand.var.
E 50 5 3 5 3 5 3 3 3
wpost

h
1 0 0 1 0.1 0.5 1 .7 .7

Apost
u;l

0.1, 0.1 0 0.6, 0.5 0 0 Left: 0.4, 0.3
Right: 0.6, 0.4

0.2, 0.1 0.1, 0.05 .1,.05

Amid
u;l

0.3, 0.2 1, 0.8 0.7, 0.6 0.6, 0.4 0.7, 0.5 Left: 0.3, 0.2
Right: 0.5, 0.3

0.6, 0.4 0.3, 0.2 .3,.2

Note. Fundamental frequency fo (Hz), convergence angle α (°), vertical thickness T (mm), vertical phase difference Φv (°), lateral phase dif-
ference Φl (°), sagittal phase difference Φs (°), mucosal wave extent E, posterior glottal halfwidth wpost

h (mm), and the posterior and midsagit-
tal vibration amplitudes of the upper and lower margins Apost

u;l and Amid
u;l (mm). V1 = zipper-like vibration; V2 = pressed phonation; V3 = voice

onset; V4= time-constant left–right phase differences; V5 = time-constant anterior–posterior phase differences; V6 = left–right diplophonia;
V7 = time-varying left–right phase differences; V8 = time-varying anterior–posterior phase differences; V9 = time-varying left–right and ante-
rior–posterior phase differences; Rand.var. = randomly varying parameters.
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over time; thus, the amplitudes start at 0 and approach
their nominal values.

The resulting kymographic vibratory pattern obtained
at the midsagittal position is shown in Figure 5b. In the
beginning, the VFs are open and do not vibrate. There,
the additional posterior halfwidth wpostþ

h is equal to 2 mm,
and the amplitude factor A* is equal to 0. Adduction and
vibration start at 4 ms approximately. Parameters wpostþ

h

and A* transit smoothly to 0 and 1, respectively, after
which phonation is sustained. The phonovibrogram in
Figure 5c is a false color illustration of the deflections of

the VF margins with respect to sagittal position and time
(Lohscheller et al., 2008; Lohscheller & Eysholdt, 2008).
The sagittal position in the middle of the image corre-
sponds to the posterior end, and the top and bottom cor-
respond to the anterior end. The upper half of the image
corresponds to the left VF, and the lower half is flipped
upside down and corresponds to the right VF, as sug-
gested in the works of Lohscheller et al., (2008) and
Lohscheller and Eysholdt (2008). Deflections (green) refer
to distances of the VF margins from the midline that goes
from anterior to posterior. Figure 5d shows the resulting

Figure 3. Illustration of zipper-like vocal fold vibration (Supplemental Video V1). At a video frame of maximal opening (a), the vocal fold mar-
gins are concave, and at minimal opening (b), they are convex, as shown from above. The most posterior collision point C moves up and
down like a zipper. (c) Selected kinematic parameters with respect to the sagittal position (0 mm: posterior end, 15 mm: anterior end). Glottal
halfwidth wh, vibration amplitudes of the upper and lower VF margins Au and Al, respectively. Sag. = sagittal; pos. = position; lat. = lateral.

Figure 4. Illustration of pressed vocal fold vibrations (Supplemental Video V2). Shown are frames of maximal opening (a), maximal closure
(c), and a frame in between (b). The mucosal waves traveling laterally. (d) Selected kinematic parameters with respect to sagittal position,
glottal halfwidth wh, vibration amplitudes of the upper and lower VF margins Au and Al. Sag. = sagittal; pos. = position; Lat. = lateral.

2436 Journal of Speech, Language, and Hearing Research • Vol. 65 • 2431–2445 • July 2022

Downloaded from: https://pubs.asha.org Knihovna Univerzity Palackeho on 10/07/2022, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



VF contact area waveform (electroglottogram [EGG] sig-
nal) and the GAW.

Left–Right Phase Difference

Supplemental Video V4 shows VF vibrations involv-
ing a time-constant left–right phase difference (Verdonck-de
Leeuw et al., 2001). Figure 6 shows frames in which the
deflection of the right and left VFs is maximal, see (a) and
(c), respectively, and a frame halfway between (b). The
shape of the glottal gap is V-like in (b) and strained to the
left and right in (a) and (c). Figure 6d shows the

phonovibrogram. Negative deflections due to trespassing of
the margins toward the opposite side are shown in red. The
phase difference is 90°.

Anterior–Posterior Phase Difference

Supplemental Video V5 shows VF vibrations involving
a time-constant anterior–posterior phase delay (Orlikoff
et al., 2012). Figure 7 shows video frames just after the
start of the opening (a), at maximal opening (b), and just
before closure (c). The phase delay with respect to sagit-
tal position is shown in (d). Waves traveling from

Figure 5. Illustration of a voice onset (Supplemental Video V3). (a) Kinematic control parameters over time. Shown are the additional poste-
rior opening wpostþ

h and the amplitude modulator A*. (b) Kymogram. (c) Phonovibrogram. (d) Contact area reflecting the electroglottogram
(EGG) and glottal area waveform (GAW). Lat. = lateral; pos. = position; Ant. = anterior; Post. = posterior; Sag. = sagittal; L = left; R = right.
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posterior to anterior are observed. Figure 7e shows mul-
tiline kymograms for posterior, midsagittal, and anterior
positions (top to bottom). Red vertical lines indicate
times of maximal midsagittal opening. Maximal poste-
rior openings occur earlier (Ea), and maximal anterior
openings later (La). The anterior–posterior phase delay
is reflected in the phonovibrogram by tilts of the green
areas to the right; see Figure 7f. The phase difference
is 120°.

Left–Right Frequency Difference

Supplemental Video V6 shows VF vibrations of
left–right diplophonia often referred to as biphonation, in
which the left and the right VFs vibrate at different fre-
quencies (Aichinger & Pernkopf, 2021). Figure 8a shows
the digital videokymogram, where black vertical lines indi-
cate cycle boundaries that coincide with the time instants
of minimal glottal width. In each cycle, the left VF has
three excursions, whereas the right VF has four. This
reflects the left–right frequency ratio of 3/4. Figure 8b
shows the phonovibrogram, in which white vertical lines
indicate cycle boundaries. A 3/4 pattern and negative
deflections crossing the glottal midline (red) are observed.
Figure 8c shows the contact area waveform reflecting the

EGG, and the GAW, which have an approximate anti-
phase relationship. Three peaks are observed within each
cycle in the contact area waveform, but four peaks are
observed in the GAW.

Left–Right Jitter Differences

Supplemental Video V7 shows VF vibration involv-
ing jitter that is different for the left and the right VF. In
particular, left–right phase differences vary randomly over
time, from one pulse to the next. Figure 9a shows the
phase distortion of the left and the right VF, that is, ΦL

dist,
and ΦR

dist . They are added to the vibratory phases. Phase
distortions larger and smaller than zero correspond to
temporal anticipation and delay of VF vibration, respec-
tively. In particular, when the phase distortion is larger
on the right than on the left, the left VF is delayed with
respect to the right one and vice versa (see phonovibro-
gram in Figure 9b). Switches of the orientation of the
delay are indicated by vertical blue lines in Figures 9a
and 9b. Figure 9c shows the contact area waveform and
the GAW. Shimmer, which is a random amplitude mod-
ulation from one pulse to the next, is also applied. Ran-
dom peak height fluctuations observed in the contact
area waveform and the GAW result from random

Figure 6. Illustration of vocal fold vibrations involving a time-constant left–right phase difference of 90° (Supplemental Video V4). Shown are
frames of maximal deflection of (a) the right and (c) the left vocal folds, and (b) a frame halfway in between. (d) Phonovibrogram. Lat. =
lateral; pos. = position; Ant. = anterior; Post. = posterior; Sag. = sagittal; L = left; R = right.
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Figure 7. Illustration of a simulated anterior–posterior phase difference of 120° (Supplemental Video V5). Video frames just after the start of
the opening (a), at maximal opening (b), and just before closure (c). (d) Anterior–posterior phase delay. (e) Multiline kymograms, posterior
(top), midsagittal (middle), anterior (bottom). Red lines reflect times of maximal midsagittal opening. Times of maximal posterior and anterior
widths are labeled as early (Ea) or late (La), with respect to red lines. (f) Phonovibrogram. Lat. = lateral; pos. = position; Ant. = anterior; Post. =
posterior; Sag. = sagittal; L = left; R = right.
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modulation of amplitude, as well as from random phase
differences.

Anterior–Posterior Jitter Differences

Supplemental Video V8 shows a vibration pattern
involving jitter that is different across sagittal positions
but equal for the left and the right VFs. In particular,
anterior–posterior phase differences vary randomly over
time. As a result, the travelling waves observed on the
VFs’ margins travel anteriorly or posteriorly, according
to the current sign of the time-varying phase difference.
Figure 10a shows random phase distortions for the poste-
rior and the anterior end over time. Figure 10b shows
the multiline kymogram for posterior (top), midsagittal
(middle), and anterior positions (bottom). Red vertical
lines indicate instances of maximal midsagittal opening.
Instances of maximal posterior and anterior opening are
labeled as early (Ea), in time (In) or late (La) with
respect to midsagittal maxima. Anterior pulsation is early

or late when posterior pulsation is late or early, respec-
tively, because the phase distortion is interpolated
linearly across sagittal positions. The phonovibrogram
(Figure 10c) shows pulse-to-pulse shape differences of
green areas. Left–right symmetry of the VF vibrations is
reflected by mirror symmetry across the horizontal line
corresponding to the posterior end (Sag. pos. = 0 mm).
Shimmer is also applied.

Left–Right, Anterior–Posterior Jitter
Differences

Supplemental Video V9 shows a vibration pattern
involving jitter that is not only different for the anterior
and the posterior end but also for the left and the right
VF. This is the most complex vibration pattern presented
here. Figure 11 shows the phonovibrogram, in which
shape differences of the green areas are observed on a
pulse-to-pulse timescale. In addition, a different pattern is
observed on the left (top half) and right VFs (bottom

Figure 8. Illustration of left–right diplophonia, in which the vocal folds vibrate at different frequencies (Supplemental Video V6). (a) Videokymogram.
The frequency ratio of the left and the right vocal fold is 3/4. Black vertical lines indicate cycle boundaries coinciding with times of minimal glottal
width. (b) Phonovibrogram. White vertical lines indicate cycle boundaries. (c) Contact area waveform reflecting the electroglottogram and glottal
area waveform (GAW). Lat. = lateral; pos. = position; Ant. = anterior; Post. = posterior; Sag. = sagittal; L = left; R = right.
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half). In particular, the top and bottom half are not mir-
ror symmetric across sag. pos. = 0 mm. Shimmer is also
applied.

Discussion and Conclusion

A synthesizer for simulated LHSVs showing normo-
phonic and dysphonic vibration patterns of the VFs is pre-
sented. The synthesizer is based on a formerly published
model simulating videokymograms, which is extended to
be capable of simulating diverse left–right and anterior–
posterior differences as well as perturbations. Simulated
LHSVs are obtained by concatenating simulated kymo-
grams sampled at 256 equidistant sagittal positions. To
simulate sagittal differences, kinematic VF parameters are
controlled separately at a few sagittal positions and inter-
polated in between. Time-constant as well as time-varying
parameters were used. The former enables the generation

of stationary unperturbed voice quality, whereas the latter
enables simulating transients, such as voice onset, and per-
turbations, such as jitter.

An added value of the proposed model is that it
includes spatially differing perturbations. In particular,
modeling of the phase distortion at different positions
across the VF surfaces enables an unprecedented depth of
understanding of perturbations. For example, random
fluctuations of pulse heights, often referred to as shimmer,
may be explained, in addition to multiplicative modula-
tion, by randomly time-varying phase differences between
spatially separate parts of the VFs as shown in Supple-
mental Video V7. This alternative explanation of shimmer
is planned to be further investigated in the future using
LHSVs.

Limitations of this study and suggestions for future
work include the following. The VF vibratory trajectories
considered here are limited to sagittal planes due to the
kymographic nature of the underlying kinematic model

Figure 9. Illustration of left–right phase differences that vary randomly over time (Supplemental Video V7). (a) Phase distortions of the left
and the right vocal folds. (b) Phonovibrogram. Times of left and right maxima are labeled as early (Ea) or late (La), with respect to each
other. (c) Contact area waveform reflecting the electroglottogram (EGG) and glottal area waveform (GAW). Lat. = lateral; pos. = position; Ant.
= anterior; Post. = posterior; Sag. = sagittal; L = left; R = right.
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(Kumar & Švec, 2019). In the future, it is desirable to
implement trajectories in cross-sectional planes that are
perpendicular to prephonatory positions of the individual
VFs to achieve simulations that are even more realistic.

The vibratory trajectories and the empirical rules for the
mucosal wave speed may further be refined once more
detailed experimental data from hemilaryngeal experi-
ments (Boessenecker et al., 2007; Döllinger et al., 2016;

Figure 10. Illustrations of anterior–posterior phase differences that vary randomly over time, but left–right mirror symmetrically (Supplemental
Video V8). (a) Phase distortions at the posterior and anterior end over time. (b) Multiline kymogram for a posterior position (top), the midsag-
ittal position (middle), and an anterior position (bottom). Red vertical lines indicate times of maximal midsagittal width. Times of maximal
posterior and anterior widths are labeled as early (Ea), in time (In), or late (La), with respect to red lines. Lat. = lateral; pos. = position; Ant. =
anterior; Post. = posterior; Sag. = sagittal; L = left; R = right.
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Herbst et al., 2017) are acquired. For case-specific simula-
tions, the M5-based VF shape used here could also be
replaced by other individual VF shapes observed experimen-
tally (Berry et al., 2001; Šidlof et al., 2008; Vahabzadeh-
Hagh et al., 2017; Wu & Zhang, 2019).

There is considerable interest to find the kinematic
model parameters that provide the best correspondence to
the vibratory patterns of the VFs captured in clinical
high-speed videos. However, no computational fitting of
simulated videos to natural videos is provided at this
point. Quantitative comparisons of the proposed simulated
and clinical video data have been done on single-line
kymograms so far (Bulusu et al., 2021). The same method
could possibly be extended to multiline kymograms in the
future. This would enable characterization of sagittal
differences shown in clinical videos and provide a physi-
ologically motivated means for parameterizing the voice
source.

While the simulated vibration patterns appear to
look realistic in terms of vibration of VF margins, the
simulated videos are still perceptually distinguishable from
clinical videos. In particular, they would not pass a Turing
test, because they are idealized representations of the clini-
cal videos. Additional visual effects that are often observed
in clinical videos include differences in the intensity of illu-
mination across the VFs, and specular reflections. The dif-
ferences in illumination arise from the six degrees of free-
dom of positioning the light source combined with a possi-
ble shading by supraglottal structures, most notably, the
epiglottis. The specular reflections of the light source show
up most prominently as a manifestation of the mucosal
wave travelling laterally across the VF’s top surface. The
specular reflections are bright patches, the shapes and
movements of which appear to be hardly predictable,
because small differences of the VFs’ top surfaces may
cause large differences in specular reflections. Besides
attempting to increase the naturalness of the simulated
videos via refining our physical computer model, a prom-
ising alternative for this purpose would also be to use con-
ditional generative adversarial neural networks (GANs;

Mirza & Osindero, 2014). GANs are a promising
approach to generate realistically looking synthetic images
by combining natural training images. GANs are data
driven, whereas the approach presented in this article is
model driven.

Finally, clinical videos may show (a) locally varying
differences of tissue color, for example, blood vessels,
bleedings, (b) mucus sticking on the VFs, (c) pathological
structural varieties of the VFs, such as nodules, polyps,
scars, edema, cysts, tumors, and bamboo nodes. These
abnormalities were not considered here.

Possible applications of the VF vibration synthe-
sizer include the following. First, via obtaining the
GAW, the model may be used as a voice source model
with audio speech synthesizers. This will enable studying
the effects of physiological parameters of VF vibration
on the speech audio and auditory perception. Particular
features of the VF vibrations may be varied for investi-
gating causal dependencies of the sound and auditory
perceptual attributes on VF vibration properties. For
example, glottal halfwidth, vibration amplitudes, and
time-constant phase differences likely relate to breathi-
ness and brightness of the voice timbre. In particular, the
level of additive noise increases with glottal area and
flow, and relates to breathiness (Fraj et al., 2012;
Schoentgen et al., 2015). Also, the spectral centroid and
slope increase with the maximum declination rates of the
area and the flow, and relate to brightness (Palaparthi
et al., 2019; Schubert & Wolfe, 2006; Titze, 2006). How-
ever, it is currently unknown what impact the proposed
perturbation types may have on acoustic features or
auditory perception. To shed some light on the latter, an
important future step may be to develop a graphical user
interface that enables controlling the kinematic parame-
ters while synthesizing the voice audio in real time. This
may enable the auditory exploration of the multidimen-
sional space of voice quality in dependence on kinematic
VF parameters.

Second, the model may be used for the development
of a more complete and technically sound terminology of

Figure 11. Phonovibrogram of anterior–posterior phase differences that vary randomly over time and left–right asymmetrically (Supplemental
Video V9). pos. = position; Ant. = anterior; Post. = posterior; Sag. = sagittal; L = left; R = right.
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VF vibration patterns. For example, the shown perturba-
tion patterns are often subsumed as “irregularity,” which is
a rather unspecific attribute. Instead, our model may sup-
port the development of a VF-kinematics-based framework
for a more specific description of voice quality.

Third, the proposed synthesis model may be used
for advanced testing of methods for analyzing LHSVs.
For example, the measurement of perturbations from clin-
ical videos lacks a controllable ground truth.

Finally, the effects of the kinematic parameters on
the visual perception of the videos may be studied. This
may promote the clinical acceptance of LHSVs, because
clinicians may use the synthesizer to develop an intuition
of how the proposed control parameters relate to the per-
ceived vibration patterns.
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ABSTRACT 
 

Voice is a complex phenomenon, originating from the airflow modulated by the vibrations of the vocal folds, located in 

the larynx. The vibratory pattern of the vocal folds is influenced by the action of the intrinsic and extrinsic laryngeal 

muscles, which impacts the sound quality of the voice. The vocal folds also vibrate in a system comprising supraglottal and 

subglottal cavities presenting acoustic resonances, which can interact with the vocal fold vibrations. To better understand 

the mechanisms of voice production, the investigation of the vocal fold vibratory properties, and how they interact with 

the supraglottal and subglottal resonances, is therefore essential. This dissertation carries out this task by focusing on 

specific phenomena that are not sufficiently explained, such as the influence of the subglottal resonances on subglottal 

pressures and on the vocal fold vibrations, the occurrences of frequency jumps, and the notion of voice registers. This 

dissertation provides novel results, which help to improve our understanding of those phenomena, and can be divided 

into four main parts, related to four original articles. 

In the first part, the development of an anechoic subglottal tract, to allow the observation of the vocal fold vibrations in 

subglottally anechoic conditions, is described. The acoustic response of the anechoic subglottal tract is first measured and 

compared with the acoustic response of a resonant subglottal tract, which reveals that the anechoic subglottal tract 

successfully suppresses its acoustic resonances. It is then used during excised deer larynx experiments without a 

supraglottal tract, where the subglottal pressure and the frequency of the vocal fold oscillation are measured, and 

compared with resonant conditions. In anechoic conditions, the subglottal pressure waveform resembles the theoretical 

source flow waveform, exhibiting a constant value during the closed phase, whereas it contains strong fluctuations during 

the closed phase in resonant conditions. Additionally, in resonant conditions the oscillation frequency of the vocal folds 

shows consistently lower values than in anechoic conditions. This indicates that the presence of subglottal resonances 

alters not only the subglottal pressures but also the vocal fold vibrations. 

In the second part, the developed anechoic subglottal tract is further used to investigate frequency jumps in both anechoic 

and subglottally resonant conditions, using human excised larynges without a supraglottal tract. In both these conditions, 

larynges exhibit consistent frequency jumps, which suggests that supraglottal or subglottal resonances are not needed for 

the jumps to occur. This indicates that such jumps are primarily caused by inherent nonlinear-dynamic properties of the 

larynges. Nevertheless, some differences are observed in the jumps between anechoic and resonant conditions, indicating 

that the subglottal resonances also have an influence, although secondary. 

In the third part, chest and head registers are investigated in vivo in a professional female singer using laryngeal high-

speed videoendoscopy, electroglottography, and an acoustic analysis of a microphone signal of the radiated sound. Chest 

and head registers are commonly assumed to be limited to low frequencies and high frequencies, respectively, and are 

mostly studied within a limited frequency range where the production of both registers is comfortable. Here, the singer 

produced both chest and head registers across a wide frequency range. The aim of this study is to find relevant parameters 

of vocal fold vibrations that allow to discriminate between the two registers, regardless of frequency. The microphone 

sound is used in blind listening tests to determine whether the intended registers can be audibly distinguished and reveals 

that the register changes are not always perceivable by listeners. Kinematically, the singer consistently differed the chest 

register from the head register by means of a more rapid glottal closure. This was usually, but not necessarily, 

accompanied by a greater membranous adduction of the vocal folds. 

Finally, a kinematic model of the vocal fold vibrations for generating synthetic kymograms resembling those observed in 

vivo is extended to three dimensions, to allow the generation of synthetic high-speed videos of the entire glottis. This aims 

at helping to improve our interpretation of laryngeal high-speed videoendoscopy, especially in a clinical context where 

this technique is not yet frequently used. Synthetic high-speed videos corresponding to different types of phonation are 

generated. Specifically, the model is capable of generating videos exhibiting both regular vibrations, which are typical for 
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healthy voices, and irregular vibrations, which are usually associated with voice pathologies. The extended model can be 

used to study the influence of the geometric and kinematic VF parameter variation on the appearance of the vibratory 

patterns, as observed through high-speed videos, kymograms, and phonovibrograms. 
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ABSTRAKT 
 

Hlas je složitý jev, který vzniká prouděním vzduchu modulovaným vibracemi hlasivek umístěných v hrtanu. Vibrace hlasivek 

jsou ovlivňovány činností vnitřních a vnějších hrtanových svalů, což má vliv na kvalitu hlasu. Navíc, hlasivky kmitají v traktu 

zahrnujícím supraglotické a subglotické dutiny, které vykazují akustické rezonance, jež mohou interagovat s vibracemi 

hlasivek. Pro lepší pochopení mechanismů tvorby hlasu je proto nezbytné zkoumat vibrační vlastnosti hlasivek a jejich 

interakci se supraglotickými a subglotickými rezonancemi. Tato disertační práce plní tento úkol tím, že se zaměřuje na 

specifické jevy, které nejsou dostatečně vysvětleny, jako je vliv subglotických rezonancí na kmity hlasivek, na přeskoky 

frekvence hlasu a na hlasové rejstříky. Tato disertační práce přináší nové výsledky, které přispívají k lepšímu pochopení 

těchto jevů, a lze ji rozdělit do čtyř hlavních částí, které souvisejí se čtyřmi původními články. 

V první části je popsán vývoj bezdozvukového subglotického traktu, který odstraňuje akustické rezonance a umožňuje 

pozorování vibrací hlasivek v bezdozvukových podmínkách. Akustická odezva bezdozvukového subglotického traktu je 

nejprve změřena a porovnána s akustickou odezvou rezonančního subglotického traktu. Výsledky ukazují, že vyvinutý trakt 

úspěšně potlačuje své akustické rezonance. Poté je tento trakt použit při experimentech s preparáty hrtanu, kde jsou 

subglotický tlak a frekvence kmitání hlasivek porovnávány mezi bezdozvukovými a rezonančními podmínkami. V 

bezdozvukových podmínkách se průběh subglotického tlaku podobá teoretickému průběhu zdroje hlasu a vykazuje 

konstantní hodnotu během fáze uzavření glotis, zatímco v rezonančních podmínkách obsahuje silné fluktuace během fáze 

uzavření glotis.  V rezonančních podmínkách navíc frekvence kmitání hlasivek vykazuje konzistentně nižší hodnoty než v 

bezdozvukových podmínkách, což ukazuje, že přítomnost subglotických rezonancí mění nejen subglotický tlak, ale i kmitání 

hlasivek. 

Ve druhé části je vyvinutý bezdozvukový subglotický trakt použit ke zkoumání přeskoků frekvence hlasu jak v 

bezdozvukových, tak v subgloticky rezonančních podmínkách, a to za použití lidských preparátů hrtanu, bez připojeného 

supraglotického traktu. V obou podmínkách vykazují hrtany konzistentně přeskoky frekvence kmitání hlasivek, což 

dokazuje, že supraglotické nebo subglotické rezonance nejsou pro vznik přeskoků nutné. To naznačuje, že tyto přeskoky 

frekvenci jsou primárně způsobeny inherentními nelineárně-dynamickými vlastnostmi hrtanu. Nicméně byly pozorovány 

i drobné rozdíly v přeskocích frekvencí mezi bezdozvukovými a rezonančními podmínkami, což naznačuje, že subglotické 

rezonance zde mají také vliv, i když druhotný. 

Ve třetí části je studován hrudní a hlavový rejstřík u profesionální zpěvačky pomocí vysokorychlostní videoendoskopie 

hrtanu, elektroglotografie a akustické analýzy signálu z mikrofonu registrujícího vyzařovaný zvuk. Běžně se předpokládá, 

že hrudní a hlavový rejstřík je omezen na nízké, respektive vysoké frekvence, a tyto rejstříky se studují v omezeném 

frekvenčním rozsahu, kde lze pohodlně produkovat oba rejstříky. V našem případě zpěvačka produkovala jak hrudní, tak 

hlavový rejstřík v širokém frekvenčním rozsahu. Cílem této studie bylo nalézt relevantní parametry kmitání hlasivek, které 

umožňují rozlišit oba rejstříky bez ohledu na frekvenci. Zvuk z mikrofonu byl použit při zaslepených poslechových testech, 

pro zjištění, zda lze oba rejstříky poslechově rozlišit. Testy odhalily, že změny rejstříků nejsou posluchači vždy dobře 

rozpoznatelné. Kinematicky se hrudní rejstřík odlišoval od hlavového rychlejším uzavíráním glotis. To bylo obvykle, ale ne 

nutně, doprovázeno výraznější addukcí blanité části glottis. 

V poslední části je vylepšen kinematický dvojrozměrný model kmitání hlasivek pro generování syntetických kymogramů, 

které se podobají kymogramům pozorovaným in vivo. Model je rozšířen do tří rozměrů, aby bylo možné generovat 

syntetické vysokorychlostní videozáznamy celé glottis. Cílem je pomoci zlepšit interpretaci záznamů z vysokorychlostní 

videoendoskopie hrtanu, zejména v klinickém kontextu, kde je tato technika využívána pouze zřídka. Pomocí modelu jsou 

generována syntetická vysokorychlostní videa odpovídající různým typům fonace. Je ukázáno, že model je schopen 

generovat videa vykazující jak pravidelné kmity, které jsou typické pro zdravé hlasy, tak nepravidelné kmity, které jsou 

obvykle spojeny s patologiemi hlasu. Rozšířený model lze použít ke studiu vlivu geometrických a kinematických změn 
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parametrů VF na průběh kmitů, tak jak jsou pozorovány prostřednictvím vysokorychlostních videí, kymogramů a 

fonovibrogramů. 
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1. INTRODUCTION 
1.1. Fundamentals/basics of voice production 

Voice production is a complex phenomenon which normally involves many organs in several parts of the body. Breathing 

muscles (intercostal muscles, abdominal muscles, diaphragm, etc.) create an overpressure in the lungs below the vocal 

folds (VFs – see Figure 1), which generates the power needed for voice production. This power is transmitted to the VFs 

in the larynx and causes them to oscillate, which is a process called phonation. The sound produced by the VF vibrations 

propagates below (in the trachea) and above (in the pharynx, oral cavity, and nasal cavity) the VFs, and is radiated through 

the lips and sometimes through the nostrils, when the velum opens (see Figure 1). The oral and nasal cavities act as filters 

on the sound generated by the VF vibrations, which modifies its timbre in order to create different vowels, for example. 

Speech commonly uses sounds which are either voiced (when the VFs vibrate) or unvoiced (where the VFs do not vibrate), 

however this thesis only focuses on the vibration of the VFs, and therefore will not discuss unvoiced sounds.  

The space between the VFs is referred to as the glottis (see Figure 2), and therefore the cavities below and above the 

glottis are referred to as the subglottal (below the glottis) tract and the supraglottal (above the glottis) tract (also 

sometimes called the vocal tract). Figure 1 shows a schematic diagram of various organs used in voice production. 

 

 

Figure 1. Basic anatomy of the phonatory system. Modified from Flanagan (1972). 

1.1.1. Anatomy of the vocal apparatus 

1.1.1.1.  Larynx 

The VFs are attached anteriorly to the thyroid cartilage, and posteriorly to the arytenoids (see Figure 3a). The arytenoids 

are attached to the superior and posterior ridge of the cricoid cartilage (see Figure 3a). The thyroid cartilage is also 

attached to the cricoid cartilage through the cricothyroid articular joint (see Figure 3b), which allows the thyroid cartilage 

to rotate anteriorly and elongate the VFs through the action of the cricothyroid (CT) muscle (see Figure 3). The cricothyroid 

joint is not strictly a rotational axis, as there can also be some small translational (anterior-posterior) component to the 
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movement, however this translational component has been shown to have a smaller influence than the rotational 

component (Vilkman, 1987), therefore we do not consider the translational component in this thesis.  

 

Figure 2. Laryngoscopic images showing the anatomy of the larynx. (a) During breathing; (b) During phonation. Images taken from laryngeal videos, 
courtesy of MUDr. Jitka Vydrová, Voice Centre Prague, Medical Healthcom Ltd, Czechia. 

The intrinsic laryngeal muscles described in Figure 4 are used to move and rotate the arytenoids with respect to the cricoid 

cartilage. The action of those muscles either leads to the abduction (parting away from the midline) or the adduction 

(approximation towards the midline) of the VFs. The abductor muscle is the posterior cricoarytenoid (PCA) muscle (Figure 

4b), and the adductor muscles are the lateral cricoarytenoid (LCA) muscle (Figure 4c) and the interarytenoid (IA) muscle 

(Figure 4d) (Van den Berg et al., 1960; Titze, 2000a). 

 

Figure 3. (a) Description of the laryngeal cartilages and the vocal fold attachment; (b) Description of the thyroid cartilage rotation and the vocal fold 
elongation, as a result of the CT muscle action. Modified from Titze et al. (1988), Fig. 1. 
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Figure 4. Description of the intrinsic laryngeal muscles used for abduction and adduction. Modified from Zemlin (1981). 

VFs are complex tissues composed of five different layers (Hirano, 1974, 1975; Titze, 2000a): the epithelium, the 

superficial, intermediate, and deep layer of the lamina propria, and the thyroarytenoid (TA) muscle layer (see Figure 5). 

The layers have different compositions and therefore different biomechanical properties. They are sometimes grouped 

together into two main parts called the “body” (comprising the muscle layer and the deep layer of the lamina propria) and 

the “cover” (comprising the superficial and intermediate layers of the lamina propria, and the epithelium) (Hirano, 1974, 

1975; Titze et al., 1988; Titze, 2000a). 

Because the VFs are mainly composed of the TA muscle, their shape and biomechanical properties vary depending on the 

activity of this muscle. The contraction of the TA muscle will tend to actively shorten, tense, and bulge the VFs (see Figure 

6) (Hirano, 1974, 1975; Wu et al., 2019). Alternatively, the action of the CT and LCA muscles will also passively tense the 

vocal fold tissues from their elongation. 

 

Figure 5. Coronal view of the VF and its different layers. Taken from Titze (2000a). 
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Figure 6. Effect of the TA muscle activation. (a) Resting position, the VFs are thin; (b) when the TA muscle activates, the VFs are bulged and thicker. 
Based on histological data from Hirano (1975). 

1.1.1.2.  Supraglottal cavities 

The supraglottal tract (also called vocal tract) has an average effective length of about 17 cm (Baer et al., 1991; Story et 

al., 1996; Fitch et al., 1999; Vorperian et al., 2009), but its effective length can be increased or decreased by moving the 

larynx up (for example when swallowing) and down (for example when yawning). The supraglottal tract can be assimilated 

to a curved tube, through which the sound generated by the VF vibrations propagates and reflects at the mouth opening 

(as indicated on Figure 1). The sound can also propagate through the nasal cavity and reflect at the nostrils, but often the 

entrance to the nasal cavity is closed by the velum and the nasal cavity can then be disregarded. Constrictions in the 

supraglottal tract, caused by e.g. the tongue placement, can also cause the sound to reflect. Therefore, the acoustic 

transfer function of the supraglottal tract exhibits local maxima, which are associated with acoustic resonances. The 

frequency of those resonances depend on the geometry of the supraglottal tract, particularly on its effective length and 

the position of its constrictions. Figure 7 depicts the supraglottal tract geometry and the corresponding acoustic transfer 

function, for two different English vowels.  

 

 

Figure 7. Description of the changes in the acoustic properties of the supraglottal tract caused by changes in its geometry. The two examples show 
the supraglottal tract geometry and the corresponding transfer function for the [ɑ] and the [i] vowels. Modified from Titze (2000c). 

1.1.1.3.  Subglottal cavities 
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The subglottal tract consists of the cavity below the glottis, down to the point where the trachea splits into the bronchi. 

The length of the trachea, as measured from the lower border of the cricoid cartilage down to the inferior border of the 

carina (ridge of cartilage at the base of the trachea, separating the openings of the left and right main bronchi – see Figure 

8) is, on average, about 12 cm (Grillo et al., 1964). This length can increase by up to 2 cm with deep inspiration (Holbert 

et al., 1995). 

The trachea is rather straight and presents acoustic resonances fRn which approximately correspond to those of a straight 

tube open at one end and closed at the other end. Frequencies of such acoustic resonances can be expressed by the 

equation fRn ≈ (2n – 1)fR1, where n is an odd integer. Cranen et al. (1987) measured average values of fR1 = 510 Hz and fR2 

= 1355 Hz, while other studies found comparable values (Fant et al., 1972; Lulich et al., 2012; Sundberg et al., 2013). The 

soft walls of the trachea create a large acoustic damping due to viscous losses, which is reflected in the high bandwidth 

(>100 Hz, Q factor > 0.2 for the first resonance) of the subglottal resonances, as measured by e.g., Cranen et al. (1987) and 

Fant et al. (1972). 

 

Figure 8. Simplified diagram of the larynx and the subglottal tract.  

1.2. Voice instrumentation and parameterization 

To better understand the mechanisms of voice production, researchers have designed methods to directly or indirectly 

visualize and capture the voice, particularly the VF vibrations. This section only describes the techniques, which were used 

in the papers published as parts of this thesis; other techniques exist but their description is beyond the scope of this 

thesis. 

1.2.1.  Laryngoscopic imaging and glottal parameters 

1.2.1.1.  Standard videolaryngoscopy 

Laryngoscopy originates from the need for visually observing the VF vibrations in the larynx. The first instances of 

laryngoscopy were performed, as early as the middle of the 19th century, by placing a tilted mirror at the back of the 

mouth, and pointing a light source towards the mirror, in order to have a good visibility of the laryngeal tissues (Moore, 

1991; Alberti, 1996; Baken et al., 2000). This simple idea created the basis of modern laryngoscopy, which commonly uses 

a tube called an endoscope. The endoscope can be either flexible (inserted through the nose, see Figure 9a) or rigid 
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(inserted through the mouth, see Figure 9b), and a camera is commonly connected to it, allowing to record and store the 

images for later playback and analysis. 

Standard videolaryngoscopy can give qualitative insights on the laryngeal configurations and their variations in time, such 

as the adduction of the VF and the ventricular folds, or the position of the epiglottis and other surrounding tissues. It can 

also be used in a clinical context to observe the general state of the VFs and other surrounding tissues, and to discover 

pathologies such as polyps or other lesions (Hirano, 1981). However, the oscillations of the VFs are too fast to be observed 

and captured using standard videolaryngoscopy. 

 

Figure 9. The two main types of endoscope used for laryngoscopic imaging. (a) flexible endoscope through the nasal cavity. (b) Rigid endoscope 
through the oral cavity. 

1.2.1.2.  Strobolaryngoscopy 

In order to observe the oscillations of the VFs, a technique called strobolaryngoscopy was developed. This technique uses 

a standard camera with a stroboscopic light source, emitting a series of very short light flashes. The frequency of 

oscillations of the VFs is measured in real time from the electroglottographic (to be described in section 1.2.2) or the 

microphone signal, and the frequency of the strobe light is set to be slightly (commonly 1 to 2 Hz) lower than the frequency 

of oscillations., creating the illusion of a slow oscillation (Kallen, 1932; Moore, 1991; Verikas et al., 2009; Mehta et al., 

2010). Strobolaryngoscopy is the most commonly used technique in clinical practice due to its direct, real-time 

interpretability, and it can be used to estimate parameters related to the VF vibrations (Casiano et al., 1992; Mehta et al., 

2010). However, because of the nature of strobolaryngoscopy and its dependence on regular VF vibration with a steady 

oscillation frequency, one of its major limitations is the impossibility to properly detect irregular phonations.  

1.2.1.3.  Laryngeal high-speed videoendoscopy 

To overcome the limitations of strobolaryngoscopy, researchers can use a high-speed video camera instead of a standard 

video camera. A high-speed camera can capture images at a much higher rate than the standard (25-50 frames per second 

– FPS) rate. Technological advances allow cameras to record several tens of thousands of FPS (see, e.g., Herbst, 

Lohscheller, et al. (2014)). Deliyski, Powell, et al. (2015) found that a frame rate of 8,000 FPS (with a minimum requirement 

of 4,000 FPS) is capable to observe the VF vibrations with sufficient detail. Laryngeal high-speed videoendoscopy (laryngeal 

HSV – see Deliyski, Hillman, et al. (2015) for a rationale behind the terminology) allows to observe phenomena which 

cannot be observed through strobolaryngoscopy, such as irregular vibrations, sudden register changes, or phonation 

onsets and offsets (Farnsworth, 1940; Eysholdt et al., 1996; Hertegård, 2005). Despite its superior potential for 

interpretation of the VF vibrations, laryngeal HSV is rarely used in clinical practice, because it does not allow direct, real-

time visualization. Since the motion is registered at a very high frame rate, visualization of the frames is very time-

consuming and is not suitable in a fast-pace clinical context with many patients. 
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1.2.1.4.  Glottis segmentation and phonovibrography (PVG) 

To facilitate the visualization of the VF vibrations captured in laryngeal HSV, image processing techniques can be used to 

segment the glottis, which means that the glottal area and edges are detected for each frame (Kist et al., 2021). Glottis 

segmentation allows to extract the time-varying glottal area in pixels (usually referred to as glottal area waveform – GAW) 

as well as the glottal midline (Kist et al., 2020) and the distance of the left and right VF edge from the glottal midline. 

 

Figure 10. Description of the glottis segmentation from laryngeal HSV data, using Glottis Analysis Tools (Kist et al., 2021). (a) Seed points (green 
crosses) are placed inside the visible glottis, and the threshold of pixel intensity is adjusted at four different positions along glottal length, so 
that the detected glottal area (blueish-gray area) matches the visible glottis; (b) Once the segmentation parameters are adjusted to give a 

satisfactory glottis detection, the glottal midline (yellow dashed line) is automatically detected for each oscillatory cycle, and the distance of 
the VF edges from this line is coded for each frame; (c) The size of the glottal area (in pixels) is saved for each frame, and displayed as the 

glottal area waveform (GAW). 

Another technique for more practical visualization and quantification of laryngeal HSV is phonovibrography (PVG – Figure 

11). This technique consists in detecting the left and right glottal edges and saving their respective distances from the 

glottal midline (Figure 11a). Then, for each frame, the edge distances along the glottal midline are color-coded (Figure 

11b) and concatenated to form the PVG image (Figure 11c). This technique has the benefit of allowing to quickly visualize 

the motion of the entire glottis, especially regarding opening and closing events (Lohscheller et al., 2008; Döllinger et al., 

2009). Other visualization techniques exist, such as glottovibrography (Karakozoglou et al., 2012), but they were not used 

in the work presented in this thesis, and therefore their description is beyond the scope of this thesis. 
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Figure 11. Description of the PVG generation. (a): the glottis is first segmented to detect the glottal edges, for the left and right VFs; (b) the edge 
contour for the left VF is flipped over the right contour, and the edge distances from the glottal midline are color-coded (here the red color indicates 
a larger distance, and the black color indicates a smaller distance); (c) the color-coded edge distances are then concatenated for every frame of the 

HSV. From Lohscheller et al. (2008). 

1.2.1.5. Kymography 

Kymography is a visualization method used to facilitate the interpretation of HSV images. Digital kymograms (DKG) are 

images obtained by considering a straight, steady scanline, and concatenating the line images corresponding to this 

scanline for each HSV frame. An example is shown on Figure 12, where the HSV frame is depicted on the left, showing the 

straight scanline that was used to extract the line images for every frame, concatenated to form the DKG image, shown 

on the right. 

A technique called videokymography (VKG), developed by Švec et al. (1996), allows the visualization of kymograms in real 

time. This is done by a modified video camera scanning one horizontal line at a high rate (7,812.5 and 7,200 lines per 

second for the first and second generation of VKG cameras, respectively – see Qiu et al. (2007) for details about the second 

generation camera) and displaying the resulting kymographic images at 25 or 30 FPS. 

Kymography and VKG have been extensively used to investigate normal and pathological vibrations (Švec et al., 2002; Švec 

et al., 2007, 2009; Phadke et al., 2017). Notably, VKG has been shown to be useful in assessing the quality of the VF 

mucosa, through evaluation of the sharpness of the lateral peaks (Jiang et al., 2000; Yamauchi et al., 2015; Kumar et al., 

2020). The kymogram image can also be segmented to extract what the author refers to as the kymographic contour, 

using e.g., VKGanalyzer (Novozámský et al., 2015; Zita et al., 2022). 
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Figure 12. Example of a digital kymogram. The left panel shows a high-speed video frame with the manually drawn scanline. The right panel shows 
the kymogram image, which concatenates the pixels of the scanline vertically for each subsequent frame. 

1.2.1.6. Analysis of the VF vibrations from laryngoscopic images 

Segmentation of laryngeal images and kymograms can be used to obtain glottal contours and calculate parameters related 

to the VF vibrations, which provide a more objective analysis and offer the possibility of comparison and replication. Such 

parameters are commonly related to the durations of different phases during an oscillation cycle, and their relations to 

each other. Figure 13 gives a representation of those phases: the oscillation cycle is divided into the closed phase (when 

the glottis is closed) and the open phase (when the glottis is open), while the open phase is further subdivided into the 

opening and the closing phases. Here, we define their durations as 𝑡𝑐𝑙𝑜𝑠𝑒𝑑 (closed phase duration), 𝑡𝑜𝑝𝑒𝑛 (open phase 

duration), 𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔 (closing phase duration), 𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔 (opening phase duration), and 𝑡𝑐𝑦𝑐𝑙𝑒 (cycle duration). Their values 

can be measured from the GAW, the PVG (see section 1.2.1.4), or the kymographic contour (see section 1.2.1.5), and 

several metrics can be derived (Hirano, 1981). For brevity, only the parameters investigated in paper III of this thesis are 

described here (see e.g. Schlegel et al. (2019) for a more comprehensive list):  

• The closed quotient (CQ) is the ratio of the closed phase duration and the cycle duration: 

 
𝐶𝑄 =

𝑡𝑐𝑙𝑜𝑠𝑒𝑑

𝑡𝑐𝑦𝑐𝑙𝑒
. 

Eq. (1) 

 
This quotient is sometimes replaced by the open quotient (OQ), which is the ratio of the open phase duration and the 

cycle duration. The CQ and OQ are substitutable measures, as one can be calculated from the other: OQ = 1 - CQ. 

• The speed quotient (SQ) is the ratio of the opening phase and the closing phase durations: 

 
𝑆𝑄 =

𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔

𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔
. 

Eq. (2) 
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An alternative expression of the SQ is the speed index (SI), which is the difference between the opening and closing phase 

durations, divided by the sum of the opening and closing phase durations: 

 
𝑆𝐼 =

𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔 − 𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔

𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔 + 𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔
, 

Eq. (3) 

 

• The closing quotient (CgQ) and opening quotient (OgQ) are the ratios of the closing phase duration to the cycle 

duration, and of the opening phase duration to the cycle duration, respectively: 

 
𝐶𝑔𝑄 =

𝑡𝑐𝑙𝑜𝑠𝑖𝑛𝑔

𝑡𝑐𝑦𝑐𝑙𝑒
, 

Eq. (4) 

 
 

𝑂𝑔𝑄 =
𝑡𝑜𝑝𝑒𝑛𝑖𝑛𝑔

𝑡𝑐𝑦𝑐𝑙𝑒
, 

Eq. (5) 

 

• The amplitude quotient (AQ) is the ratio of the amplitude of vibration (see Figure 13) and the maximum declination 

rate of the considered signal, which is defined as the absolute value of the minimum derivative of the signal (analog 

to the maximum closing speed) (Titze, 2006c). This quotient can also be normalized by the cycle duration, in which 

case it is commonly called the normalized amplitude quotient (NAQ) (Alku et al., 2002): 

 
𝑁𝐴𝑄 =

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∙ 𝑡𝑐𝑦𝑐𝑙𝑒
. 

Eq. (6) 

 

 

Figure 13. Description of the phases within an oscillation cycle, based on the glottal area waveform. Modified from Schlegel et al. (2019). 

Finally, the kymographic contour can be used to estimate the vertical phase differences between the lower and upper 

margins of the VFs. The technique used to this purpose will be described in section 1.3.3. 

1.2.2.  Electroglottography 

Electroglottography (EGG) is a non-invasive method where two electrodes measure the electrical conductance across the 

larynx, as represented on Figure 14a (Fabre, 1957; Baken, 1992; Herbst, 2019). Because of the differences in conductance 

between air and the vocal fold tissues, it is generally assumed that the EGG signal is related to the vocal fold contact area 
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(VFCA) (Scherer et al., 1988; Titze, 1989, 1990; Hampala et al., 2016), making it a useful tool for visualizing the VF 

vibrations. It is especially used to investigate the contacting (when the VFs increase contact between them) and 

decontacting (when the VFs decrease contact between them) instants. An idealized EGG waveform is depicted in Figure 

14b: the signal commonly contains a low, flat part which corresponds to the open phase (before instant A on Figure 14b), 

then increases (as the lower margins of the VFs suddenly come in contact – instant A on Figure 14b) to reach a maximum 

value (when the contact is strongest – instant C on Figure 14b), then decreases as the VFs start decontacting, opening the 

glottis (instant D on Figure 14b), to finally reach a low value as the glottis is completely open (instant F on Figure 14b). The 

presence of a “knee” (i.e., a prominent convexity along the decontacting slope – instant E in Figure 14b) seems typical for 

men’s voices, while women’s voices appear to exhibit a smoother EGG amplitude decrease (Patel et al., 2021).  

 

Figure 14. Description of the electroglottography (EGG) technique. (a) the two electrodes are placed across the larynx, at the position of the glottis, 
and connected to the EGG device; (b) idealized schematic interpretation of the EGG waveform:  A –  initial contact of the lower VF margin; B – initial 
contact of the upper VF margin; C – maximum VF contact reached; D – decontacting phase initiated by separation of the lower VF margin; E – upper 
margin starts to separate; F – the glottis is open, the contact area is minimal. Modified by the author from Hampala et al. (2016) and Baken (1992). 

The approximate instants of contacting and decontacting can be estimated using different methods, such as considering 

a threshold value on the normalized EGG waveform, or using the maximum and minimum values of the first time derivative 

(Henrich Bernardoni et al., 2004; Herbst, 2019). Those instants are commonly used to measure the contact phase duration 

𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡 and derive EGG the contact quotient 𝐶𝑄𝐸𝐺𝐺: 

 
𝐶𝑄𝐸𝐺𝐺 =

𝑡𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
. 

Eq. (7) 

 
It is sometimes expressed as the EGG open quotient 𝑂𝑄𝐸𝐺𝐺 =  1 – 𝐶𝑄𝐸𝐺𝐺. Ternström (2019) recently proposed another 

method to measure the contact quotient by integrating the normalized EGG waveform, avoiding the need of determining 

the instants of glottis opening and closing. 

The average amplitude of the EGG signal also depends on the vertical position of the electrodes on the larynx, and it will 

be maximum when the electrodes are placed at the level of the VFs. Slow vertical motions of the larynx can occur in speech 

in singing, and therefore a drop in the average amplitude could either suggest a decrease in the VF contact strength, or a 

vertical larynx motion, or both. To overcome this limitation of EGG, some modern EGG devices also include multiple-

channel electrodes in order to detect vertical motions of the larynx and estimate its relative vertical position with regards 

to the electrodes (Rothenberg, 1992; Kob et al., 2009). 

1.2.3.  Acoustic recording and characteristics of the voice 
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Acoustic recordings of the voice sound can be used for perceptual evaluation (for example to understand how voice 

registers are perceived, as described in paper III of this thesis – see also section 1.4 regarding voice registers). They are 

also used for acoustic analysis to investigate acoustic properties of the voice sound, such as its spectral content (i.e., the 

energy distribution as a function of frequency), its fundamental frequency and intensity, their variations and perturbations 

in time, etc. This section first describes the basic acoustic features of the voice sound, and then describes parameters that 

can be measured through acoustic analysis. 

1.2.3.1. Source-Filter theory of voice production 

The basic acoustic theory of voice production is called the “source-filter” theory (Fant, 1960). This theory describes the 

voice production as two systems: the source (airflow modulated by the VF oscillations – see Figure 15a-b) and the filter 

(vocal tract resonances – see Figure 15c-d). The frequency spectrum of the source glottal flow exhibits several harmonics 

(peaks in the spectrum – sometimes referred to as “partials”), which are multiples of the lowest harmonic (Figure 15b). In 

regular voices, the frequency of the lowest harmonic normally corresponds to the fundamental frequency of oscillation fo 

(Titze et al., 2015). As mentioned in section 1.1.1.2, the supraglottal tract presents acoustic resonances which act as a 

filter on the source sound (Figure 15d), and the resonance frequencies depend on the supraglottal tract geometry (Figure 

15c). The output voice sound is the result of the linear combination of the source and the filter (Figure 15e-f), and the 

local maxima in the envelope of the spectrum are called formants (Titze et al., 2015).  

 

Figure 15. Description of the source-filter theory of voice production. (a) Source: glottal flow waveform generated by the VF oscillations; (b) 

Spectrum of the glottal flow; (c) Filter: geometry of the supraglottal tract; (d) Transfer function of the supraglottal tract corresponding to the 

geometry in (c); (e) Sound output: radiated pressure time signal; (f) Spectrum of the radiated pressure. Based on Wolfe et al. (2016), Fig. 2, modified 

by the author. 

1.2.3.2. Acoustic analysis of the voice sound  

This subsection describes two essential acoustic characteristics of voice: the fundamental frequency of oscillation fo and 

the sound pressure level (SPL); additionally, the spectral parameters used in the papers of this thesis are described. 

Fundamental frequency of oscillation fo 

The frequency of oscillation fo, measured in the units of hertz (Hz), defines the number of oscillation cycles per second, 

and it can be measured from the voice sound. It is often associated (especially in singing voice) with the term “pitch”, 

which is a perceptual term used to describe whether a sound is perceived to be “high” or “low”. Within a musical context, 

this term is commonly used to refer to musical notes. In Western occidental music, the notes are called (in English) A, B, 

C, … G, and they are paired with a number. The number is related to a particular octave of the note: going from one octave 
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to a higher one means that fo is doubled, and going to the lower octave means that fo is halved. For example, the note A4 

is commonly used for instrument tuning and is standardized to correspond to fo = 440 Hz. Consequently, the notes A3 and 

A5 have the fo of 220 and 880 Hz, respectively (see the webpages from Wolfe (2001) and Botros (2001) for the 

correspondences between all notes and their fo value).  

Sound pressure level (SPL) 

Any sound, including the voice sound, is also characterized by how loud it is perceived. There exist several objective 

measures associated with the perceptual concept of “loudness”, but the SPL is the most commonly used for the voice 

sound, both in clinical and research contexts. The value of the SPL Lp is measured using the following equation (Švec et al., 

2018): 

 𝐿p = 20 log
10

𝑝

𝑝
0

, Eq. (8) 

 
where 𝑝 is the measured sound pressure and 𝑝0 is the reference sound pressure which equals 20 µPa in air. As 

microphones usually deliver an electric signal which is amplified by an arbitrary gain, the values of the microphone signal 

are usually not inherently scaled with any reference. Therefore, to calculate the SPL, the microphone signal needs to be 

calibrated so that its values are scaled towards a reference unit, usually in the units of pascal (Pa). The SPL is commonly 

calculated as the average over a period of time, and a frequency weighting can be applied to approximate the sensitivity 

of the human ear. The extensive description of the SPL calculation and microphone signal calibration is beyond the scope 

of this thesis, but readers are referred to the tutorial by Švec et al. (2018) for such a description. The SPL has clinical and 

research relevance, as it has been shown to be positively correlated with the logarithm of the mean subglottal pressure 

(Bouhuys et al., 1968; Sundberg et al., 1999; Björklund et al., 2016; Sundberg, 2018), which is usually associated with vocal 

effort. 

Voice sound spectral characteristics 

The spectral content of the voice sound describes its “timbre”, which is a perceptual notion. How a voice sound is 

perceived can be correlated with spectral features in the energy distribution along frequency. For example, a voice that 

sounds bright, rich, or strong, contains more energy in the high-frequency part of the spectrum, compared to a voice that 

sounds dark, mellow, or dull. Differences in timbre can be the result of adjustments at the laryngeal level (e.g. VF 

adduction) or changes in the supraglottal tract geometry, but for brevity only the former is described in this section. 

Differences resulting from laryngeal adjustments can be studied from the glottal source sound, which is obtained by the 

so-called inverse filtering technique, either from the microphone signal or from the oral flow signal captured using a special 

flow mask (Rothenberg, 1973; Baken et al., 2000; Alku, 2011). The process of inverse filtering generally involves removing 

formants frequencies from the voice sound to obtain the sound source signal which resembles the one depicted in Figure 

15a. The sound source signal has notably been used in previous studies to measure the difference in the levels of the first 

and second harmonic LH1-LH2, measured from the inverse-filtered voice signal, to assess the spectral characteristics 

associated with different phonation types (Sundberg et al., 1999; Sundberg et al., 2001; Kreiman et al., 2007; Sundberg, 

2022). Particularly, Sundberg (2022) noted that the values of LH1-LH2 were lowest for pressed phonations and highest for 

breathy phonations, and that LH1-LH2 decreased when the glottal flow amplitude was increasing. Zhang (2016), through a 

three-dimensional numerical model of the VFs, also reported lower LH1-LH2 values when increasing the VF thickness 

(simulated by the contraction of the TA muscle – recall Figure 6). 

To assess the more global differences in the voice timbre, researchers have measured and compared the energy in the 

low- and high-frequency regions of the voice sound spectrum. Particularly, the spectral balance (SB) is a measure of the 

difference between the sound levels within the high-frequency and low-frequency bands. The definition of the low-

frequency and high-frequency bands seems to differ among studies, however this thesis uses the method Collyer et al. 

(2007), which defines the low-frequency band from 0 to 2000 Hz, and the high-frequency band from 2000 to 4000 Hz. The 
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SB can reflect the overall timbral quality of the voice sound, and it was found to be positively correlated with the SPL, 

indicating that increasing the SPL is related to increasing the energy in the high-frequency bands and flattening the spectral 

slope (Collyer et al., 2007, 2009). 

1.3. Myoelastic aerodynamic (MEAD) theory of voice production 

In practice, the source-filter model does not attempt to explain the mechanisms of VF self-oscillations, as well as various 

nonlinear dynamic phenomena of voice. For this purpose, the MEAD theory of voice production was explicitly formulated 

by Van den Berg (1958) and refined throughout the years by e.g., Titze (1980, 1988b, 2006b) and Švec et al. (2021). This 

theory opposed the so-called neuro-chronaxic theory, which assumed that the VF oscillation was caused by very fast 

contractions of the TA muscle (Husson, 1950). 

The MEAD theory states that the VFs are driven by a combination of aerodynamic forces and of the elastic properties of 

the VF tissue. The aerodynamic forces are generated by the airflow created from an increase in the mean subglottal 

pressure, and the elastic properties of the VF tissue can be modified through the activity of laryngeal muscles. The elastic 

properties of the VFs play a role in the frequency of VF oscillation fo, which is described in the following subsection. 

1.3.1.  Control of fo 

To understand how the properties of the VFs affect their oscillation frequency, the VFs can be modelled as strings or as 

simple lumped element (mass-spring-damping) systems. Notably, Titze et al. (1988) and Verdolini et al. (1994) applied the 

string equation, which relates the frequency of oscillation fo to the VF length 𝐿, the VF tissue density 𝜌, and the VF tensile 

stress 𝜎: 

 
𝑓𝑜 =

1

2𝐿 √
𝜎

𝜌
. 

Eq. (9) 

This equation, as an approximation, helps to understand that fo is inversely proportional to the length of the VFs, and 

proportional to the square root of the stress 𝜎.  

Increasing fo can be achieved by increasing the stress 𝜎 in the VF tissues, which can be done by two different ways: 

- Activating the TA muscle, which bulges the VFs and actively tenses the muscle layer (see Figure 6). 

- Activating the CT muscle, which pulls the thyroid cartilage forward and rotates it with respect to the cricoid 

cartilage (see Figure 3). This elongates and tenses the VFs. 

The TA and CT muscles are antagonists, which means that the action of one counteracts the action of the other. In practice, 

varying fo often results from a combination of the activity of both muscles. Figure 16 demonstrates the theoretical effect 

on fo from possible combinations of the CT and TA muscle activities (Titze et al., 1988; Titze et al., 1989; Titze, 2000b). 

From Figure 16, it is clear that the action of each muscle has a different impact on the variation of fo. In particular, two 

possible paths to increase fo are shown as black arrows on Figure 16. The path which starts lower than the diagonal 

(straight arrows) represents a greater activity in the TA muscle than in the CT muscle. However, once the TA muscle 

reaches its maximum activity, no more increase in fo can be achieved in this direction. The solution to further increase fo 

is usually to abruptly disengage the TA muscle. This is assumed to create a voice break and a sudden jump to a higher fo, 

as indicated by the second straight arrow on Figure 16. This kind of jump is commonly referred to as a frequency jump, or 

sometimes pitch jump. It is typically observed during register transitions (registers will be described in more details in 

section 1.4). Frequency jumps can be cultivated in certain styles such as yodeling, but singers are more commonly trained 

to avoid them and to execute a smooth fo increase, without any perceivable transition. This can be performed by following 

the other path depicted by the curved arrow in Figure 16: the activity of the CT muscle needs to be gradually greater while 

gradually disengaging the TA muscle (Titze, 2000b). 
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Figure 16. Muscle activation plot (MAP) indicating theoretical effects of CT muscle activation (aCT) and TA activation (aTA) on fo. The two straight 
arrows and the curved arrow indicate different paths to increase fo. Modified from Titze (2000b), Fig. 10.11. 

1.3.2.  Acoustic interactions with the supraglottal and subglottal tract 

Generally, the MEAD theory suggests that the VF vibrations are influenced by the oscillating acoustic pressures below and 

above the VFs (Herbst et al., 2023). Titze (2008) proposed to separate the acoustic interactions between the VF vibration 

and the supraglottal or subglottal pressures into two groups, denoted as level 1 and level 2 interactions. Level 1 interaction 

occurs when the supraglottal or subglottal tract acoustic properties affect the glottal flow waveform, for example when 

the flow pulse is skewed from the effect of the supraglottal tract inertance (Rothenberg, 1981; Titze, 2006c). Level 2 

interaction occurs when the supraglottal or subglottal tract acoustic properties affect the vibrational pattern of the VFs, 

the most notable example of such interaction being the occurrence of frequency jumps when fo is in the vicinity of the 

first supraglottal tract formant frequency. This has been demonstrated both in vivo and in numerical simulations (Titze, 

2008; Titze et al., 2008; Wade et al., 2016, 2017; Murtola et al., 2018). An example of such frequency jumps is shown in 

Figure 17: the lowest trace in the spectrogram shows the value of fo and the horizontal line displays the estimated 

frequency of the first supraglottal formant (here denoted as F1). Small black arrows indicate sudden frequency jumps, and 

the arrows #1 and #3 clearly indicate that the value of fo suddenly jumped from above to below F1 (arrow #1) and from 

below to above F1 (arrow #3). This suggests that the first supraglottal resonance pushed the VF vibrations away from 

vibrating at the frequency of the first supraglottal tract resonance. 

Besides of level 2 VF interactions with the supraglottal tract, similar effects have also been hypothesized by Titze (1988a) 

to occur from VF interactions with the subglottal tract. It has been experimentally (with a physical model of the VFs) 

demonstrated by Zhang et al. (2006) that the subglottal resonances can also entrain the frequency of oscillation of the 

VFs. The influence of the subglottal resonances on the VF oscillations is further investigated with excised larynx 

experiments (to be described in section 1.5) in papers I and II in this thesis, which are related to level 1 and level 2 

interactions with the subglottal tract. 
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Figure 17. Spectrogram of a downward and upward glissando, showing occurrences of frequency jumps (see vertical arrows). The horizontal line 
indicates the estimated frequency of the first formant (F1). Reprinted from Titze et al. (2008), Fig. 5. 

The inertance of the supraglottal tract has been shown to play a crucial role for level 2 interactions and consequently also 

for driving the VF oscillations: the inertia of the air in the supraglottal tract generates a positive supraglottal pressure 

during the glottal opening and a negative supraglottal pressure during glottal closing, which helps to transfer the 

aerodynamic energy into the VFs for self-sustained oscillations (Rothenberg, 1981; Titze, 2000d; Švec et al., 2021). This 

phenomenon was demonstrated already in the numerical one-mass model by Flanagan et al. (1968), which was unable to 

vibrate without a supraglottal tract. However, excised larynx experiments showed that VFs can exhibit self-sustained 

oscillations even without a supraglottal tract, which suggests that there exists another mechanism that drives the VFs and 

provides a sufficient energy transfer from the airflow. This mechanism is related to the nature of the VF vibration pattern, 

particularly with the vertical phase differences related to the mucosal waves that propagate along the VF surface. This 

mechanism of self-oscillation is described in the next section. 

1.3.3.  Vocal fold mucosal waves and vertical phase differences 

For the VFs to self-sustain oscillations, the energy transfer between the airflow and the VF tissue must be sufficient to 

overcome the natural damping caused by the tissue viscosity. Titze (1988b) argues that, without the inertance of a 

supraglottal tract, the energy transfer is not sufficient to sustain oscillation if the shape of the VF medial surface does not 

change during the VF oscillatory phases, as depicted in Figure 18a. Instead, the shape of the VF medial surface must exhibit 

a change between the opening and closing phase, such that it is convergent during the opening phase and divergent during 

the closing phase, as depicted in Figure 18b. This pattern of vibration is generated by a vertical phase difference between 

the vibration of the lower margin and the upper margin of the VFs. Ishizaka et al. (1972) demonstrated this pattern of 

vibration with a two-mass model of the VFs, which was capable of sustaining oscillations even without a supraglottal tract. 

The vertical phase differences create surface waves that propagate along the medial and top surface of the VFs, which are 

called mucosal waves. 
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Figure 18. Oscillation cycle of the VFs. (a) Constant shape of the VF medial surface: the VFs vibrate as a whole, without any vertical phase difference; 
(b) the VFs vibrate with a vertical phase difference which creates a convergent shape during the opening phase and a divergent shape during the 

closing phase. 

 

Figure 19. Kymogram of a steady phonation, showing sinusoid curves fitted to the upper (red curve) and lower (teal curve) margins for the right VF. 

The mucosal wave behavior can also be qualitatively assessed by looking at the sharpness of the lateral peaks on the 

kymographic contours (Hiroto, 1966; Sundberg et al., 2001; Švec et al., 2007; Krausert et al., 2011; Phadke et al., 2017; 

Kumar et al., 2020): the sharper the lateral peaks, the higher the vertical phase difference between the lower and upper 

margin. Generally speaking, a higher vertical phase difference (and therefore, a lower mucosal wave velocity) indicates a 

high pliability of the VF mucosa, which is considered as an indicator that the mucosa is rather healthy and not damaged. 

The mucosal wave behavior has also been investigated in modelling studies, which will be described later in section 1.6. 

1.3.4.  Eigenmodes of vibration 
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The oscillating motion of the VFs can be decomposed into a series of natural modes of vibration, which are commonly 

referred to as eigenmodes, while each eigenmode is associated with a natural frequency of oscillation, called 

eigenfrequency (see e.g., Kinsler et al. (2000) for a general description of modes of vibration). The VFs possess an infinite 

number of possible eigenmodes, however it was shown that in regular phonation, two eigenmodes are often sufficient to 

explain a high proportion of the vibration (Berry et al., 1994; Berry & Titze, 1996; Berry, 2001). 

During regular phonation (sometimes referred to as modal phonation), the vibration is periodic (with some slight degree 

of irregularity in the period and the amplitude). In this case, the principal eigenmodes of vibration are synchronized: their 

respective eigenfrequencies are very close together. This phenomenon is referred to as eigenmode entrainment by Berry 

(2001), and it is a nonlinear phenomenon facilitated by e.g., vocal fold collision and aerodynamic forces. A 

desynchronization of the eigenmodes (i.e., the eigenfrequencies are farther away from one another) causes the phonation 

to be no longer regular, evoking vocal instabilities (Herzel et al., 1994). This phenomenon offers another mechanism to 

explain the occurrences of sudden frequency jumps described in section 1.3.1: a small variation of input parameters such 

as the VF tension could cause a desynchronization of the eigenmodes, abruptly followed by an eigenmode entrainment 

to another frequency. 

In the field of nonlinear dynamics, a system abruptly switching from one regime to another when input parameters are 

smoothly varied is called a bifurcation. Bifurcations occur within ranges of parameters where two or more dynamic 

regimes coexist (Berry, Herzel, et al., 1996). Notably, frequency jumps are often described as bifurcations, where the 

oscillations suddenly change their frequency to another.  

1.4. Registers 

The concept of voice registers is a controversial topic in the voice research field, and there seems to be no universal 

consensus on the definition and the number of registers (Mörner et al. (1963) listed more than a hundred different terms 

to refer to registers). The use of the term “register” was originally borrowed from organ terminology (Merkel (1863), as 

cited in Large (1972)): the differences in timbre between regions of notes sung on each side of the passagio (transition 

tones where a register change typically occurs) were analogous to different sets of organ pipes called registers, and the 

term was then used also for singing (Alderson, 1979). 

The timbral differences have therefore been used as a way to define and describe registers. Other approaches include 

using proprioceptive sensations, for example the sensation of “resonance” in certain parts of the body, giving rise to the 

terms chest register and head register (Stark, 1999), or the differences in the vibratory pattern of the VFs (Henrich 

Bernardoni et al., 2003; Henrich Bernardoni, 2006; Roubeau et al., 2009). This latter approach was originally formulated 

by Manuel Garcia (1847), who described registers as a series of “consecutive and homogeneous tones […] produced by 

the same mechanical principle, and whose nature differs essentially from another series of tones equally consecutive and 

homogeneous produced by another mechanical principle”. It is generally recognized that there are four main registers: 

• Vocal fry (or M0, pulse, strohbass): describes pulse-like VF vibrations, with a low fo, typically below 70 Hz (Titze, 

1988a). 

• Chest (or M1, modal): describes the main register used for speech and the lower singing range. 

• Head (or M2, falsetto, loft): describes the register used for the upper singing range. 

• Whistle (or M3, flute, flageolet): describes the register used for the extreme high end of the singing range. The 

sound is very flutey, like a whistle (Švec et al., 2008; Garnier et al., 2012). 

Other approaches exist, based on pedagogic experience, that define more than four registers (Sadolin, 2000) or a mix 

between two registers (Castellengo et al., 2007), but the description of those approaches is beyond the scope of this 

thesis. 

1.4.1.  Laryngeal mechanisms 
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Roubeau et al. (1987) were among the first to use the term “mechanism”, particularly to refer to the chest (mechanism I) 

and head (mechanism II) registers. Later, the term “laryngeal mechanism” (and the associated terms M0, M1, M2 and M3) 

was proposed by Henrich Bernardoni et al. (2003). This terminology was used to suggest that there are distinct vibratory 

regimes of the VFs, characterized by an observable transition between them. This transition can take the form of a 

frequency jump or an abrupt change in the amplitude of the EGG signal (recall section 1.2.2) or in the EGG contact quotient 

(Henrich Bernardoni et al., 2003; Henrich Bernardoni et al., 2004, 2005; Roubeau et al., 2009). Roubeau et al. (2009) 

suggest that there can be great timbral and intensity variation in the sounds produced within one laryngeal mechanism, 

and that even though the notions of register and of laryngeal mechanism overlap, they should be treated as different. 

They also suggest that each laryngeal mechanism is somewhat limited to a certain frequency range, even though two 

neighboring laryngeal mechanisms can have partially overlapping frequency ranges. 

1.4.2.  Characteristics of chest and head registers 

As previously mentioned, one possible way of recognizing registers is to use one’s own kinesthetic sensations, the 

development of which is commonly done through singing training. Singing teachers usually provide feedback based on the 

sound that is produced during singing practice, considering that their perception of this sound is shaped by their own 

practice and pedagogic experience. Nevertheless, the characteristics of registers have been studied through various 

methods, which are described in this section. For brevity, this section will only deal with the investigation of chest and 

head registers. 

The laryngeal differences between chest and head registers have been mostly revealed by early electromyographic studies 

which investigated the activity of the intrinsic and extrinsic laryngeal muscles during phonation (Hirano et al., 1970; Baer 

et al., 1976). In particular, those studies demonstrated that the TA muscle activity is high in chest register and falls when 

shifting from chest to head register. This was further supported by more recent studies measuring the activity of the TA 

and CT muscles (Kochis-Jennings et al., 2012; Kochis-Jennings et al., 2014). The theoretical framework of Titze (2000b) 

provides possible explanations for the need to disengage the TA muscle as fo increases, as mentioned in section 1.3.1.  

Physiologically, besides of increasing the tensile stress in the body of the VFs, the contraction of the TA muscle bulges the 

VFs (recall Figure 6), which allows for a higher membranous adduction (Herbst et al., 2011; Herbst & Švec, 2014). This can 

increase the duration and strength of the VF contact, which in turn generates an increase of the energy in the high-

frequency harmonics, typically observed through a flatter spectral slope in chest register (Colton, 1972). In practice, this 

is demonstrated by the higher closed quotient values measured for chest register phonations (Sundberg et al., 2001; 

Roubeau et al., 2009; Echternach, Burk, Köberlein, Herbst, et al., 2017; Echternach, Burk, Köberlein, Selamtzis, et al., 2017). 

Values of LH1-LH2 were also found to be lower for chest register phonations (Sundberg et al., 2001). In addition, the 

contraction of the TA muscle increases the thickness of the VFs (Hirano, 1974; Zhang, 2016), which can increase the vertical 

phase differences (recall section 1.3.3) between the lower and upper margins of the VFs. Thicker VFs can also increase the 

amplitude of vibration of the lower margin, which increases the glottal closing speed. 

1.5. Excised larynx experiments 

Despite its numerous benefits, in vivo investigation of voice production only offers limited possibilities due to ethical and 

technical constraints. To obtain deeper insights into the physiological and biomechanical aspects of voice production 

mechanisms, physical models of the larynx can be used, which offer better parameter control and more analysis 

possibilities than in vivo. Those models can be either synthetic (made from synthetic material such as silicone) or larynges 

excised after death. Both types of models have been widely used in research, but this thesis will only focus on the 

description of excised larynx experimental methods, which were utilized in papers I and II. 

1.5.1.  Brief history of excised larynx experimental setups 
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Early experiments from Ferrein (1741) with excised larynges were important to understand the most basic mechanisms 

of voice production, such as the fact that the vibration of the VFs was the source of the voice sound and that the tension 

applied to the VF varied fo, although Ferrein believed that the VFs were producing sound in the same manner as strings 

which drive the air (Van den Berg, 1958). Later technological advances allowed researchers to perform more thorough 

measurements on excised larynges and to design experimental setups allowing a more robust control over various 

parameters. Notably, Van den Berg et al. (1959) used a setup with extensive measurement of the airflow rate delivered 

to the larynx and the pressure just below the glottis (subglottal pressure), while elongating the VFs (by applying 

longitudinal force on the thyroid cartilage and rotate it with respect to the cricoid cartilage – recall Figure 3) and applying 

lateral forces on the arytenoids to adduct the VFs (to simulate the action of the adductor laryngeal muscles – recall Figure 

4). 

The experimental setup used by Van den Berg et al. (1959) formed the basis of excised larynx experimental setups 

commonly used in later studies (Döllinger et al., 2011; Garcia Maxime et al., 2018). Its principle is rather straightforward: 

airflow is generated by a high-pressure container, then goes through another large container where it is heated and 

saturated in humidity, to finally be delivered to the larynx (see Figure 20). Van den Berg also included a way to measure 

the subglottal pressure and the temperature by connecting the subglottal tract to a U-tube and to a thermometer, as well 

as a system of weights and pulleys to control and monitor the forces applied for the elongation of the VF (longitudinal 

force) and for the arytenoid adduction (lateral force), as shown on Figure 20. The setup finally includes a microphone to 

register the radiated pressure, and a stroboscope to allow the visual observation of the VF vibrations. 

Van den Berg further improved this experimental setup by adding sutures that mimic the action of some intrinsic laryngeal 

muscles (recall Figure 4). Those sutures are usually attached directly to the arytenoids, where the muscles normally attach. 

Such suture attachments are documented with remarkable details in the instructional film from Van den Berg et al. (1960), 

where the action of all three intrinsic laryngeal muscles described in Figure 4 (LCA, PCA and IA) is demonstrated, both 

independently and simultaneously. The action of the CT muscle is also mimicked by pulling a suture thread attached to 

the anterior notch of the thyroid cartilage (as depicted in Figure 3), which demonstrates an increase of fo. Technological 

advances in electronics allowed recent experimental setups to include electric servo-motors coupled with force sensors, 

to more precisely control and monitor the lateral (adduction/abduction) and longitudinal (VF elongation) forces (Legou et 

al., 2015; Lagier et al., 2017; Lagier et al., 2020). This setup also controls all servo-motors centrally through an Arduino 

board connected to a computer, allowing more precision and reproducibility on the force controls, as well as their 

automation. 

One common limitation of excised larynx experiments is the difficulty to mimic the action of the TA muscle. Montgomery 

implants (solid wedges inserted through the wings of the thyroid cartilage) have been used to adduct the membranous 

part of the VFs (Lagier et al., 2017), but the tensing and bulging effect of the TA muscle contraction cannot be simulated 

without innervation and electrical stimulation of the muscle. This was successfully performed by Berke et al. (2013), who 

demonstrated and documented the visible adduction motion resulting from the electrical stimulation of the TA muscle in 

a perfused human excised larynx. However, the procedure requires considerable preparation and knowledge regarding 

blood perfusion, making this kind of experiment difficult to set up. 

Some substantial advances in our understanding of the voice production mechanisms were made through the use of 

hemilarynges, which are excised larynges where one VF is surgically removed, allowing the observation of the VF vibrations 

from the top and from the side (Jiang et al., 1993; Herbst et al., 2017). Notably, the relationship between the vocal fold 

contact area and the EGG signal was explored using hemilarynges (Scherer et al., 1988; Hampala et al., 2016). In addition, 

the modes of vibration of the VFs (recall section 1.3.4) were investigated by attaching micro-sutures to the VF medial 

surface and analyzing the motion of those micro-sutures through HSV (Berry et al., 2001; Döllinger et al., 2006; Veltrup et 

al., 2021). 
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Figure 20. The setup used by Van den Berg for excised larynx experiments. Based on Van den Berg et al. (1959), Fig. 1, modified by the author. 

Even though human excised larynges offer the best model for investigating human voice production and physiology, they 

still pose ethical concerns as they are obtained from human remains. Another limitation of excised human larynges is their 

age, as they are most often obtained from older individuals who died of natural cause. As age progresses, the cartilages 

ossify and become harder, which can make it more difficult for the preparation. To overcome those limitations, 

researchers have been using various mammalian larynges as replacements, such as larynges from dogs, cows, sheep, pigs, 

or deer. Those species seem to offer relatively similar mechanical properties of the larynx, although differences exist and 

should be taken into account (Alipour et al., 2013; Herbst et al., 2020). Other species have been studied, but the 

description of those studies is beyond the scope of this thesis. Readers can refer to the review from Garcia et al. (2018) 

for a more comprehensive review on excised larynx experiments. 

1.5.2.  Larynx storage and preparation 

Larynges must ideally be excised and stored within 24 hours post-mortem (Titze, 2006a). Once larynges are harvested, 

they are usually flash-frozen in liquid nitrogen, which can prevent cracks, and then stored in freezers at low temperature 

(from -120°C to -18°C). If quick frozen in liquid nitrogen and stored properly in vacuumed bags, excised larynges can be 

kept for up to one month and used for experiments without substantial deterioration of the tissues altering the voice 

production (Chan et al., 2003). The effects of a more prolonged storage on the biomechanical properties of the VFs are 

unknown, however. When used for experiments, a larynx should be slowly thawed by being placed in a fridge at a 

temperature around 0°C overnight, and then placed in a warm water bath with saline solution at around 30°C (Baer, 1975; 

Durham et al., 1987; Titze, 2006a), in order to avoid any cracks or damage to the tissues caused by quick temperature 

variations. 

Once the larynx is fully thawed, the usual preparation consists in removing superficial tissues and cartilages that are not 

needed for the experiment, or that can impede the view of the VFs. Most commonly, the tissues above the VFs, such as 
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the epiglottis, the hyoid bone, and sometimes the ventricular folds, are removed. If present, unnecessary surrounding 

tissues, such as the esophagus, can also be removed for facilitating the access to the laryngeal muscles and cartilages. The 

trachea should be kept or shortened according to the needs of the experimental setup. If needed, one VF can be removed 

to transform the larynx into a hemilarynx. 

Once the larynx is prepared according to the needs of the experiment, it is attached to the experimental setup and the 

VFs should be adducted to create a sufficient airflow resistance, which will put them into oscillation. As mentioned in 

section 1.5.1, the arytenoid adduction can be performed by mimicking the action of some of the intrinsic laryngeal muscles 

(LCA and IA, for example), which is achieved through threads attached to the arytenoids and going through the tissue in 

the direction of the muscle. Figure 21 shows photos of an excised red deer larynx used by the author HL, with threads 

attached to the arytenoids to mimic the action of the LCA muscle. In this case, the threads go through the tissues in a 

forward and downward direction, to come out through the crico-thyroid membrane. They are also attached to a small 

bead to prevent the threads from losing their attachment, and to push the arytenoids towards the direction of the threads 

when pulled, which has the effect of rotating the arytenoids and adducting the VFs. 

Another possibility for the VFs adduction is to use a system of pins or prongs that push against the arytenoids to create 

the adduction movement. The example of such a system is described by Titze (2006a). Figure 22 depicts the system that 

was used to adduct the VFs during the excised larynx experiments in papers I and II of this thesis: threaded metal prongs 

were screwed into a plate attached to two metal rods. Figure 22a shows the resting position of the arytenoids without the 

prongs exercising any force on them. Figure 22b shows the arytenoid adduction when the prongs are pressed against 

them: the adjustment of the prongs causes the arytenoids to come closer together and to slightly rotate. 

 

Figure 21. Excised red deer larynx with threads (in blue) attached to the arytenoids. The left panel shows the resting position of the larynx, the right 
panel shows the adduction process by pulling on the threads. 
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Figure 22. Description of the VF adduction using prongs. (a) resting position showing the prongs screwed into a metal rod; (b) the metal rods are 
pushed medially, which pushes the prongs against the arytenoids and causes them to come closer and to rotate. 

1.5.3.  Investigation of nonlinear dynamic phenomena in excised larynges 

As previously mentioned, excised larynges offer the possibility to control, in a reproducible way, several parameters which 

are difficult to control in vivo. Such parameters include the airflow rate, and the VF adduction and elongation. The 

subglottal pressure can be indirectly controlled through the airflow rate and the flow resistance caused by the VF 

adduction. The degree of left-right VF asymmetry with regards to the VF adduction and elongation can also be controlled. 

Furthermore, the characteristics of the subglottal and supraglottal tracts, and the way they connect to the larynx, can be 

controlled to some extent. Therefore, excised larynges can be used to investigate nonlinear phenomena related to the 

inherent laryngeal characteristics and to the coupling of the VF vibrations with the supraglottal or subglottal tract. 

Particularly, frequency jumps (recall sections 1.3.1 and 1.3.4) have been investigated during excised larynx experiments, 

by elongating the VFs (Van den Berg et al., 1960; Švec et al., 1999; Horáček et al., 2004; Tokuda et al., 2007, 2008) or by 

inducing a left-right asymmetry in the VF adduction and elongation (Berry, Herzel, et al., 1996). The instructional film by 

Van den Berg et al. (1960), particularly, clearly demonstrates frequency jumps (associated with a register transition), when 

the VFs are smoothly elongated by a thread pulling and rotating the thyroid cartilage. This suggests that such jumps can 

also occur without any acoustic interactions with the supraglottal tract. Furthermore, since the TA muscle could not be 

stimulated in those studies, this implies that the sudden release of the TA activity (as hypothesized by Titze (2000b)) is not 

necessary for frequency jumps to occur. Finally, the study from Berry, Herzel, et al. (1996) demonstrates that sufficient 

left-right asymmetry in the VF adduction and elongation can disrupt eigenmode entrainment (recall section 1.3.4), which 

stimulates eigenmode desynchronization and vocal instabilities.  

1.6. Synthesis of kymograms through numerical modelling 

Numerical models of the VFs can offer more control on the VF geometric and vibratory properties than physical models, 

and as such their use can be relevant in a research context. Specifically, numerical models can be used as a visualization 

tool to simulate images of the VF vibrations, such as kymograms or high-speed videos of the vibrating glottis. The 

development of videokymography (VKG – recall section 1.2.1.5), in the late 1990s and early 2000s, particularly stimulated 

the need to use numerical modelling for the generation of synthetic kymograms, to improve the interpretation of 

kymographic images and relate them to different types of phonation.  
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Notably, Horáček et al. (2009) were among the first to generate synthetic kymograms, using an aeroelastic model of the 

VF vibrations. This model approximates the VFs in two dimensions (2D) by a rigid body defining their shape, connected to 

a two-degree-of-freedom (translational and rotational) system of masses, springs and dampers (Horáček et al., 2002). 

Here, the VFs are driven by aerodynamic forces generated by the airflow, and kymograms were generated by placing a 

virtual camera above the VFs and using an illumination method to measure the quantity of light reflected by the VF surface, 

based on the local surface slope. Three examples of synthetic kymograms generated by this model are displayed on Figure 

23. This model is able to generate simple kymograms where both the upper and lower margins of the VFs are visible 

(Figure 23a), however since the VFs are approximated by a rigid body, the mucosal wave extent (the propagation of the 

mucosal wave across the top surface of the VFs) is not visible and the kymograms are visually quite distinct from those 

obtained from real VFs in vivo. Nevertheless, this model allows to investigate the appearance of kymograms when varying 

the subglottal pressure (Figure 23b) and the frequency of oscillation fo (Figure 23c). 

Later, Švancara et al. (2014) performed a similar study with a 2D finite element model, where the VF shape is based after 

the M5 model defined by Scherer et al. (2001). The VFs are discretized using a finite element mesh, and set to vibration 

by fluid-structure interaction with the airflow. Kymograms are generated using the same illumination method used in 

Horáček et al. (2009). As the VFs are deformable in this model, the mucosal wave extent is visible on the generated 

synthetic kymograms, an example of which is displayed on Figure 24. This kymogram has a more realistic appearance than 

the kymogram generated by Horáček et al. (2009) but the vibratory features are still quite distinct from those visible in 

the kymograms of real VFs. 

 

Figure 23. Example kymograms generated by an aeroelastic model of the VFs. The contributions to the kymogram from the upper and lower 

margins are indicated with red lines. The values of the closed quotient (CQ), the speed quotient (QS), and the closing quotient (ClQ), are also 

indicated. (a) Kymogram generated with a subglottal pressure of 500 Pa, with the frequency of oscillation of 187 Hz; (b) The subglottal pressure is 

increased to 1 kPa, which has the effect of increasing the vibration amplitude and fo; (c) The subglottal pressure is kept at 1 kPa, but fo is increased 

to 377 Hz by increasing the VF stiffness. Modified by the author from Horáček et al. (2009). 

These two models involve solving complex equations of fluid-structure interactions, which are computationally expensive, 

especially for finite element models containing a high number of points for calculation. To address this potential limitation, 

kinematic VF models have been designed for simulating kymograms. Here, the VFs are set in vibration by applying 

kinematic rules instead of driving them with aerodynamic forces. Besides of computational simplicity, this also has the 

benefit of providing more direct control on the pattern of vibration. Notably, Schoentgen et al. (2015) used the phase-

delayed overlapping sinusoids (PDOS) model, which applies a medial-lateral sinusoidal motion to the VF surface, where 

the glottal exit (upper margin) is phase delayed with respect to the glottal entry (lower margin) (Titze, 2006b). Schoentgen 

et al. (2015) demonstrated that the model is capable of generating synthetic kymograms exhibiting left-right asymmetry, 

which have a more realistic appearance since the VFs vibrate with some degree of asymmetry in vivo. However, this model 

cannot display the mucosal wave extent, as the motion of the VFs is only horizontal. 
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Figure 24. Kymogram generated from a finite element model of the VF vibrations. The thickness of the lamina propria TSLP is indicated here. 
Modified by the author from Švancara et al. (2014). 

The recent mucosal wave model developed by Kumar et al. (2019) addresses this issue by applying circular (lateral-medial 

and vertical) motion to the VFs. This model discretizes the VF surface into equidistant points following the M5 shape, 

which can be fully defined by a few geometric parameters. Each point is then set to motion following a circular trajectory, 

with a constant phase delay between all successive points. The definition of the model using only a few geometric (glottal 

width, convergence angle of the medial surface) and kinematic (amplitudes and frequencies of vibration, phase difference) 

parameters allows for a high flexibility in the appearance of the generated kymograms, which can simulate various types 

of phonations and offer the closest resemblance to kymograms of real VFs to date, also with regards to mucosal waves 

travelling over the top VF surface. This is demonstrated in Figure 25, which displays kymograms corresponding to a soft 

(Figure 25a), pressed (Figure 25b), breathy (Figure 25c) and head (Figure 25d) voice. This model uses a more complex 

illumination method which also considers the vertical distance from the camera. 

 

Figure 25. Synthetic kymograms generated by the mucosal wave model, showing different simulated types of phonation: (a) soft, (b) pressed, (c) 
breathy, and (d) head register. Modified by the author from Kumar et al. (2019).  
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2. ORIGINAL WORK BY THE AUTHOR 
2.1. Aims of this thesis 
The aims of this thesis are: 

• to test and document a newly developed anechoic subglottal tract, and to investigate the behavior of the VF 

vibrations using excised larynges in fully anechoic conditions and compare it with subglottally resonant conditions. 

In particular, the aim is to document the differences in the subglottal and radiated pressure waveforms. This is 

addressed in paper I. 

• to investigate the differences in the occurrences of frequency jumps in human excised larynges, between anechoic 

and subglottally resonant conditions. This is addressed in paper II. 

• to investigate the laryngeal differences in vivo between chest and head registers throughout a wide singing range, 

and to find relevant glottal parameters that can discriminate between the two registers throughout this entire 

range. This is addressed in paper III. 

• to help to extend a previously developed two-dimensional numerical kinematic model of the VF vibrations to three 

dimensions, so that it can generate not only kymograms but also synthetic videos of the entire glottis, which 

appear similar to laryngoscopic videos obtained in vivo during laryngeal HSV. Particularly, the aim is to allow the 

visualization of realistic vibrations, containing anterior-posterior and left-right differences. This is addressed in 

paper IV. 

This section gives a summary of the work by the author on each paper in this thesis, and gives an overview of their most 

significant results. Readers are referred to the papers themselves for more detailed descriptions. 

2.2. Paper I: Development of an anechoic subglottal tract, and comparison of subglottal pressure 

waveforms in anechoic and subglottally resonant conditions 
2.2.1.  Objectives 

The glottal flow and the VF vibrations have been shown to be influenced by the acoustic resonances of both the 

supraglottal (Titze, 2008; Titze et al., 2008; Tokuda et al., 2010; Zañartu et al., 2011; Wade et al., 2017) and subglottal 

(Zhang et al., 2006) tracts. The study the inherent vibratory properties of the VFs and of the glottal voice source, it is 

necessary to remove all acoustic interactions with the supraglottal or subglottal tract. This study proposes to address this 

need by using excised larynges (which are free of a supraglottal tract) and a newly developed anechoic subglottal tract, 

which is described here. The influence of the subglottal resonances is further explored by comparing the subglottal 

pressures and properties of the VF vibrations in anechoic and resonant conditions. Specifically, the subglottal pressure 

waveform is investigated. In addition, the influence of the subglottal resonances on the vibratory pattern of the VFs 

(referred to as level 2 interactions by Titze (2008)) is assessed by measuring the EGG signal and the fundamental frequency 

of oscillation fo. 

2.2.2.  Design of the anechoic subglottal tract 

The anechoic subglottal tract was constructed in the Voice Research Laboratory at the Palacký University in Olomouc by 

the former doctoral student V. Hampala under the supervision of J. G. Švec. The tract consists of a 3.30 m plastic tube 

terminated by a wedge of polyurethane foam to absorb the sound waves propagating through it, which prevents their 

reflection and therefore suppresses the acoustic resonances. Detailed description, analysis of the properties and behavior 

of the tract was carried on by the author. 

To verify that the anechoic subglottal tract was suppressing the acoustic resonances, its acoustic response was first 

measured and compared with the acoustic response of the resonant subglottal tract previously developed by Hampala et 



 

38 
  

al. (2013). It was found that the anechoic subglottal tract is successfully suppressing the acoustic resonances, as shown on 

Figure 26: the resonant subglottal tract exhibits visible resonances and antiresonances, whereas the anechoic subglottal 

tract is practically free of these. 

 

Figure 26. Frequency responses of the anechoic subglottal tract and of the resonant subglottal tract with the piston set to two different positions 
corresponding to fR1 = 400 and 800 Hz.  

2.2.3.  Excised larynx experiments 

Red deer excised larynges were then explored during two experiments, using the experimental setup depicted on Figure 

27. A pressure sensor was inserted through the dorsal ridge of the cricoid cartilage to measure the mean and oscillating 

subglottal pressure, and a microphone was placed approximately 10 cm away from the glottis to register the radiated 

sound. EGG electrodes were also placed on each side of the thyroid cartilage, at the level of the VFs, and connected to the 

Glottal Enterprises EG2-PC device to monitor the relative VF contact area. For both experiments, the value of fo was 

measured using the SWIPE’ algorithm developed by Camacho et al. (2008). 

The first experiment investigated steady phonations (one larynx), in both anechoic and resonant conditions. In resonant 

conditions, the subglottal tract was set to six different resonance frequencies: fR1 = 330, 400, 500, 600, 700 and 800 Hz. 

The flow was increased to a constant mean value of about 400 mL.s-1, until the mean subglottal pressure reached a 

saturation value, and then the flow was decreased back to 0 mL.s-1. This experiment investigated the differences in the 

subglottal pressure waveforms between anechoic and subglottally resonant conditions. 

The second experiment investigated flow sweeps (three larynges), again in both anechoic and resonant conditions. For 

this experiment, in the subglottally resonant conditions the resonance frequency was only set to fR1 = 500 Hz, to 

approximate the value of the subglottal resonance frequency in vivo (see section 1.1.1.3). The flow was increased slowly 

to the maximum value (550 mL.s-1) and then slowly decreased back to 0 mL.s-1. In this experiment, the phonation threshold 

pressure, and the SPL of the subglottal and radiated sounds, were also measured and compared between anechoic and 

subglottally resonant conditions – for details see the paper I. 

Remarkable differences were visible in the subglottal pressure waveforms between anechoic and subglottally resonant 

conditions, shown in Figure 28. As expected, in the anechoic conditions, the subglottal pressure waveform was found to 

be similar to the inverted theoretical glottal flow (Sundberg, 2018), as shown on Figure 28a: it was decreasing during the 

opening phase, increasing during the closing phase, and was rather flat with little fluctuations during the closed phase 

(recall section 1.2.3.1). On the other hand, in the resonant conditions, the subglottal pressure waveforms showed strong 

fluctuations during the closed phase, and the frequency of those fluctuations increased as the subglottal resonance 

frequency increased, as demonstrated for fR1 = 330 Hz (Figure 28b) and for fR1 = 500 Hz (Figure 28c). In addition, the EGG 
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waveforms also exhibited, especially for fR1 = 330 Hz (Figure 28b), strong fluctuations in the closed phase, which appear 

to be synchronized with the fluctuations in the subglottal pressure waveform. 

 

Figure 27. Excised larynx experimental setup. 

In both experiments, the values of fo were consistently lower in the subglottally resonant conditions than in the anechoic 

conditions. The values measured during the second experiment are plotted against the mean subglottal pressure, for 

larynx #1 (only the values for the first and last repetitions are shown for brevity), in Figure 29. 

 

Figure 28. Subglottal pressure (solid black lines) waveforms registered with an anechoic subglottal tract and with resonant subglottal tracts set to 
different resonance conditions: (a) anechoic subglottal tract, (b) fR1 = 330 Hz, (c) fR1 = 500 Hz. The horizontal dashed black lines indicate the mean 

subglottal pressure in each case. The waveforms are individually scaled in time (3 cycles are shown). The instants of closure and opening were 
approximately synchronized using the corresponding EGG signal waveforms (dashed gray lines). Finally, the closed and open phases are indicated by 

vertical dotted black lines. 
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Figure 29. Measurement of the fundamental frequency of oscillation fo made during the flow sweep experiments, for larynx #1. The dashed black 
arrows indicate the evolution of the measured values with time. Notice the different fo values in anechoic and resonant conditions. 

2.2.4.  Discussion 

The resemblance of the subglottal pressure waveform to the theoretical glottal flow waveform in anechoic conditions 

(recall Figure 15a) goes in line with the theoretical relationship between the flow and the pressure (described in the 

Appendix of paper I) in the absence of acoustic resonances. The flat subglottal pressure waveform during the closed phase 

of glottis provides a direct visual evidence of the absence of subglottal resonances and proper functioning of the anechoic 

subglottal tract. On the other hand, the subglottal pressure fluctuations observed during the closed phase in the resonant 

cases indicate the presence of subglottal resonances, as reported previously by measurements in vivo (Miller et al., 1985; 

Schutte et al., 1988; Švec et al., 2021). 

The fluctuations in the EGG signal and the lower values of fo measured in the resonant conditions provide direct evidence 

of level 2 interactions due to the presence of subglottal resonances. This corroborates  the findings from Zhang et al. 

(2006), who also reported a strong influence of subglottal resonances on the VF oscillatory frequency fo.  

2.2.5.  Conclusion 

The newly developed anechoic subglottal tract successfully suppresses its acoustic resonances, removing their influence 

on the VF vibrations. In anechoic conditions, the subglottal pressure waveform resembles the inverted theoretical source 

flow waveform (recall Figure 15a), which allows to study the source signal without the need for inverse filtering. The 

presence of subglottal resonances consistently lowers the fundamental frequency of oscillation of the VFs and generates 

strong fluctuations in the EGG signal during the closed phase, which provides evidence of level 2 interactions with the 

subglottal pressure oscillations. The developed anechoic subglottal tract can be used to investigate the inherent vibratory 

properties of the voice source and the impact of structure-acoustic interactions with subglottal resonances on those 

properties. 

2.3. Paper II: Frequency jumps in anechoic conditions  
2.3.1. Objectives 
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Frequency jumps are a common vocal phenomenon which occurs when young prepubescent individuals go through 

puberty, or when singers switch from one register to another. Frequency jumps have been explained through several 

hypotheses: sudden release of the TA muscle (recall section 1.3.1), interactions with the supraglottal resonances (recall 

section 1.3.2) and with the subglottal resonances (Titze, 2000b), or nonlinear phenomenon caused by VF eigenmode 

desynchronization (recall section 1.3.4). However, the exact mechanism responsible for frequency jumps is still unknown. 

Past studies have demonstrated frequency jump events in excised larynges without supraglottal tract, which indicates that 

supraglottal resonances are not needed. However, as mentioned in section 2.2, subglottal resonances can have an 

influence on the VF vibrations, and as such could be responsible for the occurrence of frequency jumps in excised larynges. 

Consequently, the question of whether frequency jumps can also occur in fully anechoic conditions remains unanswered. 

This study proposes to answer this question by exploring frequency jumps in human excised larynges in anechoic 

conditions, using the anechoic subglottal tract described in paper I (see section 2.2 for a brief summary) and no 

supraglottal tract. The influence of the subglottal resonances on frequency jumps is also investigated by using a resonant 

subglottal tract. 

2.3.2. Methods 

Five human excised larynges are used with the experimental setup described in paper I (see Figure 27). The frequency of 

oscillation fo is increased and decreased by smoothly elongating and shortening the VFs, which is done by manually pulling 

the anterior notch of the thyroid cartilage (see Figure 30). Elongation/shortening sweeps are performed in anechoic 

condition and in subglottally resonant conditions with the first subglottal resonance frequency set to fR1 = 500 Hz (i.e. 

similarly as observed in the in vivo conditions), and repeated to assess reproducibility  

 

Figure 30. Description of the VF elongation process by pulling on the anterior notch of the thyroid cartilage. 

2.3.3. Results 



 

42 
  

When smoothly elongating the VFs, consistent jumps were observed in both anechoic and subglottally resonant 

conditions, for two larynges. Figure 31 shows the values of fo right before and after each jump, for larynx #1 and larynx 

#2, in both anechoic and resonant conditions. The presence of subglottal resonances did not stimulate more numerous 

jumps than in anechoic conditions, however the resonant subglottal tract slightly altered the starting and terminating 

frequencies of the jumps, especially during the upward jumps (Figure 31a,c). 

 

Figure 31. Fundamental frequency (fo) before and after each frequency jump for larynx #1 and #2. The circles correspond to the first, and the 
triangles to the second series of frequency sweeps. For the resonant cases, we also indicate the integer divisions of the first subglottal resonance 

frequency (fR1 ≈ 500 Hz), fR1/2, fR1/3, and fR1/4. (a) larynx #1, upward jumps; (b) larynx #1, downward jumps; (c) larynx #2, upward jumps; (d) larynx 
#2, downward jumps. 

2.3.4. Discussion and conclusion 

This study presents the first clear evidence that frequency jumps occur in excised human larynges also in fully anechoic 

conditions, suggesting that acoustic interactions with the supraglottal and subglottal tracts are not necessary for those 

jumps to occur. Furthermore, the presence of acoustic resonances in the subglottal tract did not stimulate more numerous 

jumps compared to anechoic conditions, which confirms that those jumps were primarily caused by inherent VF properties 

rather than by acoustic interactions with the subglottal tract. Nevertheless, the presence of acoustic resonances in the 

subglottal tract had an impact on the terminating frequencies of the upward jumps, which suggests that the subglottal 

resonances also have an influence on the frequency jumps, although this influence appears secondary. As such, this study 

provides important insights on the underlying mechanisms behind frequency jumps. 

2.4. Paper III: Laryngeal adjustment differences between chest and head registers  
2.4.1. Objectives 

As mentioned in section 1.4, the exact underlying mechanisms behind the production of voice registers are not fully 

understood. Frequency jumps described in paper II (see section 2.3 for a brief summary) are often associated with a 

transition between two registers, even though singers are able to operate a smooth pitch glide without any perceivable 

transition event, by precisely controlling the adjustments of the laryngeal muscles (recall section 1.3.1). These 

adjustments, and particularly the activity of the TA muscle, have been hypothesized to be essential in producing different 

registers, specifically chest and head registers. Previous studies have investigated the differences in laryngeal adjustments 

between chest and head registers (recall section 1.4.2), but only over a limited pitch range where both registers can be 

produced. However, the pitch limitation of chest register to low pitches and of head register to high pitches could be 

challenged. There is even evidence that both registers can be produced over a wider frequency range, for example as 

demonstrated by the Australian singer Mal Webb, who performs register transitions while singing the same note, in his 

YouTube video “Sideways yodeling” (Webb, 2008). 

Overall, a way to reliably recognize chest and head registers, and differentiate one from the other independently from 

pitch, is still lacking, particularly regarding the laryngeal adjustments employed by trained singers to produce each register. 
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Inspired by the Mal Webb idea, the American singer Lisa Popeil came to the Voice Research Lab at the Palacký University 

in Olomouc with the idea of separating registers from pitch: she claimed that she can produce both the chest and head 

registers throughout her entire singing range. This study investigates this claim in detail, with the aim of finding relevant 

laryngeal and glottal parameters that can allow the discrimination between chest and head registers, regardless of pitch. 

The investigation is based on several hypotheses based on previous studies reporting more TA muscle activity and a richer 

harmonic structure of the sound in chest register. Those hypotheses are described in detail in paper III in this thesis but 

can be summarized as follows: in chest register, the VFs will exhibit a longer and more pronounced contact, larger phase 

differences between their lower and upper margins, a higher maximum closing speed, and there will be more high-

frequency energy in the radiated sound spectrum. 

In this study, the terms “chest-like” and “head-like” are used to refer to the singer’s intended registers, to avoid confusion 

with the pitch-associated “chest” and “head”. The terms “chest” and “head” are only used here to refer to the registers 

described previously in the literature. 

2.4.2. Methods 

The professional singer (co-author LP) performed short sustained phonations alternating chest-like and head-like registers 

with a short pause, on every pitch from C3 (131 Hz) to C6 (1047 Hz), except for Ab3 (208 Hz) which was omitted by mistake. 

The VF vibrations are captured by a high-speed camera connected to a 90° endoscope, at the rate of 7200 frames per 

second (FPS) for the pitches from C3 to Db5 (554 Hz), and 13600 FPS for the pitches from D5 (587 Hz) to C6. The VF contact 

and the radiated sound are also registered through EGG electrodes placed on the larynx and through a microphone placed 

on top of the camera at the distance of 22 cm from the mouth. The microphone sound is used for blind listening tests 

performed by the three authors of the study (“insiders” group) and by six other participants who were not familiar with 

the study design (“outsiders” group). The listening tests were performed to determine whether the intended registers 

could be perceptually distinguished. The experimental setup is shown in Figure 32.  

 

Figure 32. Experimental setup. 

The following parameters are calculated from the phonovibrograms (PVG), the glottal area waveform (GAW) and the 

kymographic contour of the vibrating VFs: 

- Closed quotient from the PVG (CQPVG) 

- Speed quotient from the kymographic contour (SQkym) 

- Closing quotient from the kymographic contour (CgQkym) 

- Vertical phase differences between the lower and upper margins of the VFs from the kymographic contour 

(VPDkym) 

- Normalized amplitude quotient from the GAW (NAQGA). 



 

44 
  

In addition, the following parameters are calculated: the amplitude of the EGG signal, the sound pressure level (SPL), the 

spectral balance (SB), and the difference in the levels of the first and second harmonics LH1-LH2– see paper III for details. 

2.4.3. Results 

On average, the outsiders were able to correctly identify the registers, as intended by the singer, in 64% of the cases, and 

the insiders in 89% of the cases. Results from the visual analysis of the high-speed videos are summarized in Figure 33. 

They revealed laryngeal and physiological differences separating the low-, middle-, and high-pitched phonation regions 

(indicated by RLo, RMid, and RHi, respectively). Importantly, the values of NAQGA and of the CgQkym were consistently lower 

in chest-like register throughout the entire range (except at B5 for the CgQkym), as shown in Figure 34. This indicates that 

the closing phase was consistently shorter in chest-like register. 

 

Figure 33. Diagram summarizing the visual and objective differences observed between the chest-like and head-like phonations in the high-speed 
videos and the corresponding ranges where those differences appeared. RLo, RMid and RHi indicate the low, middle, and high range, respectively. 

 

Figure 34. Mean Normalized Amplitude Quotient NAQGA (a) and Closing Quotient CgQkym (b) distinguishing the chest-like and head-like registers for 
every pitch. The error bars represent the standard error of the mean. 

2.4.4. Discussion and conclusion 

NAQGA and the CgQkym were found to be the only two parameters with consistently lower values in chest-like register 

across the entire pitch range (except at B5 for the CgQkym), which suggests the glottal closing speed is one of the most 

relevant parameters to discriminate between chest-like and head-like registers in our singer. This supports the hypothesis 

mentioned in section 1.4.2 that the increased activity of the TA muscle thickens the VFs and therefore increases the 



 

45 
  

vibrational amplitude of the lower margin of the VFs, which in turn increases the closing speed. Interestingly, the CQPVG 

was not able to distinguish the two registers across the large pitch range (not shown here for brevity – see paper III for 

details). This conflicts with the results from previous studies that mostly used CQ and OQ for differentiating registers  

(Sundberg et al., 2001; Roubeau et al., 2009; Echternach, Burk, Köberlein, Herbst, et al., 2017; Echternach, Burk, Köberlein, 

Selamtzis, et al., 2017). 

Perceptually, the lower score of the outsiders group in the listening tests indicates that those listeners had more difficulties 

than the insiders group to recognize the registers. This suggests that the distinction between the two registers intended 

by the singer is not easy to recognize. As expected, the insiders group performed better, as they were familiar with the 

study design. 

2.5. Paper IV: Simulation of laryngoscopic high-speed videos from a kinematic model  
2.5.1. Objectives 

Clinicians commonly use laryngoscopic imaging techniques to assess the general VF health and the presence of 

pathologies. Particularly, strobolaryngoscopy, and to some extent, in some places, also videokymography (VKG), are 

routinely used, as they provide real-time feedback and their clinical value has been demonstrated (Casiano et al., 1992; 

Phadke et al., 2017). Laryngeal HSV, however, requires the recorded images to be reviewed and analyzed and is therefore 

slow to be routinely used in clinical practice (see also the reasons described in section 1.2.1.3), even though it is the 

technique that can provide the most detailed information about the VFs. As such, the relation between visual features 

observed in laryngeal HSV images and kinematic properties of the VFs is under researched, and there is a need to improve 

our interpretation of laryngeal HSV. This study proposes to address this need by extending a kinematic mucosal wave 

model of the VF vibrations to enable the generation of synthetic HSV of the entire glottis. 

2.5.2. Methods 

The mucosal wave model used in this study is described in section 1.6. This model was originally designed to simulate two-

dimensional (2D) vibrations, by considering a coronal (vertical left-right) slice of the VFs. Here, it is extended to three-

dimensional (3D) vibrations by concatenating 256 slices along the anterior-posterior axis. Kymograms generated by each 

slice are then combined, to form a simulated high-speed video, where the entire glottis is visible. Geometric and kinematic 

parameters of the VFs are then varied along the anterior-posterior axis, to display anterior-posterior differences typically 

observed in vivo through laryngeal HSV. Parameters were adjusted empirically so that the simulated videos resemble 

reference laryngeal high-speed videos, obtained from the Vienna database of pathological and non-pathological voices 

(Aichinger et al., 2016). 

2.5.3. Results 

For brevity, this section only describes two examples of HSV simulated by the model – see paper IV for details. The first 

example is displayed in Figure 35 and corresponds to a regular pressed phonation. For this example, the pressed quality 

is simulated by setting a negative glottal half-width across the entire glottis, except for the most posterior position where 

the glottal half-width is set to 0. The amplitude of vibration is also set to 0 at the posterior position, so that the left and 

right VFs are always only just touching each other at this position (this creates the impression of a slight posterior glottal 

gap in Figure 35c due to the roundedness of the VF shape). During glottal closing, the mucosal wave is seen propagating 

across the top VF surface (Figure 35a,b). 
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Figure 35. Illustration of pressed VF vibrations. Shown are frames of maximal opening (a), maximal closure (c), and a frame in between (b). The 
mucosal waves traveling laterally are also indicated by black arrows. 

The second example corresponds to a pathological voice exhibiting chaotic vibrations, simulated by imposing random 

variations in the phase of vibration, which are different between the left and right VFs, and between their anterior and 

posterior part. This example is displayed through the PVG (recall section 1.2.1.4) in Figure 36. The vibration of both the 

left and right VFs are visibly irregular, in addition to being asymmetric. 

 

Figure 36. Phonovibrogram (PVG) corresponding to chaotic vibrations 

2.5.4. Discussion and conclusion 

The mucosal wave model is successfully extended to 3D, allowing the generation of synthetic videos with a realistic 

appearance, containing left-right and anterior-posterior differences. Additionally, the implementation of perturbations, 

in the form of random vibratory phase distortion, allows to synthetize irregular vibrations, which are associated with 

pathological voices. This includes perturbations that are different for the left and right VF, as well as for the anterior and 

posterior parts of the glottis. As such, this extended model offers useful insights about the effects of such perturbations 

in the VF kinematic parameters on the appearance of the corresponding vibrations. 
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3. OVERALL CONCLUSION 
 

This thesis provides important new insights on the vibratory properties of the VFs. Specifically, the first part tests and 

documents a newly developed anechoic subglottal tract, to investigate the subglottal pressures and the VF vibrations in 

fully anechoic conditions, and to compare them with subglottally resonant conditions. It shows that the anechoic tract 

successfully suppresses its acoustic resonances. This subglottal tract is then used with excised deer larynges without a 

supraglottal tract to investigate the VF vibrations in fully anechoic conditions. In such conditions, the subglottal pressure 

waveform demonstrated a remarkable resemblance with the theoretical source flow waveform, which shows that the 

anechoic subglottal tract can be used to study the source signal without any acoustic interactions with resonance cavities 

and without the need for inverse filtering.  

In the second part, this thesis investigates the differences in the occurrences of frequency jumps in human excised 

larynges, between anechoic and subglottally resonant conditions. This part presents the first experimental evidence that 

frequency jumps occur also in fully anechoic conditions. The results provide a proof that those frequency jumps are 

primarily caused by inherent nonlinear-dynamic VF properties, even though the acoustic resonances in the subglottal tract 

appear to play a secondary role.  

The third part of this thesis investigates the relevant glottal and laryngeal parameters that can discriminate between chest 

and head registers throughout a wide pitch range. Here, chest and head registers are investigated over a wide pitch range 

in a professional female singer. Visual and objective analysis revealed that the glottal closing speed is one of the most 

relevant parameters to discern chest and head registers regardless of pitch, which is revealed through the consistent lower 

values of the normalized amplitude quotient and closing quotient in chest register. This contrasts with most previous 

studies that rather assumed the closed quotient to be the most sensitive measure for distinguishing the chest and head 

registers in singing. In our study, the closed quotient was not found to be able to distinguish the two registers as 

consistently as the normalized amplitude quotient and closing quotient. This part helps to advance our understanding of 

voice registers, particularly of the laryngeal adjustments and VF kinematics employed by trained singers to produce chest 

and head registers.  

Finally, the fourth part aims at generating synthetic high-speed videos of the entire glottis. This was achieved through the 

extension of a two-dimensional existing kinematic model of the VF vibrations, referred to as the mucosal wave model 

here, to three dimensions. The extended model demonstrates capabilities of generating videos of the vibrating glottis that 

closely resemble the high-speed laryngoscopic videos obtained clinically in vivo. Particularly, the synthetic videos display 

left-right and anterior-posterior differences, which are typically seen in laryngeal voice disorders. Additionally, the 

extended model is capable of applying perturbations in the form of random phase distortions, which appear as irregular 

or chaotic vibrations. As such, this model could be further used to help understand the underlying mechanisms responsible 

for pathological voices.  
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