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ABSTRACT 

VALIDATION AND APPLICATION OF EXPERIMENTAL FRAMEWORK FOR THE 

STUDY OF VOCAL FATIGUE 

 

By 

 

Mark Leslie Berardi 

 

In recent years, vocal fatigue research has been increasingly studied particularly with 

application to the reduction of its impact on schoolteachers and other occupational voice users. 

However, the concept of vocal fatigue is complex and neither well defined or well understood. 

Vocal fatigue seems to be highly individualized and dependent on several underlying factors or 

concepts. The purpose of this dissertation is to propose and support through experimentation a 

framework that can identify the factors contributing to vocal fatigue. The main hypothesis is that 

the change in vocal effort, vocal performance, and/or their interaction through a vocal demand 

(load) will implicate vocal fatigue. To test this hypothesis, three primary research questions and 

experiments were developed. For all three experiments vocal effort was rated using the Borg CR-

100 scale and vocal performance was evaluated with five speech acoustic parameters 

(fundamental frequency mean and standard deviation, speech level mean and standard deviation, 

and smoothed cepstral peak prominence). 

The first research question tests whether perceived vocal effort can be measured reliably and 

if so, how vocal performance in terms of vocal intensity changes with a vocal effort goal. 

Participants performed various speech tasks at cued effort levels from the Borg CR-100 scale. 

Speech acoustic parameters were calculated and compared across the specific vocal effort levels. 

Additionally, the test-retest reliability across the effort levels for speech level was measured.  



 

 

 

Building from that experiment, the second research question was to what degree are vocal 

performance and vocal effort related given talker exposure to three equivalent vocal load levels. 

This experiment had participants performing speech tasks when presented with three different 

equivalent vocal load scenarios (communication distance, loudness goal, and background noise); 

for a given load scenario, participants rated their vocal effort associated with these tasks. Vocal 

effort ratings and measures of vocal performance were compared across the vocal load levels.  

The last research question built on the previous two and asked to what degree do vocal 

performance, vocal effort, and/or their interaction change given a vocal load of excess 

background noise (noise load) over a prolonged speaking task (temporal load). To test this, 

participants described routes on maps for thirty minutes in the presence of loud (75 dBA) 

background noise. Vocal effort ratings and measures of vocal performance were compared 

throughout the vocal loading task. 

The results indicate that elicited vocal effort levels from the BORG CR-100 scale are distinct 

in vocal performance and reliable across the participants. Additionally, a relationship between 

changes in vocal effort and vocal performance across the various vocal load levels was 

quantified. Finally, these findings support the individual nature of the complex relationship 

between vocal fatigue, vocal effort, and vocal performance due to vocal loads (via cluster and 

subgroup analysis); the theoretical framework captures this complexity and provides insights into 

these relationships. Future vocal fatigue research should benefit from using the framework as an 

underlying model of these relationships.  
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To Luke and Sam,  

may you never lose your voice. 
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CHAPTER I: INTRODUCTION 

The prevalence of occupational voice problems results in a financial burden on society. 

Within the United States, 25% to 35% of the working population are occupational voice users 

(Titze, Lemke, & Montequin, 1997). Occupational voice users are “individuals where 

occupational performance depends on vocal quality, health, or endurance” (Hunter & Banks, 

2017). Teachers represent 4.2% of the working population, however, teachers are about 20% of 

the cases in voice clinics (Titze et al., 1997). A 2001 study (Verdolini & Ramig, 2001) estimates 

the societal cost of voice problems in teachers in the U.S. to be on the order of $2.5 billion 

annually. A more recent 2015 study in Colombia found the average indirect cost of a teacher 

with voice symptoms to be around US$492 a month (Cantor Cutiva & Burdorf, 2015). 

Among the various voice problems reported in teachers, vocal fatigue is the most common. 

Calas and colleagues (1989) state that out of 100 teachers referred for dysphonia (difficulty in 

speaking), 96 reported experiencing vocal fatigue. Similarly, Gotaas and Starr (1993) report that 

80% of teachers reported symptoms of vocal fatigue as compared to 5% of the general 

population. Hunter and Banks (2017) reported that teachers exhibited higher levels of vocal 

fatigue as compared to vocally-healthy adults. Other occupations that report elevated levels of 

vocal fatigue include but are not limited to: call-center workers (Ben-David & Icht, 2016; Lehto, 

Laaksonen, Vilkman, & Alku, 2008), aerobics instructors (V. I. Wolfe, Long, Youngblood, 

Williford, & Olson, 2002), radio broadcasters (Cantor-Cutiva, Bottalico, & Hunter, 2018; 

Guzmán, Malebrán, Zavala, Saldívar, & Muñoz, 2013; Timmermans, De Bodt, Wuyts, & Van de 

Heyning, 2003), and singers (Carroll et al., 2006; Kitch & Oates, 1994; Tepe et al., 2002; Yiu & 

Chan, 2003).  
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Despite the prevalence of vocal fatigue within occupational voice users, this condition is not 

well defined or well understood. Previous attempts to quantify vocal fatigue are generally 

inconclusive and in several cases contradictory (Laukkanen & Kankare, 2006; Welham & 

Maclagan, 2003). One reason for this is that vocal fatigue is a complex condition that has 

multiple possible underlying mechanisms. For example, in some cases vocal fatigue is used as a 

symptom (clinical history; Nanjundeswaran, Jacobson, Gartner-Schmidt, & Verdolini Abbott, 

2015) and in other cases it describes the physiological alteration from vocal over use (i.e. 

fatigued tissue; Boucher & Ayad, 2010). The lack of a consensus definition may be a major 

contributor to the inconclusiveness in vocal fatigue results, and the lack of coherent framework 

prevents the interpretation of this misunderstanding. Another possible factor relating to this 

inconsistency and misunderstanding is the person to person variation in vocal fatigue. Several 

studies support the notion of vocal fatigue being characteristically different for each individual 

(Kitch, Oates, & Greenwood, 1996; Ternström, Bohman, & Södersten, 2006) while others 

showed inconsistencies within an individual (Remacle, Garnier, Gerber, David, & Petillon, 

2018). While these studies are methodologically sound, they are missing a framework for vocal 

fatigue that allows for a complex interaction of mechanisms (e.g. physiological and perceptual) 

and individual variation. In the present work, a framework is developed through the connection 

of vocal fatigue and related concepts of vocal load, vocal loading, vocal performance, and vocal 

effort since these concepts are better defined. The purpose of this dissertation is to propose and 

support through experimentation a framework for vocal fatigue that can identify the factors 

contributing to vocal fatigue.  

The remainder of the chapters are outlined as follows. Chapter 2 provides the relevant 

background information on vocal fatigue and related concepts including vocal load, vocal 
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loading, vocal performance, and vocal effort. From this background, a theoretical framework of 

the relationships between these concepts to guide the study vocal fatigue is presented. The main 

hypotheses and research questions are presented based on the gaps in the literature and the 

framework. Chapter 3 provides the methodological approach to the experiments. Chapter 4 is a 

presentation of the results of the experiments. Chapter 5 provides a discussion of the results. 

Finally, Chapter 6 contains a summary of the conclusions from the discussion chapter. 

Additionally, the references and appendices are included at the end of this document. 
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CHAPTER II: BACKGROUND 

2.1 Historical Background of Vocal Fatigue 

In recent years, vocal fatigue research has been increasingly studied (Cantor-Cutiva, Banks, 

et al., 2018). This research demonstrates vocal fatigue as more than a singular mechanism but a 

dynamic system of multiple possible underlying and contributing mechanisms. To better 

delineate these uses and mechanisms, this section reviews the definitions and use of vocal 

fatigue, the previously proposed mechanisms, and attempts at measuring these mechanisms and 

their associated experiments. Additionally, this section highlights the complexity of vocal fatigue 

that has resulted in inconclusive attempts to quantify vocal fatigue. 

2.1.a Review of definitions and use of vocal fatigue 

Vocal fatigue is a common term that carries intrinsic meaning. However, within the literature 

there is not a common definition of vocal fatigue (Hunter & Titze, 2009). In a review of vocal 

fatigue, Welham and Maclagan (2003) define vocal fatigue as “negative vocal adaptation that 

occurs as a consequence of prolonged voice use.” This negative vocal adaptation is described as 

“a perceptual, acoustic, or physiologic concept, indicating undesirable or unexpected changes in 

the functional status of the laryngeal mechanism.” Focusing on the self-perceptual characteristic 

of fatigue, Vilkman (2004) defines vocal fatigue as “a subjective term, which refers to negative 

sensations related to voicing.” Emphasizing the physiological nature of vocal fatigue, McCabe 

and Titze (2002) define vocal fatigue as “a progressive increase in phonatory effort accompanied 

by a progressive decrease in phonatory capabilities” and contributing factors may include “the 

central and/or peripheral fatigue of the respiratory subsystem, the phonatory subsystem, and the 

resonance/articulatory subsystems.” 
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Clinically, vocal fatigue is defined by its symptoms (Sapienza, Crandell, & Curtis, 1999; 

Solomon, 2008). Various symptoms of vocal fatigue have been reported. Kostyk and Rochet 

(1998) summarize 18 primary symptoms of vocal fatigue:  

hoarse vocal quality, breathy vocal quality, loss of voice, pitch breaks, inability to 

maintain typical pitch, reduced pitch range, lack of vocal carrying power, reduced 

loudness range, increased vocal effort, running out of breath while talking, unsteady 

voice, tension in neck or shoulder, throat/neck pain, throat fatigue, throat tightness or 

constriction, pain on swallowing, increased need to cough or throat clear, and discomfort 

in chest, ears or back of neck (Kostyk & Rochet, 1998). 

Other important symptoms include an increase in fatigue throughout the day and improvement 

following rest (Colton, Casper, & Leonard, 2011; Gotaas & Starr, 1993; Kitch & Oates, 1994; 

Solomon, 2008). These definitions and symptoms provide a foundation to understand the 

underlying mechanisms, quantifications, and assessments of vocal fatigue. 

2.1.b Review of potential mechanisms of vocal fatigue 

In exercise science, fatigue is defined in terms of central and peripheral; central fatigue 

includes “factors that reside in the brain,” while peripheral fatigue refers to the muscles 

themselves (Davis, 1995). As stated above, this approach has been reflected in discussions of 

vocal fatigue where central vocal fatigue includes the “compensatory functional changes” that 

could manifest as an increase in effort or feeling of increased muscular tension, and the 

peripheral vocal fatigue consists of the neuromuscular and biomechanical factors within the 

respiratory, phonatory, and articulatory subsystems (Mccabe & Titze, 2002). Additionally, the 

etiology of vocal fatigue is proposed to be either organic or functional. An organic factor of 

fatigue is when “an altered physiology affects the function of the voice, and therefore, 
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phonation.” A functional factor of fatigue is when “an inefficient use of the voice affects 

phonation, and ultimately, the physiology” (Mccabe & Titze, 2002). 

One of the subsystems of voice production that potentially influences vocal fatigue is the 

respiratory system. Previous work has shown a relation between pulmonary function and reports 

of vocal fatigue (Hunter, Maxfield, & Graetzer, 2019). The respiratory system can be broken 

down into the airway (bronchi, trachea, larynx, pharynx, mouth, and nose), the lungs, and the 

muscles of respiration. The major muscles in respiration are the diaphragm and the intercostal 

muscles. There are also accessory muscles used (e.g. sternocleidomastoid and scalene muscles). 

The respiratory system is one of the main subsystems of the voice; it provides the air supply and 

pressure needed for phonation. Therefore, in theory, fatigue in the respiratory system may result 

in vocal fatigue. However, this effect has not been well observed (Welham & Maclagan, 2003). 

The respiration physiology literature states that “in general, the capacity of the pulmonary system 

far exceeds the demands required for ventilation and gas exchange during exercise” and that the 

respiratory system is only limiting in elite athletes (McKenzie, 2012). Leanderson and Sundberg 

(1988) note that only 50% of vital capacity is used in initiating speech as opposed to up to 100% 

of vital capacity used in initiating singing. Another area of potential respiratory fatigue is in 

individuals with pulmonary disorders. Dysphonia was noted for patients with obstructive (e.g. 

asthma (Abdul Latif Hamdan et al., 2017)) and restrictive (e.g. cystic fibrosis; Lourenço, Costa, 

& Da Silva Filho, 2014; Willis, Michael, Boyer, & Misono, 2015) pulmonary disorders. While 

speech within healthy adults would not fatigue the respiratory system, task-specific events and 

disordered conditions may contribute to respiratory fatigue.  

The phonatory system could potentially have muscle or tissue fatigue. Muscle fatigue could 

exist within the intrinsic or extrinsic muscles. The intrinsic muscles are a set of paired adductor 
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muscles (closing of the glottis; e.g. cricothyroid, lateral cricoarytenoid, transverse arytenoid, 

oblique arytenoid, and thyroarytenoid muscles). The only abductor muscles (opening of the 

glottis) are the posterior cricoarytenoid muscles (Rosen & Simpson, 2008). As air flows through 

the larynx, adducted thyroarytenoid muscles (vocal folds or cords) vibrate, providing a harmonic 

acoustic source for voiced speech sounds.  

Peripheral fatigue in this system can be categorized as either neuromuscular or 

biomechanical, in other words, laryngeal muscle fatigue or laryngeal tissue fatigue respectively 

(Mccabe & Titze, 2002; I. R. Titze, 1999). Neuromuscular fatigue could be defined as “any 

exercise-induced decrease in a muscle’s ability to develop force or power” (Boyas & Guével, 

2011). Prolonged or repeated muscle contractions lead to changes in the chemical state of the 

muscle as the body tries to maintain the level of force being produced and resist the fatigue 

(Boyas & Guével, 2011). The chemical changes include depletion of energy compounds (e.g. 

glycogen and adenotriphosphate [ATP]) and the accumulation of lactic acid (Mccabe & Titze, 

2002; Welham & Maclagan, 2003). The glycogen depletion is related to long-term submaximal 

muscle contractions, while lactic acid accumulation is related to short-term maximal muscle 

contractions (Katch, 2009; Welham & Maclagan, 2003). It is suggested that in occupational 

voice users, the laryngeal muscles activate more than 1,800 times per hour (Titze, Hunter, & 

Švec, 2007). This implies that the laryngeal muscles are contracting in a prolonged and repeated 

manner. 

The sustainability of muscle contraction and its inherent fatigue properties can be predicted 

by the motor unit of the muscle (Potvin & Fuglevand, 2017). Boucher and Ayad (2010) 

summarize the motor unit muscle fibers from Pette and Staron (1990) saying, “Type I fibers are 

the slowest, most fatigue-resistant, and generate less force compared with Type IIa fibers, which 
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are partly fatigable and fast, and Type ‘IIb’ fibers (or IIx), which are the fastest and most 

fatigable.” Studies using artificial stimulation of feline and canine thyroarytenoid muscles 

describe high levels of fatigue resistance and that human thyroarytenoid muscles contained more 

than twice the proportion of Type I to Type II fibers (implicated greater fatigue resistance) than 

in canine and four times the proportion than in feline specimens (D. S. Cooper & Rice, 1990; 

Edstrom, Lindquist, & Martensson, 1974; Mascarello & Veggetti, 1979; Zealer, 1983). One 

histochemical study of human laryngeal muscles by Claassen and Werner (1992) indicates that 

on average, the thyroarytenoid muscles consist of 53% of Type I, 36% of Type IIa, and 5% of 

Type IIb. The lateral cricoarytenoid muscles consist of 51% of Type I, 35% of Type IIa, and 

14% of Type IIb. This fiber distribution suggests an overall slow, fatigue-resistant property of 

the intrinsic laryngeal muscles (Solomon, 2008; Welham & Maclagan, 2003). However, the 

adductor muscles in humans are actually quite fast (Hast, 1969; Sahgal & Hast, 1974). Boucher 

and Ayad (2010) explain this discrepancy to be the result of previously misidentified “hybrid” 

fibers in facial and laryngeal muscles.  

Hoh (2005) states that previous histochemical analyses are invalid because they ignore the 

presence of these hybrid fibers and that single-fiber protocols must be used. Wu, Crumley, 

Armstrong, and Caiozzo (2000) applied a single-fiber protocol of the thyroarytenoid muscle and 

report 30% Type I fibers, 49% Type II fibers, and 21% Type IIx fibers. Shiotani, Westra, and 

Flint (1999) report that the thyroarytenoid muscle has an average of 13.5% Type I fibers, 49.2% 

Type IIa fibers, and 37.3% Type IIx fibers, while the lateral cricoarytenoid muscle contained 

18.8% Type I fibers, but 57.1% of Type IIa and 24.1% of Type IIx fibers. Hoh (2005) explains 

that this variance is likely a result of plasticity effects. These studies showing a higher proportion 

of Type II fibers support the reports of the high contraction speeds of the laryngeal adductor 
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muscles (D’antona et al., 2002; Hast, 1969; Sahgal & Hast, 1974). The implications are that the 

intrinsic laryngeal muscles may be affected by neuromuscular fatigue and that there may be a 

significant amount of individual variation in the fatigue of laryngeal muscles. 

In addition to the intrinsic laryngeal muscles, Solomon (2008) suggests that neuromuscular 

adjustments in the extrinsic laryngeal muscles (e.g. suprahyoid and infrahyoid [or strap muscles] 

groups) can contribute to the overall stiffness of the larynx and tension in the laryngeal muscles. 

This excessive tension can result in co-contraction of agonistic muscles and other inefficient 

muscle contractions that contribute to vocal fatigue (Solomon, 2008). 

Prior to a discussion on biomechanical fatigue, consider the composition of the vocal folds. A 

vocal fold consists of five main layers. The superficial layer (epithelium) consists of squamous 

epithelium (which is continuous throughout the trachea, pharynx, and mouth). The next three 

layers have differing consistencies but are often referred to together as the lamina propria. The 

superficial layer of the lamina propria can be compared to the consistency of soft gelatin and is 

also referred to as Reinke’s space. This layer is associated with Reinke’s edema (swelling of this 

layer due to fluid; often associated with smokers). The next two layers are sometimes referred to 

together as the vocal ligament. The intermediate lamina propria is characterized by elastic fibers 

(a rubber band-like consistency). The deep lamina propria primarily contains collagenous fibers 

(thread-like consistency). The final layer is the vocalis muscle of the thyroarytenoid which is the 

main body of the structure and is very stiff (Rosen & Simpson, 2008). 

In the case of biomechanical fatigue, parallels are often drawn to the use of fatigue in the 

material sciences. Here fatigue is “progressive structural damage that results from stress (force 

per unit area) imposed by strain [a measure of elongation or deformation] on the material” 

(Solomon, 2008). During regular phonation, the lamina propria is subject to continuous stress 
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and strain. Stress from the numerous collisions of the two folds and strain from anterior-posterior 

posturing (elongation or shortening) as well as other deformations from the various laryngeal 

muscles. Titze (1994) discusses mechanical stresses on the vocal folds and concludes that 

“excessive collision and acceleration may be responsible for the greatest tissue damage, even 

though they do not account for the greatest stresses.” Female teachers’ vocal folds are estimated 

to vibrate on the order of 1.4 million times during their work day (I. R. Titze et al., 2007; E 

Vilkman, 2004). The magnitude of the number of collisions for a population with high 

prevalence of vocal fatigue is an intriguing correlation. However, two reviews of vocal fatigue 

concluded that while the mechanical stresses exist, their contributions to lamina propria fatigue 

(and vocal fatigue in general) are not well understood (Solomon, 2008; Welham & Maclagan, 

2003). 

Other biomechanical factors of vocal fatigue include increased viscosity, stiffness, and 

lesions (I. R. Titze, 1994). The vocal folds’ viscous properties allow for lubrication and shock 

absorption (Solomon, 2008). McCabe and Titze (2002) suggest that a change in tissue viscosity 

could be a result of vibrations of the vocal folds that “may lead to an inability of a stable blood 

circulation throughout the lamina propria to remove inhibitory elements such as lactic acid, or an 

accumulation of heat.” In the case of prolonged, high-pitched phonation, increased tissue 

viscosity was measured, as well as increased frictional energy loss and an increase in heat 

dissipation (Donald S. Cooper & Titze, 1985). Solomon (2008) concludes that an interaction 

between viscosity changes and exposure to stress and strain on the tissues is “likely to exacerbate 

tissue” and that the “importance of non-muscular biomechanical properties on vocal function 

makes the study of vocal fatigue more complex than the study of fatigue involving most other 

skeletal muscles.” 
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The third subsystem relating to vocal fatigue is the articulatory and resonance system. There 

are three main resonating cavities in this system: the pharynx (comprising the laryngopharynx, 

oropharynx, and nasopharynx cavities), oral cavity, and nasal cavity. The major articulators used 

in speech are the velum (or soft palate), hard palate, teeth, tongue, lips, and cheeks. The muscles 

used in the articulator and resonance systems primarily consist of fatigue-resistant Type I and IIa 

muscle fibers (this is the case for the tongue, orbicularis oris [lips], and buccinator [cheek] 

muscles (Solomon, 2006)). Like the respiratory system, normal speech in healthy individuals is 

not fatiguing. However, individuals with varied disorders may experience fatigue in the 

articulatory and resonance muscles (e.g. lingual fatigue in myasthenia gravis (Wenke, Goozee, 

Murdoch, & LaPointe, 2006) or lingual and lip fatigue in laryngectomees (Searl & Knollhoff, 

2018). 

2.1.c Review of attempts to measure vocal fatigue 

Many methods are used to assess and quantify vocal fatigue. In general, these methods 

attempt to measure either the physiological mechanisms of vocal fatigue or the perception of 

vocal fatigue experienced by the individual. These measurement methods are categorized as 

physiological, aerodynamic, acoustic, or self-report assessments. Physiological methods include 

assessments where the muscles (particularly the intrinsic laryngeal muscles) are measured 

directly. Aerodynamic methods are assessments that measure flow or pressure of the 

aerodynamic source of phonation. Acoustic methods include both objective and perceptual 

measures where objective measures are calculated from acoustic samples and perceptual 

measures are judgements of the acoustic samples by listeners. Finally, self-report assessments are 

subjective ratings of the subjects’ own experience of vocal fatigue. Most vocal fatigue studies 

include multiple measurement methods.  
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Physiological assessment of vocal fatigue attempts to directly measure the mechanism of the 

larynx. This is done through imaging, electroglottography (EGG), electromyography (EMG), or 

through physical and computational models. The types of laryngeal imaging used to assess vocal 

fatigue include rigid endoscopy (Eustace, Stemple, & Lee, 1996; A L Hamdan, Sibai, & Rameh, 

2006; Kelchner, Toner, & Lee, 2006; Linville, 1995; Niebudek-Bogusz, Kotyło, & Śliwińska-

Kowalska, 2007; Pearl Solomon & Stemmle DiMattia, 2000), flexible nasal endoscopy 

(D’haeseleer et al., 2016), and high speed endoscopy (Doellinger, Lohscheller, McWhorter, & 

Kunduk, 2009; Whitling, Lyberg-Åhlander, & Rydell, 2017). Various measures are observed and 

calculated from laryngeal imaging. These include vocal fold edema (Scherer et al., 1987), glottal 

closure patterns (subjective evaluation of the open and closure of the vocal folds (Eustace et al., 

1996; Kelchner et al., 2006; Linville, 1995; Niebudek-Bogusz et al., 2007; Stemple, Stanley, & 

Lee, 1995)), laryngeal length-to-width ratio of the glottis (Yiu et al., 2013), amplitude of vocal 

fold vibration (Eustace et al., 1996; Niebudek-Bogusz et al., 2007; Solomon, Glaze, Arnold, & 

van Mersbergen, 2003; Vintturi et al., 2001), phase symmetry of vibration (Eustace et al., 1996), 

and quality of mucosal wave (Eustace et al., 1996; Niebudek-Bogusz et al., 2007). Other studies 

use laryngeal imaging as a screening to confirm the presence or absence of laryngeal pathology 

(D’haeseleer et al., 2016). Some of the studies report no laryngeal imaging changes associated 

with vocal fatigue (Eustace et al., 1996; Kelchner et al., 2006; Niebudek-Bogusz et al., 2007; 

Whitling et al., 2017), while others reported contradicting changes (Solomon, Glaze, Arnold, and 

van Mersbergen, 2003) report a decrease in amplitude of vocal fold vibration associated with 

vocal fatigue while Vinturri et al.(2001) report an increase). Observations of incomplete glottal 

closure, such as an anterior glottal chink or a spindle-shaped glottis (Linville, 1995; Pearl 

Solomon & Stemmle DiMattia, 2000; Solomon et al., 2003; Stemple et al., 1995), suggest effects 
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of neuromuscular fatigue on the adductor muscles. Observations of vocal fold edema and 

changes in quality of the mucosal wave support the theories of tissue changes in vocal fatigue. 

The major drawback to laryngeal imaging is that it is a relatively invasive measurement requiring 

particular equipment. Additionally, the quantitative measurements of imaging are 

computationally expensive and partly subjective (Doellinger et al., 2009), although recent 

research aims to address those concerns (Naghibolhosseini, Deliyski, Zacharias, de Alarcon, & 

Orlikoff, 2018; Poburka, Patel, & Bless, 2017; Zacharias, Deliyski, & Gerlach, 2018). 

Electroglottography (EGG) measures the level of contact between the vocal folds during 

voicing. It does this with a pair of electrodes placed on the surface of the neck such that the 

larynx is between them. The electrodes measure the electrical impedance of the larynx which 

changes with the contact area of the vocal folds. This can be useful in estimating the time the 

vocal folds spend open and closed (Childers, Hicks, Moore, Eskenazi, & Lalwani, 1990). Due to 

obvious variations in biology and therefore neck impedance, EGG cannot be used to absolutely 

measure glottal contact area. The most commonly used EGG measure is the closed quotient (the 

ratio of closed time and combined closed and open time). Electroglottography presents a less 

invasive physiological measurement of vocal function. However, the usefulness of EGG in 

studies of vocal fatigue is inconclusive (Buekers, 1998; Laukkanen, Mäki, & Leppänen, 2009; V. 

I. Wolfe et al., 2002). 

Electromyography (EMG) is a more direct measurement of the electrical activity in muscles 

and has been used to show changes in the laryngeal muscles (the lateral cricoarytenoid in 

particular) as a result of vocal fatigue (Boucher, Ahmarani, & Ayad, 2006; Boucher & Ayad, 

2010; Rubin et al., 2005). These results strongly support the proposition that the laryngeal 

muscles are not fatigue resistant. Although EMG is useful in investigating neuromuscular 
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fatigue, it is highly invasive and not practical in most vocal fatigue research. Some recent work 

has used surface EMG on the neck to estimate laryngeal muscle activations with the intent to 

apply the methods to vocal fatigue research (N. R. Smith et al., 2016). 

As stated above, the stress and strain of vibration on vocal fold tissues may lead to tissue 

fatigue and, thus, vocal fatigue. Directly measuring these stresses and strains in vivo is 

problematic, therefore modeling becomes a useful tool.  

Researchers use physical or synthetic (Drechsel & Thomson, 2008; Spencer, Siegmund, & 

Mongeau, 2008; I. R. Titze, 1994), computational (Horáček, Laukkanen, Šidlof, Murphy, & 

Švec, 2009; Tao & Jiang, 2007), and ex vivo human and animal (Doellinger & Berry, 2006; 

Matsushita, 1975; Katherine Verdolini, Chan, Titze, Hess, & Bierhals, 1998) models to study the 

vibratory properties of the vocal folds. Models are continually being used to study biomechanical 

changes to vocal folds.  

Aerodynamic measurements serve two primary assessments of the vocal fatigue. First, to 

investigate biomechanical changes in the vocal folds and how that might impede with the 

aerodynamic output. Second, to assess the pulmonary capacity of the research subjects. The most 

common and consistent aerodynamic measure used in vocal fatigue research is phonation 

threshold pressure (PTP). This is the minimal level of lung pressure below the vocal folds 

required for sustained phonation. True PTP is measured with a tracheal puncture, but it can be 

well estimated noninvasively by measuring the oral pressure during a bilabial stop consonant 

(Fisher & Swank, 1997). Many (but not all) have found significant increases of PTP with vocal 

fatigue (Chang & Karnell, 2004; Enflo, Sundberg, & McAllister, 2013; Erickson-Levendoski & 

Sivasankar, 2011; Kagan & Heaton, 2017; Pearl Solomon & Stemmle DiMattia, 2000; Erkki 

Vilkman, Lauri, Alku, Sala, & Sihvo, 1999; Whitling et al., 2017). This finding suggests 
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biomechanical changes in the vocal folds resulting in increased viscosity and therefore more 

pressure is required for them to begin sustained oscillation. This is further supported by the 

relationship between PTP and hydration (Pearl Solomon & Stemmle DiMattia, 2000; 

Mahalakshmi Sivasankar, Erickson, Schneider, & Hawes, 2008). Spirometry is used to measure 

pulmonary capacity in studies of vocal fatigue (Koufman & Blalock, 1988). Maxfield, Hunter, 

and Graetzer (2016) used spirometry to show a relationship between vocal fatigue and 

pulmonary function. 

Acoustic assessment is the most common type of assessment of vocal fatigue. This is likely 

because it is a noninvasive measurement using relatively common equipment (i.e. microphone 

and signal recorder). The acoustic properties of speech are directly related to physiological 

mechanisms that produce speech (air supply, vocal fold vibration, and pharyngeal, oral, and 

nasal articulations). The most obvious relationship is that the measured speaking fundamental 

frequency (F0; usually reported as cycles per second or Hertz but sometimes as semitones which 

are 1/12th of a doubling of frequency) relates to the number of vocal fold vibratory cycles per 

second. If there are neuromuscular or biomechanical changes, then the acoustic signal should 

change accordingly.  

Many different objective measures are calculated from the acoustic signal. The most 

common measures used in the assessment of vocal fatigue relate to F0’s minimum (Cho, Yin, 

Park, & Park, 2011; Stemple et al., 1995), mean (Cho et al., 2011; D’haeseleer et al., 2016; 

Jonsdottir, Laukkenen, & Siiki, 2003; Laukkanen, Ilomäki, Leppänen, & Vilkman, 2008; 

Laukkanen & Kankare, 2006; Laukkenen et al., 2004; Lehto, Laaksonen, Vilkman, & Alku, 

2006; V. I. Wolfe et al., 2002), maximum (Cho et al., 2011; D’haeseleer et al., 2016; M. 

Sivasankar, 2002), and variance (Ben-David & Icht, 2016; Cho et al., 2011; V. I. Wolfe et al., 
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2002). The voicing intensity or speech level (reported as a sound pressure level in decibels) is 

also commonly measured in terms of its minimum (D’haeseleer et al., 2016; Erkki Vilkman et 

al., 1999), mean (Ben-David & Icht, 2016; Jonsdottir et al., 2003; Laukkanen et al., 2008; 

Laukkanen & Kankare, 2006; Laukkenen et al., 2004; Lehto et al., 2006; V. I. Wolfe et al., 

2002), and variance (Ben-David & Icht, 2016; Bottalico, Cantor Cutiva, & Hunter, 2017; Cho et 

al., 2011). Sometimes the range of F0 and the range of voicing intensity are combined to 

calculate a voice range profile (Damsté, 1970; I. R. Titze, 1992) which is used to investigate 

changes with vocal fatigue (E. Holmberg, Ihre, & Södersten, 2007; Wingate, Brown, Shrivastav, 

Davenport, & Sapienza, 2007). Measures of perturbation, which include jitter (cycle-to-cycle 

frequency instability), shimmer (cycle-to-cycle amplitude instability), and harmonic-to-noise 

ratio (HNR; ratio of the harmonic energy to noise energy in the acoustic signal), are also 

commonly used in vocal fatigue assessment (Cho et al., 2011; D’haeseleer et al., 2016; Gelfer, 

Andrews, & Schmidt, 1991; Laukkanen et al., 2008; Laukkanen & Kankare, 2006; Scherer et al., 

1987; Verstraete, Forrez, Mertens, & Debruyne, 1993; V. I. Wolfe et al., 2002). Less common 

but important acoustic measures include relative fundamental frequency (RFF; measure of the 

stability of the offset and onset of vocal fold vibration in speech) and cepstral peak prominence 

(CPP; a robust spectral-cepstral measure of vibratory periodicity). Vocal fatigue studies have 

only recently started to use these two measures, but they present more promising results than the 

previously mentioned measures (Fujiki, Chapleau, Sundarrajan, McKenna, & Sivasankar, 2017; 

Gorham-Rowan, Berndt, Carter, & Morris, 2016; Kagan & Heaton, 2017). A recent study 

measures changes in the formants (acoustic resonances of the vocal tract) associated with vocal 

fatigue (Pellicani, Fontes, Santos, Pellicani, & Aguiar-Ricz, 2018). Several studies utilized the 

commercial multidimensional voice program (Deliyski, 1993) to calculate F0, perturbation 
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measures, and a dozen other acoustic parameters (Boucher, 2008; Boucher & Ayad, 2010; 

Buekers, 1998; D’haeseleer et al., 2016; Pellicani, Ricz, & Ricz, 2015). Although speech 

acoustic measures are commonly used, their results vary. In almost every common acoustic 

measure mentioned above, studies report increases, decreases, or no change associated with 

vocal fatigue. Kitch, Oates, and Greenwood (1996) report the acoustic parameters changing in 

opposite directions with different participants within the same study. Another vocal fatigue study 

reports considerable inter- and intra-subject variability with these acoustic measures (Remacle et 

al., 2018). 

Another way the acoustic signal is used is in perceptual ratings of voice quality. In these 

cases, listeners judge the quality of voice based on predetermined scales. The two most common 

instruments are the Grade, Roughness, Breathiness, Asthenia, Strain (GRBAS) scale (Cho et al., 

2011; D’haeseleer et al., 2016; Faham et al., 2017) and the Consensus Auditory-Perceptual 

Evaluation of Voice (CAPE-V) scale (Kagan & Heaton, 2017; Kempster, Gerratt, Abbott, 

Barkmeier-Kraemer, & Hillman, 2009). In studies of vocal fatigue, these instruments are used as 

either measurement variables or screenings for vocal health. Another instrument, inability to 

produce soft voice (IPSV) is a self-evaluation from a subject after they try to produce a high-

pitch, low-amplitude vocal sound (Bastian, Keidar, & Verdolini-Marston, 1990; Halpern, 

Spielman, Hunter, & Titze, 2009; Hunter & Titze, 2009; Kagan & Heaton, 2017). This is 

different from other self-ratings (described below) as it is based on the performance of a task that 

would be more difficult for someone experiencing vocal fatigue, rather than a rating of internal 

feelings of fatigue or effort.  

The previous measurements aim to assess peripheral vocal fatigue. Central vocal fatigue is 

assessed through self-reporting of the subjects, typically in the form of questionnaires. A variety 
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of self-reporting instruments have been used to study vocal fatigue. One of the most common 

instruments is self-ratings of vocal or phonatory effort during the vocal fatigue experiment 

(Carroll et al., 2006; Chang & Karnell, 2004; A L Hamdan et al., 2006; Mccabe & Titze, 2002). 

Other commonly asked self-rating questions include laryngeal pain, laryngeal fatigue, voice 

quality, or prior vocal complaints (Buekers, 1998; Fabron et al., 2015; Kelchner et al., 2006; 

Laukkanen et al., 2008). Most of these instruments ask subjects to provide a rating from 1 to 10 

(or something similar). These instruments are continually developed using mechanisms from the 

survey literature including visual analog scales (VAS; Lehto et al., 2008; Pellicani et al., 2015), 

Likert scales (Whitling et al., 2017), and the Borg CR-10 scale (Ford Baldner, Doll, & van 

Mersbergen, 2015; van Leer & van Mersbergen, 2017). Within the general field of voice 

assessment, indexes have been developed and a common one is the Voice Handicap Index (VHI 

or VHI-1; Jacobson et al., 1997). This has been applied to vocal fatigue research (Cho et al., 

2011; Niebudek-Bogusz et al., 2007; Wingate et al., 2007) but also led to the creation of an index 

specifically for vocal fatigue. Nanjundeswaran and colleagues developed the Vocal Fatigue 

Index (VFI) to be used in self-reporting of trait vocal fatigue (Nanjundeswaran et al., 2015; 

Nanjundeswaran, van Mersbergen, & Morgan, 2017). Although it is a recently developed 

instrument, it has already been used to show differences in vocal fatigue in occupational voice 

users (dos Santos, Silverio, Dassie-Leite, Costa, & Siqueira, 2018; Hunter & Banks, 2017). Self-

ratings are important because they aim to measure the perceived experience of vocal fatigue. 

This contributes to understanding a different facet of fatigue not detected using other 

assessments. However, the measurement of peripheral vocal fatigue may only be quantifying the 

trait or systemic factor of fatigue. As a result, these instruments cannot be used to measure 

changes in vocal fatigue throughout a communication event thereby limiting its application. 
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2.1.d Review of experiments in vocal fatigue 

Quantification of vocal fatigue requires a subject who is vocally fatigued. There are different 

methods of experimentation that attempt to induce vocal fatigue. The most common type of 

vocal fatigue experiment is a vocal loading task (VLT; the term vocal loading is described in 

more detail in the following section). Here the subjects undergo some variation of a prolonged 

phonation task and it is assumed that due to the VLT the subject will experience some amount of 

vocal fatigue. Vocal loading tasks have taken many different forms. In a review of VLTs by 

Fujiki and Sivasankar (2017), it was found that the most common duration of VLT was two 

hours with some being as short as 15 minutes and as long as 3.75 hours. Some of the VLT 

involved multiple experimental sessions which ranged from two to seven sessions. A few of the 

studies allowed for the subjects to terminate the experiment when they felt fatigued. The most 

common type of loading task was prolonged, loud reading. When a loud voice was elicited, 

several used ambient noise in the VLT (De Bodt, Wuyts, Van De Heyning, Lambrechts, & 

Abeele, 1998; Erickson-Levendoski & Sivasankar, 2011; Whitling et al., 2017), while others 

required a vocal loudness target (Gelfer et al., 1991; Linville, 1995; Neils & Yairi, 1987). Others 

have investigated the relationship between acoustic environment (in particular noise and 

reverberation) and vocal fatigue (Bottalico, Cantor Cutiva, et al., 2017; Bottalico, Graetzer, & 

Hunter, 2016; Kristiansen et al., 2014). One limitation to many of these studies is that 

measurements are only taken at the beginning and the end of the VLT. A few studies have also 

taken measurements at periodic intervals during a VLT (Boucher, 2008; Buekers, 1998; 

Laukkenen et al., 2004; Xue, Kang, Hedberg, Zhang, & Jiang, 2019) which may provide more 

information of how vocal fatigue develops throughout a VLT. The other major limitation is that 
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many of the studies assume that vocal fatiguing is occurring as a result of the vocal loading—

which may not be the case.  

Vocal loading tasks are likely the most common way to investigate vocal fatigue because the 

researchers can control many of the factors in the experiment. However, others have taken a 

more ecologically valid approach to vocal loading by assessing vocal fatigue throughout a 

workday in real world environments. This has been done for teachers (Halpern et al., 2009; 

Jonsdottir et al., 2003; Laukkanen & Kankare, 2006; Rantala, Paavola, Körkkö, & Vilkman, 

1998; Remacle et al., 2018), call-center workers (Ben-David & Icht, 2016; Lehto et al., 2008), 

and radio broadcasters (Cantor-Cutiva, Bottalico, et al., 2018). Other methods use surveys in 

populations where vocal fatigue is a common complaint (e.g. teachers and individuals with voice 

disorders) to study the prevalence of vocal fatigue and possible associated factors (Bastian & 

Thomas, 2016; dos Santos et al., 2018; Hunter & Banks, 2017; Munier & Kinsella, 2008). 

Another methodology divides the subject pool into groups based on self-reported vocal 

symptoms (D’haeseleer et al., 2016; Faham et al., 2017; Ilomäki, Kankare, Tyrmi, Kleemola, & 

Geneid, 2017; Laukkanen et al., 2008) or measured level of overall fatigue (Cho et al., 2011) and 

studies the differences between the defined groups. Throughout all of these studies, and in 

particular VLT, the only consistent measure associated with vocal fatigue has been perceived 

vocal effort. 

2.2 Historical Background of Vocal Effort 

Perceived effort or exertion given a task or from the result of a task has been the focus of 

research in a broad range of fields such as exercise science, cognitive science and psychology, 

and audiology (listening effort). Within the context of vocal fatigue, perceived vocal effort was 

the only consistent measurement of vocal fatigue in the vocal loading tasks. To better understand 
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vocal effort and its relationship to vocal fatigue, vocal load, and vocal loading, this section 

reviews the definitions, uses and measurements of vocal effort. 

2.2.b Review of measurements of vocal effort 

The previous section concludes that vocal effort is more nuanced than vocal intensity and 

therefore requires other measurements. There are two main types of measurements of vocal 

effort: perceptual and physiological. The perceptual measurements include either the perception 

of vocal effort from the talker or from a listener. Physiological estimates of vocal effort generally 

include aerodynamic and acoustic. Understanding the types of measurements that are effective in 

quantifying vocal effort will contribute to the understanding of the phenomenon.  

The earliest type of measurements of vocal effort are from listeners. Many of these studies 

used scales developed for that particular study and were not used in any standard way. One 

example of such a scale is a nine-point vocal effort rating of prerecorded harsh voices (Thomas-

kersting & Casteel, 1989). Eventually two main listener rating scales were developed, validated, 

and standardized for voice research. One is the Grade, Roughness, Breathiness, Asthenia, Strain 

(GRBAS) scale (Hirano, 1981). Here strain is defined as the “perception of excessive vocal 

effort.” Another perceptual scale is the Consensus Auditory Perceptual Evaluation–Voice 

(CAPE-V) scale (Kempster et al., 2009) which includes the same definition and application of 

the word strain. Beyond these two scales and others that were singularly developed, visual-

analog scales (VAS) have been used (Eadie & Stepp, 2013). This perspective of vocal effort is 

important clinically as clinicans are the listener-judges for the evaluation of vocal effort. 

For the quantification of self perception of effort, VAS have traditionally been the most 

common (Paes, 2017; Shewmaker, Hapner, Gilman, Klein, & Johns, 2010; Södersten, Granqvist, 

Hammarberg, & Szabo, 2002; Tanner et al., 2010; Warrick et al., 2000). There has been recent 
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research that report vocal effort scales to match the development of standardized physical 

exertion scales, namely the Borg CR-10 (van Leer & van Mersbergen, 2017). The Borg CR-10 

uses a logarithmic distribution of anchored statements about vocal effort (such as “slight vocal 

effort” or “severe vocal effort”) that correlates more accurately to how physical exertion is 

perceived. This same design has been implemented into a single-question pictorial scale on 

perceived vocal effort/exertion called the OMNI Vocal Effort Scale (OMNI-VES; Shoffel-

havakuk et al., 2019). One problem with the Borg CR-10 and OMNI-VES is that the majority of 

the scale is in the difficult exertion portion of the scale and the healthy voices tend to not be in 

that section of the scale resulting in a resolution problem. Visual analog scales do not have this 

problem because they are continuous. However, using VAS loses the benefits of using the 

anchors in the Borg CR-10 or OMNI-VES. One possible solution is to convert the Borg CR-100 

to a vocal effort scale. This scale would have the benefits of the anchors of the Borg CR-10 with 

the resolution closer to the VAS. Additionally, the VAS is a linear scale while the Borg CR-10 

has logartihmic spacing of the anchors that correlate best with human perception of exertion 

(Borg & Löllgen, 2001). Here the vocal-effort adapted Borg CR-100 scale is used to quantify 

percieved vocal effort. 

Self-rating surveys have been developed, standardized and widely used (similar to GRBAS 

or CAPE-V) that contain components related to vocal effort. The Voice-Handicap Index (VHI; 

Jacobson et al., 1997) has been used to measure self ratings of vocal effort (Sampaio & Jos, 

2012). The VHI asks “I use a great deal of effort to speak” which relates to the measurement of 

vocal effort. A similar scale to the VHI was developed for the use of vocal fatigue research, the 

Vocal Fatigue Index (VFI; Nanjundeswaran et al., 2015). This survey asks “I experience 

increased sense of effort with talking,” “it is effortful to produce my voice after a period of voice 
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use,” and “the effort to produce my voice decreases with rest” which all relate how vocal effort 

and vocal fatigue interact. These scales are very useful in collecting state levels of vocal effort. 

They reflect the person’s overall state of vocal effort and cannot be used to look at changes in 

vocal effort across an experiment.  

In many cases, vocal effort is regarded as a perceptual condition, however attempts have 

been made to quantify vocal effort. One of the most common physiological measurements of 

vocal effort is phonation threshold pressure (PTP; Pearl Solomon & Stemmle DiMattia, 2000; 

Rosenthal et al., 2014; Solomon, Glaze, Arnold, & van Mersbergen, 2003). Phonation threshold 

pressure is the minimum level of lung pressure required to produce sustained vocal fold 

oscillations. Typically PTP cannot be measured directly (this would require a tracheal puncture) 

but can be well estimated by measuring the intraoral pressure of a bilabial plosive. It is unclear as 

to whether high PTP results in higher vocal effort or whether excessive vocal effort results in 

higher PTP. On one hand a lower PTP for a given task could represent improved vocal ability 

which would likely mean lower vocal effort on certain tasks. It could also be the case that 

elevated vocal effort could cause extra tension or miscoordination of the vocal mechanism which 

would result in increases in PTP. Either way, PTP seems to be a measure strongly linked to vocal 

effort. The major drawback is that the measurement is not as easy as acoustic measurements and 

its variability is affected by many other factors such as hydration (Verdolini et al., 1994) and 

fatigue (Chang & Karnell, 2004). 

Many different acoustic measurements have been used to quantify change in vocal effort. 

Some have already been mentioned (fundamental frequency, formant amplitude and frequency, 

speech level). Some of the acoustic measures are time based while others are spectral based. A 

promising time-based measure is relative fundamental frequency (RFF). Relative fundamental 
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frequency estimates differences in vocal fold vibration during voiced onsets. During regular 

speech, voicing starts (abducts) and stops (adducts) for different speech sounds. The offsets and 

onsets from the abduction and adduction result in changes to the rate of vibration of the vocal 

folds until the vibration is steady. The rate of vocal fold vibration is the fundamental frequency. 

Relative fundamental frequency compares the fundamental frequencies of the individual glottal 

pulses after a voiceless consonant to the fundamental frequency of the steady-state vowel. Lien 

and Stepp (2015) used RFF to track changes in healthy individuals as they changed their vocal 

effort. The authors also showed strong relationships between RFF and perceptual and 

aerodynamic measures of vocal effort. Relative fundamental frequency has been used to show 

differences in populations with characteristically high vocal effort: vocal hyperfunction (Stepp, 

Sawin, & Eadie, 2012) and ADSD (Eadie & Stepp, 2013). Despite the promising nature of RFF, 

in practice it is subjective to estimate the glottal pulses relating to vocal offset or onset (e.g. it is 

not always clear as to when the vowel begins or what exactly is the steady state). The analysis 

can also be computationally expensive. Despite these shortcomings, it offers a physiologically-

minded acoustic measure of vocal effort that has been well validated. 

Other acoustic measures which relate to vocal effort include cepstral-peak prominence (CPP) 

and mel-frequency cepstral coefficients (MFCC). Both of these measures use the cepstrum which 

is the Fourier transform of the power spectrum of speech. Cepstral peak prominence is a measure 

of the decibel difference between the magnitude of the strongest cepstral peak and a regression 

of the average cepstral energy. The CPP often relates a measurement of the periodicity of the 

voice and has been widely used in voice disorder research (Leong et al., 2013). Rosenthal, 

Lowell, and Colton (2014) showed higher values of CPP in maximal effort speech and 

significantly lower CPP during minimal effort speech. Although this seems promising, it was 
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noted that CPP often shares a linear relationship with vocal intensity and in this case, the 

maximal effort and minimal effort speech had a significant difference in vocal intensity. It is 

hard to discern whether the difference in CPP is a result of the change in intensity or the change 

in effort. Mel-frequency cepstral coefficients are bands of energy with the cepstrum. They are 

commonly used in speech signal processing, particularly in the area of speech recognition. 

Zelinka, Sigmund, and Schimmel (2012) used MFCC to train a computer to automatically 

classify categorical vocal effort levels from a database. The main drawback of MFCC is the lack 

of interpretation. Although the computer could correctly identify levels of vocal effort, the 

process it used to do that is not interpretable.  

2.3 Theoretical Framework 

This section develops a theoretical framework to address vocal fatigue from the related 

concept of vocal effort. This is because the perceived effort, compared to fatigue, is more 

universally studied and defined in a wide range of fields. This framework is partially modeled 

after the listening effort framework (Pichora-Fuller et al., 2016). The proposed theoretical 

framework of vocal effort includes vocal fatigue and other related concepts from the voice 

literature such as vocal load, vocal loading, vocal ability, and vocal performance. Here they are 

provided with specific definitions to establish the framework. Several of these concepts are 

discussed in recent reviews (Cantor-Cutiva et al., 2018; Hunter et al., 2020).  

2.2.a Review of definitions and use of vocal effort 

One of the early definitions of vocal effort focuses on communicative distance as the catalyst 

for vocal effort. Traunmüller and Eriksson (2000) state that vocal effort is the “quantity that 

ordinary speakers vary when they adapt their speech to the demands of an increased or decreased 

communication distance.” Here vocal effort is quantified by having listeners rate the perceived 
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talker-listener distance from a talker’s speech sample. An instinctual criticism of this approach is 

whether the listeners are actually rating the vocal effort and not just the loudness of the voice. If 

while using a loudspeaker the desire is to increase the acoustic radiation (in other words the 

communication distance), one needs to only increase the amplitude of the loudspeaker’s output. 

In the case of the voice, if the only goal is the increase of speech acoustic radiation, then, in 

theory, one only needs to be louder. However, this study accounted for that. The authors 

investigated a wide range (0.3-187.5 m) of communication distance but also randomly modulated 

the amplitude of the speech samples. The listeners were still reliable in rating differences in the 

perceived talker-listener distance, which the authors use to quantify vocal effort. They conclude 

that vocal effort is a physiological exertion different from vocal intensity that accounts for 

changes in communication distance. This definition of vocal effort is widely used (being cited 

over 250 times) but it depends on subjective observations of listeners and vocal effort is arguably 

a sensation experienced and measurable only from the talker (Hunter et al., 2020). 

The notion of vocal effort being related to communication distance extends to other studies. 

However, instead of listeners rating a perceived talker-listener distance, the actual talker-listener 

distance was used as vocal effort. In these cases, the greater the distance, the greater the vocal 

effort. Liénard and Di Benedetto (1999) used three different distances (close—0.4 m, normal—

1.5 m, and far—6 m) and Pelegrín-García, Smits, Brunskog, and Jeong (2011) studied vocal 

effort at four distances (1.5, 3, 6, and 12 m). These studies found changes in fundamental 

frequency, formant frequencies and amplitudes, and sound pressure level of the speech to be 

related to this distance based vocal effort, or rather increases in communication distance. Again, 

the pattern of speech characteristics, other than the loudness, changed, with increasing talker-

listener distance which is consistent with Traunmüller and Eriksson. These studies illustrate one 
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possible component of vocal effort—vocal adaptations to communication distance. It is 

straightforward to illustrate how vocal effort would increase with communicative distance. 

Recall any experience of trying to communicate with someone across a large room—this 

requires greater vocal effort than talking to someone within close proximity. However, an 

observable example of trying to converse with a close neighboor in a noisey environment refutes 

that this is the only component of vocal effort. 

In addition to communication distance, vocal effort may be needed to accommodate within 

an environment with excessive noise. It has been well understood that speech changes in 

response to background noise, this is often called the Lombard effect (Lombard, 1911). Simply 

put the Lombard effect is a reflex to increase one’s vocal level in response to exposure of 

increased noise levels. Junqua (1993) explains the Lombard effect within the context of vocal 

effort as the “reflex that takes place when a speaker modifies his vocal effort while speaking in 

the presence of noise.” It has been previously shown that vocal effort is more than an increase in 

vocal level. If the Lombard effect is truly a vocal effort modulation, then other speech 

characteristics should change. Similar changes in speech patterns (such as fundamental 

frequency and formant frequencies) that were found in increased communicative distances relate 

to vocal effort in response to background noise (Lu & Cooke, 2009; Vogel, Fletcher, Snyder, 

Fredrickson, & Maruff, 2011). Another analogy can be drawn between Traunmüller and 

Eriksson (2000) and Södersten, Granqvist, Hammarberg, and Szabo (2002) who showed listener 

judgements of vocal effort in increasing levels of background noise. Södersten, Granqvist, 

Hammarberg, and Szabo also measured the talker’s perception of vocal effort and found that this 

also increased with the noise. These studies show similarities between vocal effort in the context 

of communicative distance and in the context of excessive background noise. Both of these 
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conditions are environmental factors that affect the successful transmission of a spoken message. 

It can then be assumed that other environmental factors may similarly affect vocal effort. 

Another communication environment factor that could relate to increases in vocal effort is 

room reverberation. Reverberation presents a slightly different problem than static background 

noise. Here the speech of the individual contributes to the noise in the form of reverberation. As 

the talker increases their vocal energy, the energy of the “noise” also increases. Recent research 

has shown that room reverberation can increase vocal effort (Berardi, Hunter, & Leishman, 

2015; Bottalico, Graetzer, et al., 2017; Hunter et al., 2015). However, Bottalico (2017) 

demonstrates that the effect of reverberation on vocal effort is not linear and that some 

reverberation can be benificial to the talker and reduce vocal effort. In this study, the participants 

spoke and then rated their vocal effort in three different reverberation conditions (anechoic, 

reverberant, and semi-reverberant). Additionally, the participants were recorded with and 

without acrylic glass panels 0.5 m from the talker to provide strong early reflections. If vocal 

effort in reverberation were similar to the Lombard effect then it would be the case that vocal 

effort would be the smallest in the anechoic condition and the most in the reverberant condition 

with the panels adding more of a response to vocal effort. Bottalico reported that vocal effort was 

the highest in the anechoic condition and that the presence of the panels reduced vocal effort. 

This implies that a certain amount of reverberation is actually preferred for support in the 

auditory feedback. When comparing the combination of noise and reverberation on vocal effort, 

Cipriano, Astolfi, and Pelegrín-García (2017) reported that vocal comfort related more with the 

noise annoyance than the room’s reverberation. Although the vocal effort response to room 

reverberation is not as predictable as communication distance or background noise, it still is an 

environmental factor in vocal effort.  
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In each of these cases, talker-listener distance, background noise, and room reverberation, 

have been shown to relate to the notion that vocal effort is an accommodation to the limitations 

of the communication environment. These studies also illustrate that vocal effort is more than 

increasing vocal intensity. However, in many cases vocal effort is used analogously with vocal 

intensity and is measured as the sound pressure level of speech in decibels (dB). In fact the 

international standard “Ergonomics—Assessment of speech communication” (ISO 9921:2003) 

defines vocal effort to be the “exertion of the speaker, quantified objectively by the A-weighted 

speech level at 1 m distance in front of the mouth.” This measure of vocal effort is widely used 

(Cushing, Li, Cox, Worrall, & Jackson, 2011; Rosenthal et al., 2014) despite vocal effort being 

more nuanced than vocal intensity. Another example of the difference between vocal effort and 

vocal intensity is in the speech-loudness-effort hypothesis by Rosenblum et al (1991). This 

hypothesis states that the perception of loudness is based on a listener’s perception of the vocal 

effort of the talker and not the intensity of speech signal. The authors summarized research 

which showed perceived loudness to be more related to listener-estimated vocal effort than the 

SPL of the signal. Whether or not this hypothesis is completely accurate, it is the case that 

loudness perception and vocal effort are more than the amplitude of a speech signal.  

Vocal intensity alone is a limiting measure for vocal effort, but it has been used to 

differentiate a categorical definition of vocal effort. For example, Skinner et al (1997) defined 

specific dB values for different vocal effort levels: causal (56 dB), normal (60 dB), loud (74 dB), 

and shout (83 dB). Others have used this similar pattern to operationalize vocal effort (although 

not always with specific decibel values). Cushing, Li, Cox, Worrall, and Jackson (2011) used 

“hushed, normal, raised, loud, and shout”; Zelinka, Sigmund, and Schimmel (2012) used 

“whisper, soft, normal, loud, and shouting”; while Holmberg, Hillman, Perkell, Guiod, and 
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Goldman (1995) simply used “comfortable and loud” as a binary vocal effort. These categorical 

definitions of vocal effort are straightforward to implement but can be problematic. With the 

exception of Skinner et al, there is no regulation for the variation of individual perception of 

these categories. Individuals have different speaking styles so one person’s normal could be 

another person’s loud. And even in the case of the set dB values, two individuals could have 

similar vocal levels with different vocal efforts. Another body of literature suggests that speaking 

style does have an impact on vocal effort. There is evidence that word stress (Mooshammer & 

Mooshammer, 2010; Sluijter & Van Heuven, 1996), hyper-articulation of fricatives (Meynadier, 

El Hajj, Pitermann, Legou, & Giovanni, 2018), and even posture (Lagier et al., 2010) can affect 

vocal effort. These are not the only possible individual factors that could influence vocal effort.  

Vocal effort has also been defined as a symptom of other vocal conditions. Voice disorders 

have a higher prevalence and magnitude of reported vocal effort (Altman, Atkinson, & Lazarus, 

2005; Roy, Merrill, Gray, & Smith, 2005; Smith et al., 1998). Some of the specific voice 

disorders associated with vocal effort include essential tremor (Warrick et al., 2000), muscle-

tension dysphonia (Roy, Smith, Allen, & Merrill, 2007), and vocal nodules (Hillman, Holmberg, 

& Perkell, 1989). Adductor spasmodic dysphonia (ADSD) has been the most studied in relation 

to excessive vocal effort (Cannito, Doiuchi, Murry, Woodson, & York, 2012; Eadie & Stepp, 

2013; Roy et al., 2007; Shoffel-havakuk et al., 2019; M. E. Smith, Roy, Wilson, & Hypothesis, 

2006). In these cases, there are structural (vocal nodules) or neurological (ADSD) differences in 

these individuals that result in increased vocal effort. Other physiological conditions have been 

shown to result in excessive vocal effort including vocal fold stiffness (Katherine Verdolini et 

al., 1994), internal temperature (Sandage, Connor, & Pascoe, 2013), and dehydration (Pearl 
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Solomon & Stemmle DiMattia, 2000). A comprehensive definition of vocal effort would need to 

contain components of communication messages or objectives, environments, and capabilities. 

2.3.a Theoretical framework for vocal effort and related terms 

The Fifth Eriksholm Workshop on “Hearing Impairment and Cognitive Energy” developed 

the Framework for Understanding Effortful Listening (FUEL). This framework defines effort as 

“the deliberate allocation of resources to overcome obstacles in goal pursuit when carrying out a 

task” (Pichora-Fuller et al., 2016). Although this definition was developed for listening effort, it 

can provide the scaffolding for a framework on vocal effort. There are three key parts to this 

definition. First, “the deliberate allocation of resources to overcome” implies that effort is a 

cognitive and active process and that the available resources play a role in effort. Second, 

“obstacles in goal pursuit” means that effort is a result of some limitation to clarity of 

communication. Lastly, “when carrying out a task” means that effort is task-based which means 

that some sort of communication needs to be initiated for vocal effort to occur. This definition 

fits well with the previously mentioned components of a vocal effort definition.  

Above it is stated that a “comprehensive definition of vocal effort would need to contain 

components of communication messages or objectives, environments, and capabilities.” 

Incorporating these ideas with the definition of effort, vocal effort (as defined in this document) 

is then the deliberate allocation or exertion of cognitive or physiological resources to adapt 

existing communication capability to overcome internal (i.e. voice problems such as fatigue or 

functional, structural, or neurological impairments) and external (i.e. communication 

environments including talker-listener distance, background noise, room reverberation, or 

communciation intent) obstacles in goal pursuit of a voice-related communication objective or 
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task. This proposed definition of vocal effort can be used to redefine and relate common terms 

used in voice research.  

The terms that will be described are vocal load, vocal loading, vocal ability, and vocal fatigue 

and they will be hereafter referred to without “vocal” in the term. Within this framework, the 

load(s) are the obstacles that are in opposition to the communication objective. The loading is the 

allocation of resources to adapt or overcome the load. In other words, loading is vocal response 

to the demand of the load. Ability is the existing voice-related communication capability to 

handle or endure the particular load. Performance is the general use of the vocal mechansim. 

Finally, fatigue is the loss of resources as a result of the loading. To try to put this all in context 

together, effort is the exertion in response to loading in order to overcome a load towards a 

communication objective. Additionally, fatigue is the change in one’s performance and/or effort 

as a result of loading. This is because an indiviudal can use more effort to maintain constant 

performance with loading, or lose performance with the absence of increased effort. A quick 

validity check of the framework is that an individual with prolonged vocal effort would 

eventually experience fatigue—this is consistent with the previous results. 

Additionally, this framework supports the previously reported use of vocal effort. For 

example, “quantity that ordinary speakers vary when they adapt their speech to the demands of 

an increased or decreased communication distance” from Traunmüller and Eriksson (2000). Here 

the loading is the adaptation of their speech to a load of increased or decreased communication 

distance. More importantly is that the framework accounts for the observations that individuals 

can greatly vary in their response to the same load. This framework takes into account the ability 

that may affect how much effort is needed to overcome a load. 
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2.3.b Summary of proposed defintions for voice-related terms 

For these terms two definitions are given. The first definition is within the framework of 

vocal effort as described above and the second is a more general term. 

Vocal Effort:  

(1) the deliberate allocation or exertion of cognitive or physiological resources to adapt 

existing communication capability to overcome internal (i.e. voice limitations such as 

fatigue or functional, structural, or neurological impairments) and external (i.e. 

communication environment demands such as talker-listener distance, background 

noise, and room reverberation) obstacles in goal pursuit of a voice-related 

communication objective or task 

(2) the perception of exertion as a result of vocal loading (see below) to a perceived vocal 

load (see below) 

Vocal Load:  

(1) the obstacles that are in opposition to the communication objective,  

(2) the vocal constraint including both internal (e.g. hydration, fatigue, vocie disorders, 

etc.) and external (e.g. acoustic environment, communication intent, etc.) to a 

particular voice-related communication task which is independent of the individual’s 

physiology to perform the task or their perception of the task 

Vocal Loading:  

(1) the allocation of resources to adapt or overcome the load  

(2) the change of an individual’s manner of voicing (or vocal performance) to 

accommodate the vocal load in a particular voice-related communication situation 

(e.g. Lombard effect in the presence of noise, clear speech with hearing-impared 
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listeners, etc.) 

Vocal Ability:  

(1) the existing voice-related communication capability to handle or endure the particular 

load 

(2) an individual’s intrinsic voice physiology, experience, and perception of vocal load 

for a particular voice-related communication situation 

Vocal Performance: 

(1) the general use of the vocal mechanism 

(2) the way an individual accomplishes a vocal task for a particular voice-related 

communication situation (i.e. fundamental frequency or amplitude of vocal fold 

vibration, vocal fold closure or posture, resonance, etc.) 

Vocal Fatigue:  

(1) the change in one’s vocal performance and/or effort as a result of vocal loading 

(2) the physiological and/or perceptual manifestation of a change in the voice that 

influences an individual’s intrinsic voice physiology, experience, and perception of 

vocal load for a particular voice-related communication situation which may be a 

result of vocal loading or vocal effort 

2.4 Hypothesis and Research Questions 

The presented framework provides a novel and useful approach towards understanding vocal 

fatigue and related concepts. In particular, this framework allows for a dynamic system of 

underlying mechanisms of vocal fatigue as well as explaining the variability in previous 

experiments and accounting for individual vocal ability. Viewing vocal fatigue from the 

perspective of this framework, vocal fatigue could be measured as the change in vocal 
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performance or vocal effort (or a combination of the two) with and without a vocal load. This 

perspective allows for the study of the factors that contribute to vocal fatigue because it reduces 

the attempt to measure the complex subsystems of vocal fatigue to practical measurements of 

vocal loading (change in vocal performance from a vocal load) and vocal effort. 

2.4.a Main Hypothesis 

The primary goal of this dissertation is to experimentally validate one of the primary 

assumptions of the proposed framework for vocal fatigue (e.g. a talker’s experience of vocal 

fatigue is related to the change in vocal performance and/or vocal effort when responding to a 

vocal load). Therefore, the overarching hypothesis of this research is: 

H0: The changes in vocal performance, vocal effort, and/or their interaction 

through a vocal load will implicate vocal fatigue. 

2.4.b Research Questions 

Towards the purpose of testing H0, three sub-hypotheses and research questions were 

developed. Fundamental to the utility of the framework is the ability to reliably measure vocal 

effort and show a direct relationship between effort and vocal performance. Thus, the first 

research question is: 

Q1: Can perceived vocal effort be measured reliably and if so, how does vocal 

performance in terms of vocal intensity change with vocal effort? 

Associated with this research question is Hypothesis 1: 

H1: Vocal performance in terms of vocal intensity will be distinct for each vocal effort 

level and be consistent within and across participants. 

To test H1, Experiment 1 consists of participants performing various speech tasks at specific 

effort levels from the Borg CR-100 scale. 
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With a reliable vocal effort scale and a relationship between vocal performance and vocal 

effort quantified (results of Experiment 1), the next step (Experiment 2) is to test the effects of 

different levels of vocal loads. In other words, the relationship between vocal performance and 

vocal effort was tested for different vocal loads to examine the interaction between vocal load, 

vocal performance, and vocal effort. To control for the effects of different loads, three levels of 

three different equivalent loads were used (these are loads that theoretically have equivalent 

vocal loading, for more detail see 3.2). Thus, the second research question is: 

Q2: To what degree are vocal performance and vocal effort related given three 

equivalent vocal load levels? 

Associated with this research question is Hypothesis 2: 

H2: The vocal performance and vocal effort will be constant within equivalent load 

conditions. 

To test H2, Experiment 2 consists of participants performing communicative tasks in three 

load levels of three different load source (where each load source should be equivalent) and rate 

their vocal effort associated with these tasks. 

Experiment 2 establishes relationships between measurements of vocal performance and 

vocal effort across a vocal load. Testing the main hypothesis (H0) requires investigation of 

changes in these measurements within a controlled vocal load over time. Therefore, the third 

research question is: 

Q3: To what degree do vocal performance, vocal effort, and/or their interaction 

change given a combined vocal load of excess background noise over time? 

Associated with this research question is Hypothesis 3, which is a more specific iteration of H0: 
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H3: The measured changes in vocal performance, vocal effort, and/or their interaction 

will change through a vocal load (background noise and prolonged speaking). 

To test H3 and by extension H0, Experiment 3 consists of participants performing a vocal 

loading task in the presence of excess background noise for an extended duration while rating 

their vocal effort levels throughout.  
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CHAPTER III: METHODOLICAL APPROACH 

This dissertation presents a theoretical framework for vocal fatigue and validates several 

aspects of it through experimentation. This validation occurs through three experiments detailed 

in this chapter. These experiments directly test the research questions and hypotheses found in 

2.4. First, descriptions of the measurement variables used throughout all of the experiments are 

provided. Then the experiments are presented in sequential order. The experiments build in 

numerical order, therefore, methodological approaches described in earlier experiments will only 

be referenced in the later experiments. 

3.1 Measurement 

Each of the experiments use similar methodology for the measurement variables. This 

section provides the general details for these variables that are used through all of the 

experiments. 

3.1.a Vocal Effort Measurement 

Perceived vocal effort was measured using the Borg CR-100 (Fig. 3.1). Borg scales have 

been used to quantify the perception of pain, exertion and effort generally (Borg & Löllgen, 

2001; Fanchini et al., 2015). The Borg scales combine the mathematical precision of a direct 

magnitude estimation scale and the usability of a visual analog scale. The Borg CR-10 has been 

successfully adapted for applications of vocal effort (Borg & Löllgen, 2001; Fanchini et al., 

2015; van Leer & van Mersbergen, 2017). Here the Borg CR-100 scale is modified from the 

previous Borg CR-10 scale used for vocal effort but using the more granular intervals of the 

Borg CR-100. The only change, other than the more granular scaling is that “very very” from the  
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Figure 3.1 Borg CR-100 scale used to measure the self-perception of vocal effort. 

vocal effort scale was replaced with “extremely” which is consistent from other applications of 

the Borg CR-10 scale. In Experiment 1, this scale is used as an independent variable while in 

Experiments 2 and 3 it is used as a dependent variable. 

3.1.b Acoustic Measurement 

The specific speech samples elicited varied across the experiments, but they were processed 

in a similar manner. After segmentation, the speech samples were processed to have all of the 

non-voicing segments removed (Maryn, De Bodt, & Roy, 2010; Rubin et al., 2019). While there 

are many acoustic speech parameters which could be used to reflect vocal performance, five 

were chosen here that represent basic performance qualities: pitch, pitch range, volume, dynamic 

range, and quality. Five acoustic parameters were derived from each voice concatenated speech 

segment: mean fundamental frequency (F0), standard deviation of fundamental frequency 
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(F0sd), speech level (SL), standard deviation of speech level (SLsd), and smoothed cepstral peak 

prominence (CPPS). 

Fundamental Frequency 

The fundamental frequency is the lowest mode of vocal fold oscillation during speech. While 

this measurement (cycles per second or Hertz) is a cyclic quantity, it also relates to perception of 

pitch. The mean and standard deviation of F0 were measured as part of the vocal performance 

evaluation. 

The F0 was estimated using Praat’s built in pitch capabilities. For the male participants 

estimation, an F0 range of 65 Hz to 350 Hz was used. While for the female participants, an F0 

range of 150 Hz to 800 Hz was used. Table 3.1 contains the other Praat parameters used. Praat 

estimates the F0 in small increments over time through the speech sample resulting in a time-

based array of frequency values . In the results below, F0 represents the average measured F0 

from a sample, and F0sd represents the standard deviation of the measured F0 from a sample. 

Since the perception of pitch is nonlinear (i.e. a doubling of pitch from 100 Hz to 200 Hz is 

fewer Hz than a doubling of pitch from 200 Hz to 400 Hz), semitones (1/12th of an octave or 

doubling of pitch) are used for F0. This allows for comparable measures across all of the 

participants since habitual F0 significantly varies. The F0 measurements were converted to 

semitones as follows: 

 𝑆𝑇𝑛 = 12 log2 (
𝐹𝑛

𝐹𝑟𝑒𝑓
) Eq. 3.1 

where 𝐹𝑛 is the measured frequency in Hertz from sample 𝑛 and 𝐹𝑟𝑒𝑓 is the reference frequency. 
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Table 3.1 Praat specifications for fundamental frequency calculation 

 

Praat Parameter Value 

Analysis Method Autocorrelation 

Octave Cost 0.01 

Max number of candidates 15 

Silences threshold 0.03 

Voice threshold 0.45 

Octave-jump cost 0.35 

Voice/unvoiced cost 0.2 
 

 

The reference frequency is slightly different for each experiment, but all represent a habitual or 

baseline frequency measurement of each participant. A semitone is 1/12th of an octave where an 

octave is doubling of frequency. This is used to normalize the change in F0 across many 

participants with different baseline F0.  

Speech Level 

In general, the speech level or sound pressure level (SPL) is a measurement of vocal intensity 

and relates to the perceived loudness of the talker and is calculated as follows: 

 
𝑆𝑃𝐿 = 20 log10 (

𝑝𝑅𝑀𝑆

𝑝𝑟𝑒𝑓
) Eq. 3.2 

 where 𝑝𝑅𝑀𝑆 is the root-mean-square (RMS) sound pressure and 𝑝𝑟𝑒𝑓 is the reference pressure of 

20 micropascals (µPA). Here a reference voltage was provided from a reference microphone and 

calibrator to convert the microphone voltage to sound pressure. The mean and standard deviation 

of the SPL were measured as part of the vocal performance evaluation. 

Here the mean speech level (SL) is the average SPL of multiple windowed segments of the 

voice concatenated voice signal as follows: 



 

 

 42 

 𝑆𝐿 =
1

𝑁
∑ 𝑆𝑃𝐿𝑖

𝑁

𝑖=1

 Eq. 3.3 

where 𝑁 is the number of segments in the sample. The segments were 20 msec windows with 

50% overlap. The standard deviation of the speech level (SLsd) is the sample standard deviation 

of the SPL segments as follows: 

 

𝑆𝐿𝑠𝑑 =  √
1

𝑁 − 1
∑|𝑆𝑃𝐿𝑖 − 𝑆𝐿|2

𝑁

𝑖=1

 Eq. 3.4 

Smoothed Cepstral Peak Prominence 

The smoothed cepstral peak prominence (CPPS) is an acoustic measure that represents the 

relative strength or prominence of the periodicity of the voice signal. More specifically it is the 

distance (measure in decibels) between the peak of the first rahmonic (dominant quefrency) and 

a linear regression of the smooth cepstrum. The cepstrum is defined as the fast Fourier transform 

(FFT) the of log magnitude power spectrum as follows: 

 𝐶(𝑞) =  ℱ{𝑙𝑜𝑔|ℱ(𝑓(𝑡)|2} Eq. 3.5 

where ℱ is the Fourier operator and 𝑓(𝑡) is the time-domain speech signal. Here the CPPS was 

calculated with Praat and used the voice-concatenated segments. This measure has been widely 

used in previous voice science work as an acoustic correlate to voice quality and therefore is 

included as one of the vocal performance measures (Hillenbrand, Getty, Clark, & Wheeler, 2005; 

Maryn et al., 2010).  
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3.1.c Analysis Software 

The acoustic signal processing was completed in Matlab with custom scripts that used Praat’s 

functions for the voice concatenation, fundamental frequency estimation, and smoothed cepstral 

peak prominence measurement. Statistical analysis was completed using SPSS. 

3.2 Experiment 1 

The purpose of this experiment was to test hypothesis 1 (H1). 

Q1: Can perceived vocal effort be measured reliably and if so, how does vocal 

performance in terms of vocal intensity change with vocal effort? 

H1: Vocal performance in terms of vocal intensity will be distinct for each vocal effort 

level and be consistent within and across participants. 

The independent variable for this experiment was the vocal effort goal. 

The dependent variable for this experiment was the vocal performance. 

In Experiment 1, the vocal effort level goal was determined using the Borg CR-100 scale 

(Fig 3.1). This scale was also used in the other two experiments to measure perceived vocal 

effort. Additionally, this experiment measured vocal performance in terms of the five voice 

acoustic parameters outlined above (fundamental frequency mean and standard deviation, speech 

level mean and standard deviation, and smoothed cepstral peak prominence). In this experiment 

participants produced different speech samples at specific cued vocal effort levels.  

3.1.a Participants 

With protocol approval of the Michigan State University's Human Research Protection 

Programs Human Subject's Review Board, this experiment consisted of twenty college-age 

participants (10 male and 10 females). The participants were recruited through an online 

recruiting and scheduling system at Michigan State University in the College of Communication 
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Arts and Sciences. The participants’ time was compensated with course credit. The participants 

were screened for hearing limitations. The hearing screening required for inclusion consisted of 

pure-tone stimulation of at least 20 dB HL in both ears at 500 Hz, 1000 Hz, 2000 Hz, and 4000 

Hz. Following informed consent (included in Appendix D), the participants proceeded with the 

experiment. 

3.1.b Instrumentation 

Acoustic Measurement 

The participants were recorded with a head-mounted microphone (HMM; omni-directional; 

Countryman B3) placed approximately 5 cm from the participant’s mouth using a digital hand-

held recorder (ZOOM H5 Handy Recorder) in a sound-isolation booth (2.5 × 2.1 × 2.0 m single-

walled). A reference microphone (Behringer ECM8000) was placed 50 cm from the speaker’s 

mouth. The reference microphone was absolutely calibrated to 94 dB SPL (relative to 20 µPa) 

using a commercial calibrator that fit onto the microphone. This calibration was used to 

referentially calibrate the HMM. This was done through the participant producing a steady vowel 

50 cm from the reference microphone. The voltage ratios between the calibration signal of 94 dB 

and vowel productions were used to calibrate the HMM. The speech was sampled at 44.1 kHz 

with 16-bit resolution. 

Stimulus Presentation Instrument 

The stimulus was present on a laptop using the open-source python-based program, 

PsychoPy (Peirce et al., 2019). Additionally, all of the user’s non-acoustic and non-survey 

responses were recorded through this program. A schematic of the instrumentation used is 

contained in Fig. 3.2 
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Figure 3.2 Schematic for the instrumentation used in experiment 1 

3.1.c Stimuli 

Throughout the experiment the participants were instructed to read a particular stimulus at a 

specific vocal effort level from the Borg CR-100 scale (Fig. 3.1). This study used three types of 

speech stimuli with three variations of each type. For a complete list of the speech stimuli used, 

see Appendix A: Experiment 1 Stimuli. The speech stimuli were chosen such that it would take a 

typical talker 12-16 seconds to produce the utterance. 

The first type of speech stimuli was automatic speech. This is speech that it is generally 

accepted that any native English speaker could produce without a script. Here participants were 

asked to either state the alphabet (English), count to twenty-five, or say the names for days of the 

week and months of the year.  

The second type of speech stimuli was reading aloud standard sentences. These sentences 

were excerpts from standard speech acoustic reading passages, the Marvin Williams Passage 
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(Švec, Titze, & Popolo, 2005), the Rainbow Passage (Fairbanks, 1960), and the Stella Passage 

(Weinberger & Kunath, 2011). (See Appendix A for the exact sentences used.)  

The third type of speech stimuli used was a map description task. Here participants were 

asked to describe a specific route on a Portland, Oregon subway map (Fig. 3.3). The image and a 

description of the desired path were shown to the participants. The routes were all in the form of 

“describe how to get from A to B via C” where “A”, “B”, and “C” were specific points on the 

map. There were three different routes used during the experiment (see Appendix A). 

 

 

Figure 3.3 Subway map used for the map description speech task. 

3.1.d Procedure 

Prior to the main experiment, the participants first went through a tutorial. The tutorial and 

experiment were narrated using artificial speech from a text script via WaveNet (Van Den Oord 

et al., 2016). An artificial narrator was used to remove any possible experiment-administration 

bias and to keep all narration samples acoustically similar (e.g. later narration samples could be 
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generated to account for changes in the experiment without any perceptual change in when the 

sample was created). 

The tutorial consisted of having the participant first practicing each automatic and reading 

speech task (outlined in section 3.1.c and contained in Appendix A). The tutorial and practice 

were implemented to reduce a novice and/or learning effect by the participants during the main 

experiment. The tutorial also explained how to properly describe the map (Fig. 3.3) and provided 

an example different from the three routes used as stimuli. The example used was 

[I]f asked to ‘describe how to get from Hillsboro to the Airport via Gateway’ you would 

say… Starting at Hillsboro, I will take the blue line eastbound towards Beaverton. I will 

pass Beaverton, Pioneer Square, and the Rose Quarter. I will change at the Gateway 

station to the red line northbound to the Airport. And finally, I will arrive at the Airport”.  

The participants then practiced describing a route on the map.  

Next the participants were introduced to the vocal effort scale (Fig. 3.1). The scale was 

presented with anecdotal anchors for the extreme values of 1 and 100 as follows: “a vocal effort 

level of 1 would be quietly talking to someone next to me at home” and “a vocal effort level of 

100 would be trying to shout at someone while standing on an airport runway.”  

Following the tutorial, the participants started the main experiment. Here the participants 

were instructed to speak a particular speech stimulus (see the pervious section 3.1.b and 

Appendix A for more information on the speech stimuli) and at specific vocal effort level. Four 

vocal effort levels were prompted: (1) 2 or “Minimal vocal effort”, (2) 13 or “Slight vocal 

effort”, (3) 25 or “Moderate vocal effort”, (4) 50 or “Severe vocal effort.” The participants 

completed each speech stimulus (total of nine unique stimuli; three variations of three types) at 

each vocal effort level (four) for a total of thirty-six trials. The vocal effort scale (Fig. 3.1), 
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speech stimulus, and map (if applicable) were shown to the participant for each trial (see Figs. 

3.4 and 3.5). These trials were randomized for each participant. The experiment concluded after 

the thirty-six trials.  

3.1.e Statistical Analysis 

The reference used for the semitone calculation for each participant was the average 

fundamental frequency of the practice tasks.  

As mentioned in 3.1.c, SPSS statistical software was used for statistical analysis. First the 

statistical assumptions of normality, independence, and equal variance were checked. If these 

assumptions were met, the sample means for each of the five acoustic parameters (F0, F0sd, L, 

Lsd, CPPS) were compared across the VELs using one-way analysis of variance (ANOVA) tests 

with an alpha level of 0.05. Post hoc Tukey HSD tests were used to compare the speech 

production of the VEL pairs. If the equal variance could not be assumed, Welch’s ANOVA and 

Tamhane’s T2 post hoc tests were used. The test-retest reliability of the scale was measured 

using Pearson’s r (which measures the strength of a linear association) of the measured speech 

levels (SL) across the repeated vocal effort levels of the speech level. Outliers within the dataset 

were removed case-by-case that were either greater than the sum of the third quartile (Q3) and 

1.5 times the interquartile range (IQR) or less than the difference of the first quartile (Q1) and 

1.5 times the IQR as described in Equation 6 below.  

 𝑂𝑢𝑡𝑙𝑖𝑒𝑟𝑥 = {𝑥 > 𝑄3 + 1.5 ∗ 𝐼𝑄𝑅, 𝑥 < 𝑄1 − 1.5 ∗ 𝐼𝑄𝑅} Eq. 6 
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Figure 3.4 Example of the presentation of the vocal effort scale (left), target vocal effort level (upper-

right) and speech stimulus (right) during an experimental trial. 

 

 

Figure 3.5 Example of the presentation of the vocal effort scale (left) and speech stimulus (right) for a 

map description task during an experimental trial. 
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3.3 Experiment 2 

The purpose of this experiment was to test hypothesis 2 (H2). 

Q2: To what degree are vocal performance and vocal effort related given three 

equivalent vocal load levels? 

H2: The vocal performance and vocal effort will be constant within equivalent load 

conditions. 

The independent variables for this experiment were the vocal load types and levels. 

The dependent variables for this experiment were vocal effort ratings (VER) and vocal 

performance. 

Vocal performance was quantified through measurements of the mean and standard deviation 

of fundamental frequency (F0; F0sd), the mean and standard deviation of speech level (SL; 

SLsd), and the smoothed cepstral peak prominence (CPPS). Vocal effort was measured through 

self-ratings on the Borg CR-100 scale. The vocal loads were communicative situations of talker-

listener communicative distance, talker loudness goal, and excess background noise. These 

conditions were selected for this study because they have theoretical vocal intensity 

equivalences. In other words, a doubling of communicative distance, an increase of background 

noise of 9 dB (i.e. Lombard effect Bottalico, Passione, Graetzer, & Hunter, 2017), and an 

increase of a loudness target of 6 dB should all require an increase of 6 dB of vocal intensity to 

maintain acoustic energy equivalence. These theoretical equivalencies allowed for direct 

comparison of vocal performance and vocal effort ratings. 

In this experiment participants were asked to complete a communicative task with a 

particular vocal load (communicative distance, loudness goal, or background noise) and then rate 

their vocal effort level for that task. 
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3.2.a Participants 

With protocol approval of the Michigan State University's Human Research Protection 

Programs Human Subject's Review Board, this experiment consisted of forty college-age 

participants (20 males and 20 females). The participants were recruited through an online recruit 

and scheduling system at Michigan State University in the College of Communication Arts and 

Sciences. The participants’ time was compensated with course credit. The participants were 

screened for hearing limitations in the same manner as Experiment 1. Following informed 

consent, the participants proceeded with the experiment. 

3.2.b Instrumentation 

The participants were recorded with a head-mounted microphone (HMM; omni-directional; 

Countryman B3) placed approximately 5 cm from the participant’s mouth using a digital hand-

held recorder (ZOOM, H5 Handy Recorder). A reference microphone (Behringer ECM8000)  

was placed 50 cm from the speaker’s mouth. The reference microphone was absolutely 

calibrated to 94 dB SPL (relative to 20 µPa). This calibration was used to referentially calibrate 

the HMM using the same method from 3.2.b. The speech was sampled at 44.1 kHz with 16-bit 

resolution. The experiment took place in an anechoic chamber (3.4 × 4.6 × 2.4 m, IAC number 

107840)—a specialized research facility designed to completely absorb the reflection of sound. 

The use of this facility was essential to this study as room reverberation plays a significant factor 

in the perception of background noise and communicative distance, as well as vocal effort 

(Berardi, Whiting, et al., 2015; Bottalico, 2017; Whiting, Leishman, Eyring, Berardi, & Rollins, 

2015). 
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The stimulus was present using PyschoPy via an external monitor connected to a laptop. All 

of the user’s non-acoustic and non-survey responses were recorded through this program. 

Schematic for instrumentation is shown in Fig. 3.6. 

 

Figure 3.6 Schematic for the instrumentation used in experiment 2 

3.2.c Stimuli 

This experiment used a map description task to elicit speech in three different types of vocal 

load conditions with three variations of each condition (for a total of nine conditions). The map 

description task is similar to the map description task outlined in Experiment 1. The difference in 

this experiment was that the researcher acts as a communication partner. This means that the 

participant was instructed that they needed to explain the route on the map in such a way that the 

researcher could in real time trace the map.  

The participant was presented various maps via PsychoPy on a computer screen where all the 

routes are gray except for the route that must be described (see Fig. 3.7). The research had a 
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stack of gray maps (no colored routes) and traced the described path as the participant explained 

the route (see researcher’s template Fig. 3.8). There were nine different routes such that each 

route was repeated 3 times but never across the same condition (i.e. each map was not used for 

the same load condition more than once). (See Appendix B for the maps used and what vocal 

load conditions for which each was used.) 

The three vocal load conditions used in the experiment included communicative distance, 

loudness goal, and background noise. During this experiment, the participant is seated in the 

corner of the anechoic chamber and the researcher is seated at 1 meter from the participant 

except for when communicative distance was manipulated. 

 

Figure 3.7 Example map for map description task in Experiment 2. This map is instructing the 

participant to describe the route from Clackamas Town Center to Beaverton via Gateway. 
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Figure 3.8 Researcher's template for Experiment 2. This template includes a colorless map to be 

highlighted as the route is described by the participant. 

The communicative distance consisted of the researcher moving to three different points in 

the room along a direct line from the participant (as shown in Fig. 3.9). These three distances 

were as follows: 

• D01; short distance: 1 meter  

• D02; moderate distance: 2 meters 

• D04; long distance: 4 meters 
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Figure 3.9 Visual description of the communication distance vocal load. The graphic in the bottom left 

corner with the headset represents the participant, the ears represent the potential locations of the 

listener during the experiment. The jagged walls are reminders that the experiment was contained in an 

anechoic chamber. 

The loudness goal condition required the participant to speak such that their average voicing 

level was above a certain intensity threshold. The average voicing level was calculated using a 

reference microphone placed 1 meter in a direct line from the participant. The intensity 

thresholds (measured at 1 meters) were as follows: 

• L54; low goal: 54 dB 

• L60; moderate goal: 60 dB 

• L66; high goal: 66 dB 
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The participants were able to see their current average voicing level and target loudness level. A 

large red arrow pointing up would display on the screen to prompt the participant to increase 

their speaking intensity (see Fig. 3.10). 

For the background noise condition, pink noise played from two loudspeakers placed 30 

degrees off axis in a 2-meter arc from the participant (as shown in Fig. 3.11). The background 

noise levels (measured at participant’s location) were as follows: 

• N53; low noise: 53 dBA 

• N62; moderate noise: 62 dBA 

• N71; high noise: 71 dBA 

The interval of 9 dB was chosen to allow for a 6-dB vocal intensity increase predicted by the 

Lombard effect (Bottalico, Passione, et al., 2017). (Note that the Lombard effect has been shown 

 

 

 

Figure 3.10: Example of map stimulus for the participant in Experiment 2. This particular example 

would be for the loudness goal condition of 66 dB. The participant is shown their current level and 

if it is lower  than the target, a red arrow (shown in the upper-right) reminds them to talk louder. 
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to change slope with different dB ranges, here the dB range was chosen such that the predicted 

Lombard effect would be consistent with a 6-dB vocal intensity with a 9-dB increase of 

background noise).  

Each of the three vocal load conditions had three variations for a total of nine conditions. 

Each condition was repeated three times for a total of 27 trials. The trials were presented to each 

participant randomly.  

 

Figure 3.11 Visual description of the background noise vocal load. The graphic in the bottom left 

corner with the headset represents the participant, the ear represents the location of the listener (1 m). 

The loudspeakers are shown to be in a 2 m arc from the participant 30 degrees off axis. The jagged 

walls are reminders that the experiment was contained in an anechoic chamber. 

3.2.d Procedure 

The participants started with a tutorial to familiarize them with stimuli in the experiment. 

First the participants were introduced to the vocal effort scale (Borg CR-100). This scale used an 

anecdotal anchor similar to Experiment 1: “a vocal effort level of 1 would be quietly talking to 

someone next to me at home” and “a vocal effort level of 100 would be trying to shout at 
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someone while standing on an airport runway.” Then the scale was experientially anchored by 

having the participants state the days of the week and months of the year at vocal effort levels of 

(1) 2 or “Minimal vocal effort”, (2) 13 or “Slight vocal effort”, (3) 25 or “Moderate vocal effort”, 

(4) 50 or “Severe vocal effort.” The purpose of this exercise was to condition the participant to 

their own sense of vocal effort for four distinct vocal effort levels.  

Next the participants were trained on how to perform the map task. This consisted of a 

demonstration of an example map route. The example used was the same as described in 

Experiment 1. The participants then practiced describing a map route. Corrective instructions 

were made by the researcher to ensure clarity and consistency of task performance. 

Following the training, the participants were presented with the randomized twenty-seven 

trials. Each trial consisted of a map route and rating of vocal effort. For each trial, the researcher 

had a template (Fig. 3.8) to actively record the route description. This was implemented to create 

a realistic communication scenario. Following the twenty-seven trials, the experiment concluded. 

3.2.e Statistical Analysis 

The reference used for the semitone calculation was the average fundamental frequency of 

the baseline condition for a participant which had no loudness goal or background noise and the 

communication partner was at 1 meter.  

As mentioned in 3.1.c, SPSS statistical software was used for statistical analysis. First the 

statistical assumptions of normality, independence, and equal variance were checked. If these 

assumptions were met, the sample means for the self-reported vocal effort level (VER) and each 

of the five acoustic parameters (F0, F0sd, L, Lsd, CPPS) were compared across the vocal load 

levels using one-way analysis of variance (ANOVA) tests with an alpha level of 0.05. Post hoc 

Tukey HSD tests were used to provide pair-wise comparison of each load level (e.g. 1 m, 2 m, 4 
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m in the case of communication distance). If the equal variance could not be assumed, Welch’s 

ANOVA and Tamhane’s T2 post hoc tests were used. Outliers within the dataset were removed 

case-by-case that were either greater than the sum of the third quartile (Q3) and 1.5 times the 

interquartile range (IQR) or less than the difference of the first quartile (Q1) and 1.5 times the 

IQR as described in Equation 6 in 3.1.e. 

3.4 Experiment 3 

The purpose of this experiment was to test hypothesis 3 (H3). 

Q3: To what degree do vocal performance, vocal effort, and/or their interaction 

change given a combined vocal load of excess background noise over time? 

H3: The measured changes in vocal performance, vocal effort, and/or their interaction 

will change through a vocal load (background noise and prolonged speaking). 

The independent variable for this experiment was the point in time across the vocal loading 

task. 

The dependent variables for this experiment were vocal effort ratings (VER) and vocal 

performance. 

Vocal performance was quantified through measurements of the mean and standard deviation 

of fundamental frequency (F0; F0sd), the mean and standard deviation of speech level (SL; 

SLsd), and the smoothed cepstral peak prominence (CPPS). Vocal effort was measured through 

the Borg CR-100 scale. The vocal loads were background noise and prolonged speaking. While 

the previous experiment measured vocal loading in varied equivalent vocal loads, this 

experiment investigated the effects of the background noise load and time. 
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3.3.a Participants 

With protocol approval of the Michigan State University's Human Research Protection 

Programs Human Subject's Review Board, this experiment consisted of forty participants (20 

male and 20 females). The participants were recruited through an online recruit and scheduling 

system at Michigan State University in the College of Communication Arts and Sciences. The 

participants’ time was compensated with course credit. The participants were screened for 

hearing limitations in the same manner as Experiments 1 and 2. Following informed consent, the 

participants proceeded with the experiment. 

3.3.b Instrumentation 

The participants were recorded with a head-mounted microphone (HMM; omni-directional; 

Countryman B3) placed approximately 5 cm from the participant’s mouth. The microphone 

signal went through a pre-amplifier (Millennia HV-3D) and A/D converter (RME ADI-8 DS) 

then was recorded using REAPER, a digital audio workstation. A reference sound level meter 

(SLM; IEC 60651 Type 2) was placed 50 cm from the speaker’s mouth. The reference 

microphone of the SLM was absolutely calibrated to 94 dB SPL (relative to 20 µPa). This 

calibration was used to referentially calibrate the HMM using the same method from 3.2.b. The 

speech was sampled at 44.1 kHz with 16-bit resolution. 

The stimulus was presented using PyschoPy using an external monitor. All of the user’s non-

acoustic and non-survey responses were recorded through this program. Schematic for 

instrumentation is shown in Fig. 3.6. 
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Figure 3.12 Schematic for instrumentation used in experiment 3 

3.3.c Stimuli 

This experiment had pretest and posttest voice tasks, a vocal loading task, and an intermittent 

vocal effort rating throughout the vocal loading task. The pretest and posttest voice tasks 

consisted of the participant reading the Rainbow Passage (Fairbanks, 1960).  

During the vocal loading task, the participants described routes on maps. Here the 

participants were shown a series of maps with a start, path, and end point (see Fig. 3.13). They 

were asked to describe the map such that someone else could recreate the exact route. The 

advancement of the maps was self-paced. That is to say, the participant advanced the next page 

or map when needed.  
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Figure 3.13: Example of a map for Experiment 2. Each map had a compass in one of the corners 

showing north. Additionally, each map had a starting point denoted by a red circle, an ending point 

denoted by a red "X", and a dotted line between the two denoting the route to be described. 

During the vocal loading task, every five minutes the reading or maps description was 

interrupted to allow for vocal effort ratings using the Borg CR-100 scale. Then the participants 

were returned to the last seen map. Additionally, during these breaks in the vocal loading task, 

participants were cued to drink 30 mL from a small measured cup. This was implemented to 

prevent dry-mouth sensations from influencing the feeling of vocal effort or fatigue. 

3.3.d Procedure 

Prior to the main experiment, participants completed the same screenings and tutorials 

outlined in Experiment 2 (i.e. hearing screening and vocal effort scale training). The participants 

received additional instruction on how to advance the maps for the vocal loading test. Following 

the screenings and tutorials, the participants did the pretest voice tasks, including rating their 

current vocal effort level (Borg CR-100). 
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Following the pretest voice task, the participants were instructed on how to properly 

complete the reading or map task. Additionally, they were instructed that they could signal to the 

researcher to end the vocal loading task if vocal effort or pain in the throat became too elevated. 

When the vocal loading task started, background noise in the form of multi-talker speech 

babble (made of six female and six male North American speakers) was played. Speech babble 

was chosen because it is quasisteady with a spectrum identical to normal speech creating a more 

realistic communication situation. Additionally, the presence of this type of noise replicates the 

design of a clinical VLT by Whitling, Rydell, & Lyberg Åhlander (2015). The background noise 

started at 45 dBA and gradually increased to 75 dBA over a period of 30 seconds at a rate of 10 

dB every 10 seconds (this matches a doubling of perceived loudness every 10 seconds). The 

background noise persisted through the vocal loading task at 75 dBA until the experiment was 

either voluntarily terminated or six five-minute intervals (a total of 30 minutes) had been 

completed. As mentioned above, after each five-minute interval the participants completed an 

intermittent vocal effort rating and a drink of water. 

Following the end of the vocal loading task, the participants did the posttest voice tasks 

including rating their current vocal effort level (VER) using the Borg CR-100. Following this 

posttest, the experiment concluded. 

3.3.e Statistical Analysis 

The reference used for the semitone calculation for each individual was the average 

fundamental frequency of the Rainbow Passage reading recorded prior to the vocal loading task. 

As mentioned in 3.1.c, SPSS statistical software was used for statistical analysis. First the 

statistical assumptions of normality, independence, and equal variance were checked. If these 

assumptions were met, the sample means for the self-reported vocal effort level (VER) and each 
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of the five acoustic parameters (F0, F0sd, L, Lsd, CPPS) were compared across each time point 

of the VLT using one-way analysis of variance (ANOVA) tests with an alpha level of 0.05. Post 

hoc Tukey HSD tests were used to provide pair-wise comparison of each time point (pre, post, 

and the six five-minute increments during the loading task). If the equal variance could not be 

assumed, Welch’s ANOVA and Tamhane’s T2 post hoc tests were used. Outliers within the 

dataset were removed case-by-case that were either greater than the sum of the third quartile 

(Q3) and 1.5 times the interquartile range (IQR) or less than the difference of the first quartile 

(Q1) and 1.5 times the IQR as described in Equation 6 in 3.1.e. 

In order to investigate the interaction of vocal effort and vocal performance as well as 

investigate subgroups within the data as predicted by the framework, clustering of vocal effort 

ratings and acoustic measurements were performed. First, a set of ten features were derived from 

the vocal effort ratings (shown in Table 3.2). Then the data were clustered into two groups using 

k-means clustering in SPSS. The clustering models were iterated until a sufficient model was 

developed with the minimum features. The features were systemically excluded based on feature 

importance and statistical significance within the model. The two groups were labeled based on 

the framework’s assumptions with how changes in vocal effort would relate to vocal fatigue 

through vocal loading. One group with a cluster center suggesting vocal effort changes 

associated with the vocal loading task was labeled the “high vocal load response” group and the 

other group was labeled the “low vocal load response” group.  

The vocal performance acoustic metrics were also split into groups. Based on previous 

literature it is possible that not all of the participants will have a significant change in vocal 

performance as a result of the vocal loading. Additionally, from the background review (Chapter 

2) it is unclear which acoustic measures are most likely to change from the vocal loading. To 
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cluster the participants, a general linear model (GLM) with time (pre and post vocal loading task) 

as the dependent variable and covariates as the five acoustic parameters was fit for each 

participant. Participants with both a significant model and at least one significant change in 

acoustic feature within the model were grouped into a “voice change” group and the others into a 

“no voice change” group. 

Following both the VER and acoustics clustering, four groups were formed from the cross-

section of these groups. The vocal performance of the groups was compared pre- and post- vocal 

loading using independent-samples t-tests for each variable. 
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Table 3.2 Features used for VER clustering 

 

Feature Formula 

VER Linear 

Slope 

Slope of the linear fit of the six vocal effort ratings during the vocal 

loading task 

VER Linear Fit The goodness of fit coefficient of the linear fit of the six vocal effort 

ratings during the vocal loading task 

VER Linear 

Offset 

The intercept value of the linear fit of the six vocal effort ratings during 

the vocal loading task 

Noise Load 

Response 

𝑉𝐸𝑅5 − 𝑉𝐸𝑅0; Difference between vocal effort level after five minutes of 

vocal loading and the vocal effort level prior to the loading task 

Temporal Load 

Response 

𝑉𝐸𝑅30 − 𝑉𝐸𝑅5; Difference between vocal effort level after thirty minutes 

of vocal loading and the vocal effort level after five minutes of vocal 

loading 

Noise Recovery 

Response 

𝑉𝐸𝑅𝑝𝑜𝑠𝑡 − 𝑉𝐸𝑅30; Difference between vocal effort level after vocal 

loading task but no background noise and the vocal effort level after thirty 

minutes of vocal loading 

VER 

Difference 

𝑉𝐸𝑅𝑝𝑜𝑠𝑡 − 𝑉𝐸𝑅0; Difference between vocal effort level after vocal 

loading task but no background noise and the vocal effort level prior to 

the loading task 

VER Maximum max (𝑉𝐸𝑅5, … , 𝑉𝐸𝑅30); Maximum vocal effort rating during the vocal 

loading test 

VER Minimum min (𝑉𝐸𝑅5, … , 𝑉𝐸𝑅30); Minimum vocal effort rating during the vocal 

loading test 

VER Range 𝑉𝐸𝑅𝑚𝑎𝑥 − 𝑉𝐸𝑅𝑚𝑖𝑛; Difference between the maximum and minimum 

vocal effort levels during the vocal loading task  
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3.3.f Distribution for Collaborative Work 

As mentioned in Chapter 2, one limitation in the area of vocal fatigue is the inability to 

compare across studies. While vocal loading tasks (VLT) are the most commonly used, they vary 

widely in their methodological approach. Experiment 3 provides an experimental protocol that 

can be easily reproduced and appropriately varied to support collaborative work in vocal fatigue. 

Towards this end, the code and relevant examples and explanations of the experimental protocol 

are available through GitHub.   
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CHAPTER IV: RESULTS 

This chapter provides the results of the three outlined experiments. The results of each 

experiment are presented separately. Then, for each experiment is included a table of 

abbreviations and acronyms used for that section, the demographics of the population studied, 

and the results of the statistical analyses outlined in Chapter III.  

4.1 Experiment 1 

Table 4.1 Abbreviations for results of experiment 1 
 

Abbreviation Meaning 

F0 Fundamental frequency 

F0sd Standard deviation of fundamental frequency 

SL Speech level 

SLsd Standard deviation of speech level 

CPPS Smoothed cepstral peak prominence 

VEL Vocal effort level 

VEL02 Vocal effort level of 2 

VEL13 Vocal effort level of 13 

VEL25 Vocal effort level of  25 

VEL50 Vocal effort level of 50 

ST Semitones 

dB Decibels 

R Pearson’s R from a linear regression 
 

4.1.a Demographics 

Twenty-two participants consented and completed Experiment 1. One participant was not 

included due to equipment failure resulting in loss of data. Another participant was excluded due 

to failure to properly complete the instructions of the protocol. The remaining 20 participants, 10 

males and 10 females, were included in these analyses presented below. All of these participants 
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were within normal hearing limits. The participants were all college age and most received 

course credit as compensation for their participation.   

4.1.b Results 

The goal of this experiment was to show how vocal performance related with subjective 

vocal effort from the Borg CR-100 scale. Five acoustic parameters were selected to measure 

vocal performance, mean fundamental frequency (F0), standard deviation of fundamental 

frequency (F0sd), speech level (SL), standard deviation of speech level (SLsd), and smoothed 

cepstral peak prominence (CPPS). There were four vocal effort levels (2, minimal vocal effort; 

13, slight vocal effort; 25 moderate vocal effort; 50 severe vocal effort) that the acoustic 

measures were compared across. Analysis of variance (ANOVA) tests were used to compare the 

mean speech acoustic measures across the four vocal effort levels. Post hoc Tukey’s HSD tests 

were used to investigate the pair-wise differences across the four vocal effort levels. If equal 

variance could not be assumed, Welch’s ANOVA and Tamhane’s T2 post hoc tests were used. 

The results are separated by acoustic measure. 

Fundamental Frequency 

The measured F0 met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each vocal effort level (VEL) the F0 (M; SD) is as follows 

(summarized in Table 4.2 with 95% confidence interval, minimum, and maximum): VEL02; 

minimal vocal effort (M = -0.09 ST; SD =  1.44 ST), VEL13; slight vocal effort (M = 0.43 ST; 

SD = 1.29 ST), VEL25; moderate vocal effort (M = 1.32 ST; SD = 1.72), and VEL50; severe 

vocal effort (M = 2.93 ST; SD = 1.93). Figure 4.1 shows boxplots of the F0 across the vocal 

effort levels. 
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Table 4.2 Descriptive statistics for F0 and VEL in experiment 1 

Fundamental Frequency (ST)   

VEL Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

2 -0.09 1.44 -0.31 0.14 -4.16 5.25 

13 0.43 1.29 0.24 0.62 -3.01 5.34 

25 1.32 1.72 1.07 1.57 -2.92 6.11 

50 2.93 1.93 2.62 3.24 -1.33 6.56 
 

 

 

 
 

Figure 4.1 Boxplot of F0 and VEL for experiment 1 

 

There was a significant (p < 0.001) main effect of F0 on VEL. The post hoc tests show that 

F0 was different across each VEL (summarized in Table 4.3). There was an increase (p = 0.004) 

in F0 of 0.52 ST from VER02 to VER13, an increase (p < 0.001) of 1.41 ST from VER13 to 

VER25, and an increase (p < 0.001) of 3.02 ST from VER25 to VER50. 
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Table 4.3 Multiple comparison statistics for F0 and VEL for experiment 1 

(I) VEL (J) VEL 

Mean 

Difference (I-J) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

2 13 -0.52 0.15 0.004 -0.91 -0.12 

25 -1.41 0.17 < 0.001 -1.86 -0.96 

50 -3.02 0.19 < 0.001 -3.54 -2.51 

13 2 0.52 0.15 0.004 0.12 0.91 

25 -0.89 0.16 < 0.001 -1.32 -0.47 

50 -2.51 0.18 < 0.001 -3.00 -2.02 

25 2 1.41 0.17 < 0.001 0.96 1.86 

13 0.89 0.16 < 0.001 0.47 1.32 

50 -1.61 0.20 < 0.001 -2.15 -1.08 

50 2 3.02 0.19 < 0.001 2.51 3.54 

13 2.51 0.18 < 0.001 2.02 3.00 

25 1.61 0.20 < 0.001 1.08 2.15 
 

 

Fundamental Frequency Standard Deviation 

The measured F0sd met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each VEL the F0sd (M; SD) is as follows (summarized in Table 

4.4 with 95% confidence interval, minimum, and maximum): VEL02; minimal vocal effort (M = 

1.83 ST; SD = 0.83 ST), VEL13; slight vocal effort (M = 2.13 ST; SD = 1.02 ST), VEL13; 

moderate vocal effort(M = 2.03 ST; SD = 0.89 ST), VEL50; severe vocal effort (M = 2.16 ST; 

SD = 0.82 ST). Figure 4.2 shows boxplots of the F0sd across the vocal effort levels. 
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Table 4.4 Descriptive statistics for F0sd and VEL for experiment 1 

Fundamental Frequency Standard Deviation (ST)   

VEL Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

2 1.83 0.83 1.70 1.96 0.74 4.91 

13 2.13 1.02 1.98 2.29 0.69 4.88 

25 2.03 0.89 1.89 2.17 0.76 4.98 

50 2.16 0.82 2.03 2.29 0.93 4.82 
 

 

 

 

Figure 4.2 Boxplot of F0sd and VEL for experiment 1 

 

There was a significant (p < 0.001) main effect of F0sd on VEL. The post hoc tests results 

are summarized in Table 4.5. There was an increase (p = 0.019) in F0sd of 0.31 ST from VER02 

to VER13 and an increase (p = 0.002) of 0.34 ST from VER02 to VER50. 
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Table 4.5 Multiple comparison statistics for F0sd and VEL for experiment 1 

(I) VEL (J) VEL 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

2 13 -0.31 0.10 0.019 -0.58 -0.03 

25 -0.20 0.10 0.208 -0.46 0.05 

50 -0.34 0.09 0.002 -0.58 -0.09 

13 2 0.31 0.10 0.019 0.03 0.58 

25 0.11 0.11 0.902 -0.18 0.39 

50 -0.03 0.10 1.000 -0.30 0.24 

25 2 0.20 0.10 0.208 -0.05 0.46 

13 -0.11 0.11 0.902 -0.39 0.18 

50 -0.13 0.10 0.654 -0.39 0.12 

50 2 0.34 0.09 0.002 0.09 0.58 

13 0.03 0.10 1.000 -0.24 0.30 

25 0.13 0.10 0.654 -0.12 0.39 
 

 

Speech Level 

The measured SL met the assumptions for normality, independence, and equal variance. For 

each VEL the SL (M; SD) is as follows (summarized in Table 4.6 with 95% confidence interval, 

minimum, and maximum): VEL02; minimal vocal effort (M = 52.39 dB; SD = 5.46 dB), VEL13; 

slight vocal effort (M = 56.95 dB; SD = 6.28 dB), VEL25; moderate vocal effort (M = 60.54 dB; 

SD = 6.94 dB), VEL50; severe vocal effort (M = 66.89 dB; SD = 6.89 dB). Figure 4.3 shows 

boxplots of the SL across the VELs. 
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Table 4.6 Descriptive statistics for speech level and VEL for experiment 1 

Speech Level (dB)   

VEL Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

2 52.39 5.46 51.56 53.23 39.87 63.32 

13 56.94 6.28 56.02 57.88 45.35 72.13 

25 60.53 6.94 59.52 61.56 47.63 79.50 

50 66.89 6.89 65.87 67.91 51.01 82.52 
 

 

 

 
 

Figure 4.3 Boxplot for SL and VEL for experiment 1 
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There was a significant (p < 0.001) main effect of SL on VEL. The post hoc tests show that 

SL was different across each VEL (summarized in Table 4.7). There was an increase (p < 0.001) 

in SL of 4.56 dB from VEL02 to VEL13, an increase (p < 0.001) of 3.59 dB from VEL13 to 

VEL25, and an increase (p < 0.001) of 6.35 dB from VEL25 to VEL50. 

Table 4.7 Multiple comparison statistics for SL and VEL for experiment 1 

(I) VEL (J) VEL 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

2 13 -4.56 0.69 < 0.001 -6.34 -2.77 

25 -8.14 0.69 < 0.001 -9.93 -6.36 

50 -14.50 0.70 < 0.001 -16.29 -12.70 

13 2 4.56 0.69 < 0.001 2.77 6.34 

25 -3.59 0.68 < 0.001 -5.34 -1.84 

50 -9.94 0.68 < 0.001 -11.70 -8.18 

25 2 8.14 0.69 < 0.001 6.36 9.93 

13 3.59 0.68 < 0.001 1.84 5.34 

50 -6.35 0.68 < 0.001 -8.11 -4.60 

50 2 14.50 0.70 < 0.001 12.70 16.29 

13 9.94 0.68 < 0.001 8.18 11.70 

25 6.35 0.68 < 0.001 4.60 8.11 
 

 

Standard Deviation of Speech Level 

The measured SLsd met the assumptions for normality, independence, and equal variance. 

For each VEL the SLsd (M; SD) is as follows (summarized in Table 4.8 with 95% confidence 

interval, minimum, and maximum): VEL02; minimal vocal effort (M = 3.43 dB; SD = 0.44 dB), 

VEL13; slight vocal effort (M = 3.47 dB; SD = 0.4 dB), VEL13; moderate vocal effort(M = 3.51 

dB; SD = 0.44 dB), VEL50; severe vocal effort (M = 3.64 dB; SD = 0.39 dB). Figure 4.4 shows 

boxplots of the SLsd across the VELs. 
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Table 4.8 Descriptive statistics for SLsd and VEL for experiment 1 

Speech Level Standard Deviation (dB)   

 

VEL Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

2 3.43 0.44 3.36 3.49 2.46 4.67 

13 3.47 0.40 3.41 3.53 2.60 4.66 

25 3.51 0.44 3.44 3.57 2.52 4.63 

50 3.64 0.39 3.58 3.69 2.68 4.55 
 

 

 

 
Figure 4.4 Boxplot for SLsd and VEL for experiment 1 

There was a significant (p < 0.001) main effect of SLsd on VEL. The post hoc tests show that 

SLsd was only different in the pair-wise comparisons with VEL50 (summarized in Table 4.9). 

There was an increase (p < 0.001) in SLsd of 0.21 dB from VEL02 to VEL50, an increase (p = 
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0.001) of 0.17 dB from VEL13 to VEL50, and an increase (p =0.021) of 0.13 dB from VEL25 to 

VEL50. 

Table 4.9 Multiple comparison statistics for SLsd and VEL for experiment 1 

(I) VEL (J) VEL 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

2 13 -0.04 0.05 0.767 -0.16 0.07 

25 -0.08 0.05 0.256 -0.20 0.03 

50 -0.21 0.05 < 0.001 -0.33 -0.09 

13 2 0.04 0.05 0.767 -0.07 0.16 

25 -0.04 0.04 0.812 -0.15 0.08 

50 -0.17 0.04 0.001 -0.28 -0.05 

25 2 0.08 0.05 0.256 -0.03 0.20 

13 0.04 0.04 0.812 -0.08 0.15 

50 -0.13 0.04 0.021 -0.24 -0.01 

50 2 0.21 0.05 < 0.001 0.09 0.33 

13 0.17 0.04 0.001 0.05 0.28 

25 0.13 0.04 0.021 0.01 0.24 
 

 

Smoothed Cepstral Peak Prominence 

The measured CPPS met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each VEL the CPPS (M; SD) is as follows (summarized in 

Table 4.10 with 95% confidence interval, minimum, and maximum): VEL02; minimal vocal 

effort (M = 11.99 dB; SD = 2.45 dB), VEL13; slight vocal effort (M = 13.35 dB; SD = 2.44 dB), 

VEL13; moderate vocal effort(M = 14.56 dB; SD = 2.05 dB), VEL50; severe vocal effort (M = 

16.04 dB; SD = 1.53 dB). Figure 4.5 shows boxplots of the CPPS across the VELs. 
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Table 4.10 Descriptive statistics for CPPS and VEL for experiment 1 

Smoothed Cepstral Peak Prominence   

VEL Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

2 11.99 2.45 11.59 12.40 7.07 17.09 

13 13.35 2.44 12.99 13.71 7.36 18.71 

25 14.56 2.05 14.25 14.86 7.65 19.31 

50 16.04 1.53 15.82 16.27 12.31 19.18 
 

 

 

 
Figure 4.5 Boxplot for CPPS and VEL for experiment 1 

There was a significant (p < 0.001) main effect of CPPS on VEL. The post hoc tests show 

that CPPS was different across each VEL (summarized in Table 4.11). There was an increase (p 

< 0.001) in CPPS of 1.36 dB from VEL02 to VEL13, an increase (p < 0.001) of 2.56 dB from 

VEL13 to VEL25, and an increase (p < 0.001) of 4.05 dB from VEL25 to VEL50. 



 

 

 79 

Table 4.11 Multiple comparison statistics for CPPS and VEL for experiment 1 

(I) VEL (J) VEL 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

2 13 -1.36 0.28 < 0.001 -2.09 -0.63 

25 -2.56 0.26 < 0.001 -3.24 -1.89 

50 -4.05 0.23 < 0.001 -4.67 -3.43 

13 2 1.36 0.28 < 0.001 0.63 2.09 

25 -1.21 0.24 < 0.001 -1.84 -0.57 

50 -2.69 0.22 < 0.001 -3.27 -2.12 

25 2 2.56 0.26 < 0.001 1.89 3.24 

13 1.21 0.24 < 0.001 0.57 1.84 

50 -1.49 0.19 < 0.001 -1.99 -0.98 

50 2 4.05 0.23 < 0.001 3.43 4.67 

13 2.69 0.22 < 0.001 2.12 3.27 

25 1.49 0.19 < 0.001 0.98 1.99 
 

 

 

Test-Retest Reliability of Speech Level 

Each participant had significant regression (p < 0.001) for SL across the VELs. Descriptive 

statistics were calculated from the Fischer’s z transformed Pearson’s r coefficients (R). The mean 

R was 0.90 (SD = 0.30). Table 4.12 below shows the descriptive statistics for R. 

Table 4.12 Descriptive statistics for Pearson's R for linear regression of SL and VEL for experiment 1 

 

 Mean 

Std. 

Deviation 

95% Confidence Interval 

for Mean 

Minimum Maximum 

Lower 

Bound 

Upper 

Bound 

R 0.90 0.30 0.87 0.93 0.77 0.96 
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4.1 Experiment 2 

Table 4.13 Abbreviations for results of experiment 2 

Abbreviation Meaning 

F0 Fundamental frequency 

F0sd Standard deviation of fundamental frequency 

L Speech level 

Lsd Standard deviation of speech level 

CPPS Smoothed cepstral peak prominence 

VER Vocal effort rating 

ST Semitones 

dB Decibels 

dBA A-weighted decibels 

D01 Vocal load of communication distance at 1 meter 

D02 Vocal load of communication distance at 2 meters 

D04 Vocal load of communication distance at 4 meters 

L54 Vocal load of loudness target of 54 dB 

L60 Vocal load of loudness target of 60 dB 

L66 Vocal load of loudness target of 66 dB 

N53 Vocal load of background noise of 53 dBA 

N62 Vocal load of background noise of 62 dBA 

N71 Vocal load of background noise of 71 dBA 
 

 

4.2.a Demographics 

Forty-eight participants consented for the study. Eleven participants were not included in the 

analyses. Five were not included for not being native English speakers. One was not included for 

not passing the hearing screening (HL > 20 dB for 200 Hz and 400 Hz in left ear). The other five 

participants were not included for either not finishing protocol or not properly following the 

instructions. A total of 37 participants, 19 males and 18 females, were included in the analyses 

presented below. All of these participants were within normal hearing limits. The participants 

were all college age and most received course credit as compensation for their participation.    
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4.2.b Results 

The purpose of this experiment was to show how vocal performance and subjective vocal 

effort changed with different types of vocal loads. Vocal effort rating (VER) was measured using 

the Borg CR-100 following each speech task. Five acoustic parameters were selected to measure 

vocal performance, mean fundamental frequency (F0), standard deviation of fundamental 

frequency (F0sd), speech level (L), standard deviation of speech level (Lsd), and smoothed 

cepstral peak prominence (CPPS). Nine vocal load conditions were used including 

communication distances of 1 meter (D01), 2 meters (D02), and 4 meters (D04), loudness goals 

of 54 dB (L54), 60 dB (L60), and 66 dB (L66), and background noise levels of 53 dBA (N53), 

62 dBA (N62), and 71 dBA (N71). Analysis of variance (ANOVA) tests were used to compare 

the mean VEL and speech acoustic measures across the variations of each vocal load for each 

with D01 as a baseline of no load for each. Post hoc Tukey’s HSD tests were used to investigate 

the pair-wise differences across the experimental conditions. If equal variance could not be 

assumed, Welch’s ANOVA and Tamhane’s T2 post hoc tests were used. The results are 

separated by acoustic measure and type of vocal load. 

Vocal Effort Rating and Communication Distance 

The measured VER met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each vocal load the VER (M; SD) is as follows (summarized in 

Table 4.14 with 95% confidence interval, minimum, and maximum): D01; communication 

distance at 1 meter/no vocal load (M = 25.13 ; SD = 16.43 ), D02; communication distance at 2 

meters (M = 28.23 ; SD = 14.67 ), D04; communication distance at 4 meters (M = 34.59 ; SD = 

18.16 ), Figure 4.6 shows boxplots of the VER across the vocal loads. 
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Table 4.14 Descriptive statistics for VER and communication distance vocal load for experiment 2 

Vocal Effort Rating   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 25.1 16.4 22.0 28.3 2 65 

D02 28.2 14.7 25.4 31.0 2 65 

D04 34.6 18.2 31.1 38.1 2 75 
 

 

 
Figure 4.6 Boxplot for VER and communication distance load for experiment 2 

There was a significant (p < 0.001) main effect of VER on the vocal load of communication 

distance. The post hoc tests show that VER was only different in the pair-wise comparisons with 

D04 (summarized in Table 4.15). There was an increase (p < 0.001) in VER of 9.5 from D01 to 

D04 and an increase (p = 0.017) of 6.4 from D02 to D04. 
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Table 4.15 Multiple comparison statistics for VER and communication distance vocal load for 

experiment 2 

 

(I) Load (J) Load 

Mean 

Difference (I-J) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

D01 D02 -3.1 2.1 0.378 -8.2 2.0 

D04 -9.5 2.4 < 0.001 -15.2 -3.7 

D02 D01 3.1 2.1 0.378 -2.0 8.2 

D04 -6.4 2.3 0.017 -11.8 -0.9 

D04 D01 9.5 2.4 < 0.001 3.7 15.2 

D02 6.4 2.3 0.017 0.9 11.8 
 

 

Fundamental Frequency and Communication Distance 

The measured F0 met the assumptions for normality, independence, and equal variance. For 

each vocal load the F0 (M; SD) is as follows (summarized in Table 4.16 with 95% confidence 

interval, minimum, and maximum): D01; communication distance at 1 meter/no vocal load (M = 

-0.02 Hz; SD = 0.62 Hz), D02; communication distance at 2 meters (M = 0.37 Hz; SD = 0.74 

Hz), D04; communication distance at 4 meters (M = 0.75 Hz; SD = 0.82 Hz), Figure 4.7 shows 

boxplots of the F0 across the vocal loads. 

Table 4.16 Descriptive statistics for F0 and communication distance vocal load for experiment 2 

Fundamental Frequency (ST)  

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 -0.02 0.62 -0.14 0.10 -1.76 2.09 

D02 0.37 0.74 0.22 0.51 -1.33 2.25 

D04 0.75 0.82 0.58 0.91 -1.75 2.53 
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Figure 4.7 Boxplot for F0 and communication distance load for experiment 2 

 

There was a significant (p < 0.001) main effect of F0 on the vocal load of communication 

distance. The post hoc tests show that F0 was only different in the pair-wise comparisons with 

D04 (summarized in Table 4.17). There was an increase (p < 0.001) in F0 of 0.77 ST from D01 

to D04 and an increase (p = 0.001) of 0.38 ST from D02 to D04. 
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Table 4.17 Multiple comparison statistics and F0 and communication distance vocal load for 

experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (ST) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 D02 -0.39 0.10 < 0.001 -0.62 -0.15 

D04 -0.77 0.10 < 0.001 -1.01 -0.53 

D02 D01 0.39 0.10 < 0.001 0.15 0.62 

D04 -0.38 0.10 0.001 -0.62 -0.14 

D04 D01 0.77 0.10 < 0.001 0.53 1.01 

D02 0.38 0.10 0.001 0.14 0.62 
 

 

Fundamental Frequency Standard Deviation and Communication Distance 

The measured F0sd met the assumptions for normality, independence, and equal variance. 

For each vocal load the F0sd (M; SD) is as follows (summarized in Table 4.18 with 95% 

confidence interval, minimum, and maximum): D01; communication distance at 1 meter/no 

vocal load (M = 2.04 Hz; SD = 0.83 Hz), D02; communication distance at 2 meters (M = 2.23 

Hz; SD = 0.92 Hz), D04; communication distance at 4 meters (M = 2.21 Hz; SD = 0.77 Hz), 

Figure 4.8 shows boxplots of the F0sd across the vocal loads. 

Table 4.18 Descriptive statistics for F0sd and communication distance vocal load for experiment 2 

 

Fundamental Frequency Standard Deviation (ST)   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 2.04 0.83 1.87 2.20 0.73 4.52 

D02 2.23 0.92 2.05 2.41 0.20 4.65 

D04 2.21 0.77 2.06 2.37 0.89 4.47 
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Figure 4.8 Boxplot for F0sd and communication distance load for experiment 2 

 

 

There was no significant main effect of F0sd on the vocal load of communication distance. 

Speech Level and Communication Distance 

The measured SL met the assumptions for normality, independence, and equal variance. For 

each vocal load the SL (M; SD) is as follows (summarized in Table 4.19 with 95% confidence 

interval, minimum, and maximum): D01; communication distance at 1 meter/no vocal load (M = 

65.54 dB; SD = 0.33 dB), D02; communication distance at 2 meters (M = 66.86 dB; SD = 0.33 

dB), D04; communication distance at 4 meters (M = 68.36 dB; SD = 0.36 dB), Figure 4.9 shows 

boxplots of the SL across the vocal loads. 
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Table 4.19 Descriptive statistics for SL and communication distance vocal load for experiment 2 

 

Speech Level (dB) 

Load Mean Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 65.54 0.33 64.89 66.19 57.29 74.08 

D02 66.86 0.33 66.20 67.52 58.67 73.32 

D04 68.36 0.36 67.64 69.07 57.83 76.51 
 

 

 
Figure 4.9 Boxplot for SL and communication distance load for experiment 2 

 

There was a significant (p < 0.001) main effect of SL on the vocal load of communication 

distance. The post hoc tests show that SL was different across each vocal load (summarized in 

Table 4.20). There was an increase (p = 0.018) in SL of 1.32 dB from D01 to D02 and an 

increase (p = 0.006) of 1.49 dB from D02 to D04. 
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Table 4.20 Multiple comparison statistics for SL and communication distance vocal load for 

experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 D02 -1.32 0.48 0.018 -2.45 -0.19 

D04 -2.81 0.48 < 0.001 -3.95 -1.68 

D02 D01 1.32 0.48 0.018 0.19 2.45 

D04 -1.49 0.48 0.006 -2.63 -0.36 

D04 D01 2.81 0.48 < 0.001 1.68 3.95 

D02 1.49 0.48 0.006 0.36 2.63 
 

 

Speech Level Standard Deviation and Communication Distance 

The measured SLsd met the assumptions for normality, independence, and equal variance. 

For each vocal load the SLsd (M; SD) is as follows (summarized in Table 4.21 with 95% 

confidence interval, minimum, and maximum): D01; communication distance at 1 meter/no 

vocal load (M = 3.4 dB; SD = 0.28 dB), D02; communication distance at 2 meters (M = 3.43 dB; 

SD = 0.28 dB), D04; communication distance at 4 meters (M = 3.47 dB; SD = 0.27 dB), Figure 

4.10 shows boxplots of the SLsd across the vocal loads. 

Table 4.21 Descriptive statistics for SLsd and communication distance vocal load for experiment 2 

 

Speech Level Standard Deviation (dB)   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 3.40 0.28 3.35 3.45 2.76 4.14 

D02 3.43 0.28 3.37 3.48 2.84 4.14 

D04 3.47 0.27 3.41 3.52 2.79 4.05 
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Figure 4.10 Boxplot for SLsd and communication distance load for experiment 2 

 

There was no significant main effect of SLsd on the vocal load of communication distance. 

Smoothed Cepstral Peak Prominence and Communication Distance 

The measured CPPS met the assumptions for normality, independence, and equal variance. 

For each vocal load the CPPS (M; SD) is as follows (summarized in Table 4.22 with 95% 

confidence interval, minimum, and maximum): D01; communication distance at 1 meter/no 

vocal load (M = 15.3 dB; SD = 1.25 dB), D02; communication distance at 2 meters (M = 15.62 

dB; SD = 1.25 dB), D04; communication distance at 4 meters (M = 16.08 dB; SD = 1.23 dB), 

Figure 4.11 shows boxplots of the CPPS across the vocal loads. 
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Table 4.22 Descriptive statistics for CPPS and communication distance vocal load for experiment 2 

 

Smoothed Cepstral Peak Prominence (dB) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 15.30 1.25 15.06 15.54 12.08 18.12 

D02 15.62 1.25 15.38 15.86 12.06 18.26 

D04 16.08 1.23 15.85 16.32 12.49 19.17 
 

 

 

 
Figure 4.11 Boxplot for CPPS and communication distance load for experiment 2 

 

There was a significant (p < 0.001) main effect of CPPS on the vocal load of communication 

distance. The post hoc tests show that CPPS was only different in the pair-wise comparisons with 

D04 (summarized in Table 4.23). There was an increase (p < 0.001) in CPPS of 0.78 dB from 

D01 to D04 and an increase (p = 0.019) of 0.47 dB from D02 to D04. 
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Table 4.23 Multiple comparison statistics for CPPS and communication distance vocal load for 

experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 D02 -0.32 0.17 0.155 -0.72 0.09 

D04 -0.78 0.17 < 0.001 -1.19 -0.38 

D02 D01 0.32 0.17 0.155 -0.09 0.72 

D04 -0.47 0.17 0.019 -0.87 -0.06 

D04 D01 0.78 0.17 < 0.001 0.38 1.19 

D02 0.47 0.17 0.019 0.06 0.87 
 

 

Vocal Effort Rating and Loudness Goal 

The measured VER met the assumptions for normality, independence, and equal variance. 

For each vocal load the VER (M; SD) is as follows (summarized in Table 4.24 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 25.13; SD = 16.43), 

L54; loudness goal of 54 dB (M = 35.43; SD = 16.03), L60; loudness goal of 60 dB (M = 39.06; 

SD = 15.75), L66; loudness goal of 66 dB (M = 49.81; SD = 16.81). Figure 4.12 shows boxplots 

of the VER across the loads. 

Table 4.24 Descriptive statistics for VER and loudness goal vocal load for experiment 2 

 

Vocal Effort Rating   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 25.1 16.4 22.0 28.3 2 65 

L54 35.4 16.0 32.4 38.5 7 80 

L60 39.1 15.7 36.1 42.1 10 70 

L66 49.8 16.8 46.6 53.0 3 85 
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Figure 4.12 Boxplot of VER and loudness goal vocal load for experiment 2 

There was a significant (p < 0.001) main effect of VER on the vocal load of loudness goal. 

The post hoc tests show that VER was different in the pair-wise comparisons with D01 and L66 

(summarized in Table 4.25). There was an increase (p < 0.001) in VER of 10.3 from D01 to L54 

and an increase (p < 0.001) of 10.7 from L60 to L66. 
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Table 4.25 Multiple comparisons statistics for VER and loudness goal vocal load for experiment 2 

 

(I) Load (J) Load 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 L54 -10.3 2.2 < 0.001 -16.0 -4.6 

L60 -13.9 2.2 < 0.001 -19.7 -8.2 

L66 -24.7 2.2 < 0.001 -30.4 -18.9 

L54 D01 10.3 2.2 < 0.001 4.6 16.0 

L60 -3.6 2.2 0.355 -9.3 2.1 

L66 -14.4 2.2 < 0.001 -20.1 -8.7 

L60 D01 13.9 2.2 < 0.001 8.2 19.7 

L54 3.6 2.2 0.355 -2.1 9.3 

L66 -10.7 2.2 < 0.001 -16.5 -5.0 

L66 D01 24.7 2.2 < 0.001 18.9 30.4 

L54 14.4 2.2 < 0.001 8.7 20.1 

L60 10.7 2.2 < 0.001 5.0 16.5 
 

 

Fundamental Frequency and Loudness Goal 

The measured F0 met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each vocal load the F0 (M; SD) is as follows (summarized in 

Table 4.26 with 95% confidence interval, minimum, and maximum): D01; no vocal load (M = -

0.01 ST; SD = 0.69 ST), L54; loudness goal of 54 dB (M = 0.65 ST; SD = 0.98 ST), L60; 

loudness goal of 60 dB (M = 0.8 ST; SD = 0.92 ST), L66; loudness goal of 66 dB (M = 1.14 ST; 

SD = 1.18 ST). Figure 4.13 shows boxplots of the F0 across the loads. 
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Table 4.26 Descriptive statistics for F0 and loudness goal vocal load for experiment 2 

 

Fundamental Frequency (ST)   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 -0.01 0.69 -0.14 0.12 -1.93 2.74 

L54 0.65 0.98 0.47 0.84 -2.00 2.89 

L60 0.80 0.92 0.62 0.98 -1.53 3.23 

L66 1.14 1.18 0.91 1.38 -1.76 3.62 
 

 

 

Figure 4.13 Boxplot of F0 and loudness goal vocal load for experiment 2 

There was a significant (p < 0.001) main effect of F0 on the vocal load of loudness goal. The 

post hoc tests show that F0 was different in the pair-wise comparisons with D01 and between 

L54 and L66 (summarized in Table 4.27). There was an increase (p < 0.001) in F0 of 0.67 ST 

from D01 to L54 and an increase (p = 0.008) of 0.49 ST from L54 to L66. 
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Table 4.27 Multiple comparison statistics for F0 and loudness goal vocal load for experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (ST) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 L54 -0.67 0.11 < 0.001 -0.97 -0.36 

L60 -0.81 0.11 < 0.001 -1.11 -0.52 

L66 -1.16 0.14 < 0.001 -1.52 -0.80 

L54 D01 0.67 0.11 < 0.001 0.36 0.97 

L60 -0.14 0.13 0.842 -0.49 0.20 

L66 -0.49 0.15 0.008 -0.89 -0.09 

L60 D01 0.81 0.11 < 0.001 0.52 1.11 

L54 0.14 0.13 0.842 -0.20 0.49 

L66 -0.35 0.15 0.117 -0.74 0.05 

L66 D01 1.16 0.14 < 0.001 0.80 1.52 

L54 0.49 0.15 0.008 0.09 0.89 

L60 0.35 0.15 0.117 -0.05 0.74 
 

 

Fundamental Frequency Standard Deviation and Loudness Goal 

The measured F0sd met the assumptions for normality, independence, and equal variance. 

For each vocal load the F0sd (M; SD) is as follows (summarized in Table 4.28 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 2.01 ST; SD = 0.79 

ST), L54; loudness goal of 54 dB (M = 2.08 ST; SD = 0.74 ST), L60; loudness goal of 60 dB (M 

= 2.21 ST; SD = 0.8 ST), L66; loudness goal of 66 dB (M = 2.11 ST; SD = 0.78 ST). Figure 4.14 

shows boxplots of the F0sd across the loads. 
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Table 4.28 Descriptive statistics for F0sd and loudness goal vocal load for experiment 2 

 

Fundamental Frequency Standard Deviation (ST) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 2.01 0.79 1.85 2.17 0.73 4.45 

L54 2.08 0.74 1.93 2.22 0.73 4.37 

L60 2.21 0.80 2.05 2.37 0.85 4.18 

L66 2.11 0.78 1.97 2.26 0.93 4.38 
 

 

 
Figure 4.14 Boxplot of F0st and loudness goal vocal load for experiment 2 

There was no significant main effect of F0sd on the vocal load of loudness goal. 

Speech Level and Loudness Goal 

The measured SL met the assumptions for normality, independence, and equal variance. For 

each vocal load the SL (M; SD) is as follows (summarized in Table 4.29 with 95% confidence 

interval, minimum, and maximum): D01; no vocal load (M = 65.54 dB; SD = 3.39 dB), L54; 
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loudness goal of 54 dB (M = 67.4 dB; SD = 3.72 dB), L60; loudness goal of 60 dB (M = 67.99 

dB; SD = 3.6 dB), L66; loudness goal of 66 dB (M = 69.9 dB; SD = 4.27 dB). Figure 4.15 shows 

boxplots of the SL across the loads. 

Table 4.29 Descriptive statistics for SL and loudness goal vocal load for experiment 2 

 

Speech Level (dB) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 65.54 3.39 64.89 66.19 57.29 74.08 

L54 67.40 3.72 66.70 68.10 56.93 74.29 

L60 67.99 3.60 67.31 68.67 57.41 75.34 

L66 69.90 4.27 69.08 70.71 57.48 77.56 
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Figure 4.15 Boxplot of SL and loudness goal vocal load for experiment 2 

There was a significant (p < 0.001) main effect of SL on the vocal load of loudness goal. The 

post hoc tests show that SL was different in all pair-wise comparisons with D01 and L66 

(summarized in Table 4.30). There was an increase (p = 0.002) in SL of 1.86 dB from D01 to 

L54 and an increase (p = 0.001) of 1.91 dB from L60 to L66. 
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Table 4.30 Multiple comparison statistics for SL and loudness goal vocal load for experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 L54 -1.86 0.51 0.002 -3.17 -0.54 

L60 -2.45 0.51 < 0.001 -3.76 -1.13 

L66 -4.35 0.51 < 0.001 -5.68 -3.03 

L54 D01 1.86 0.51 0.002 0.54 3.17 

L60 -0.59 0.51 0.648 -1.89 0.71 

L66 -2.50 0.51 < 0.001 -3.81 -1.19 

L60 D01 2.45 0.51 < 0.001 1.13 3.76 

L54 0.59 0.51 0.648 -0.71 1.89 

L66 -1.91 0.51 0.001 -3.22 -0.59 

L66 D01 4.35 0.51 < 0.001 3.03 5.68 

L54 2.50 0.51 < 0.001 1.19 3.81 

L60 1.91 0.51 0.001 0.59 3.22 
 

 

Standard Deviation of Speech Level and Loudness Goal 

The measured SLsd met the assumptions for normality, independence, and equal variance. 

For each vocal load the SLsd (M; SD) is as follows (summarized in Table 4.31 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 3.41 dB; SD = 0.3 dB), 

L54; loudness goal of 54 dB (M = 3.5 dB; SD = 0.32 dB), L60; loudness goal of 60 dB (M = 

3.48 dB; SD = 0.32 dB), L66; loudness goal of 66 dB (M = 3.47 dB; SD = 0.27 dB). Figure 4.16 

shows boxplots of the SLsd across the loads. 
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Table 4.31 Descriptive statistics for SLsd and loudness goal vocal load for experiment 2 

 

Speech Level Standard Deviation (dB) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 3.41 0.30 3.35 3.46 2.63 4.21 

L54 3.50 0.32 3.44 3.56 2.66 4.22 

L60 3.48 0.32 3.42 3.54 2.79 4.26 

L66 3.47 0.27 3.42 3.52 2.98 4.19 
 

 

 
Figure 4.16 Boxplot of SLsd and loudness goal vocal load for experiment 2 

There was no significant main effect of SLsd on the vocal load of loudness goal. 
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Smoothed Cepstral Peak Prominence and Loudness Goal 

The measured CPPS met the assumptions for normality, independence, and equal variance. 

For each vocal load the CPPS (M; SD) is as follows (summarized in Table 4.32 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 15.33 dB; SD = 1.22 

dB), L54; loudness goal of 54 dB (M = 15.83 dB; SD = 1.33 dB), L60; loudness goal of 60 dB 

(M = 15.89 dB; SD = 1.32 dB), L66; loudness goal of 66 dB (M = 16.39 dB; SD = 1.36 dB). 

Figure 4.17 shows boxplots of the CPPS across the loads. 

Table 4.32 Descriptive statistics for CPPS and loudness goal vocal load for experiment 2 

 

Smoothed Cepstral Peak Prominence (dB) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 15.33 1.22 15.09 15.57 12.40 18.12 

L54 15.83 1.33 15.58 16.08 12.43 19.20 

L60 15.89 1.32 15.64 16.14 12.46 19.01 

L66 16.39 1.36 16.13 16.64 12.20 19.17 
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Figure 4.17 Boxplot of CPPS and loudness goal vocal load for experiment 

There was a significant (p < 0.001) main effect of CPPS on the vocal load of loudness goal. 

The post hoc tests show that CPPS was different in all pair-wise comparisons with D01 and L66 

(summarized in Table 4.33). There was an increase (p = 0.029) in CPPS of 0.50 dB from D01 to 

L54 and an increase (p = 0.025) of 0.50 dB from L60 to L66. 
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Table 4.33 Multiple comparison statistics for CPPS and loudness goal vocal load for experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

D01 L54 -.50 .18 .0289 -.96 -.04 

L60 -.56 .18 .0099 -1.02 -.10 

L66 -1.06 .18 < 0.001 -1.52 -.60 

L54 D01 .50 .18 .0289 .04 .96 

L60 -.06 .18 .9832 -.52 .39 

L66 -.56 .18 .0080 -1.02 -.11 

L60 D01 .56 .18 .0099 .10 1.02 

L54 .06 .18 .9832 -.39 .52 

L66 -.50 .18 .0253 -.95 -.04 

L66 D01 1.06 .18 < 0.001 .60 1.52 

L54 .56 .18 .0080 .11 1.02 

L60 .50 .18 .0253 .04 .95 
 

 

Vocal Effort Rating and Background Noise 

The measured VER met the assumptions for normality, independence, and equal variance. 

For each vocal load the VER (M; SD) is as follows (summarized in Table 4.34 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 25.13 ; SD = 16.43 ), 

N53; background noise of 53 dBA (M = 31.91 ; SD = 15.68 ), N62; background noise of 62 dBA 

(M = 40.19 ; SD = 18.52 ), N71; background noise of 71 dBA (M = 52.62 ; SD = 17.99 ). Figure 

4.18 shows boxplots of the VER across the loads. 
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Table 4.34 Descriptive statistics for VER and background noise vocal load for experiment 2 

 

Vocal Effort Rating   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 25.1 16.4 22.0 28.3 2 65 

N53 31.9 15.7 28.9 34.9 2 75 

N62 40.2 18.5 36.7 43.7 2 90 

N71 52.6 18.0 49.2 56.1 13 100 

 

 
Figure 4.18 Boxplot for VER and background noise vocal load for experiment 2 

 

There was a significant (p < 0.001) main effect of VER on the vocal load of background 

noise. The post hoc tests show that VER was different in all pair-wise comparisons (summarized 

in Table 4.35). There was an increase (p = 0.021) in VER of 6.8 from D01 to N53, an increase (p 

= 0.003) of 8.3 from N53 to N62, and an increase (p < 0.001) of 12.4 from N62 to N71.  

 

Table 4.35 Multiple comparison statistics for VER and background noise vocal load for experiment 2 
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(I) Load (J) Load 

Mean 

Difference (I-

J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 N53 -6.8 2.3 0.021 -12.8 -0.7 

N62 -15.1 2.3 < 0.001 -21.1 -9.0 

N71 -27.5 2.4 < 0.001 -33.5 -21.4 

N53 D01 6.8 2.3 0.021 0.7 12.8 

N62 -8.3 2.3 0.003 -14.3 -2.2 

N71 -20.7 2.3 < 0.001 -26.8 -14.7 

N62 D01 15.1 2.3 < 0.001 9.0 21.1 

N53 8.3 2.3 0.003 2.2 14.3 

N71 -12.4 2.3 < 0.001 -18.5 -6.4 

N71 D01 27.5 2.4 < 0.001 21.4 33.5 

N53 20.7 2.3 < 0.001 14.7 26.8 

N62 12.4 2.3 < 0.001 6.4 18.5 
 

 

Fundamental Frequency and Background Noise 

 The measured F0 met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each vocal load the F0 (M; SD) is as follows (summarized in 

Table 4.36 with 95% confidence interval, minimum, and maximum): D01; no vocal load (M = -

0.01 ST; SD = 0.69 ST), N53; background noise of 53 dBA (M = 0.65 ST; SD = 0.78 ST), N62; 

background noise of 62 dBA (M = 1.69 ST; SD = 1.17 ST), N71; background noise of 71 dBA 

(M = 2.53 ST; SD = 1.36 ST). Figure 4.19 shows boxplots of the F0 across the loads. 
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Table 4.36 Descriptive statistics for F0 and background noise vocal load for experiment 2 

 

Fundamental Frequency (ST) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 -0.01 0.69 -0.14 0.12 -1.93 2.74 

N53 0.65 0.78 0.50 0.80 -1.02 2.81 

N62 1.69 1.17 1.46 1.91 -0.54 4.40 

N71 2.53 1.36 2.24 2.81 -0.32 5.07 
 

 

 
Figure 4.19 Boxplot for F0 and background noise vocal load for experiment 2 

There was a significant (p < 0.001) main effect of F0 on the vocal load of background noise. 

The post hoc tests show that F0 was different in all pair-wise comparisons (summarized in Table 

4.37). There was an increase (p < 0.001) in F0 of 0.66 ST from D01 to N53, an increase (p < 

0.001) of 1.04 ST from N53 to N62, and an increase (p < 0.001) of 0.84 ST from N62 to N71. 
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Table 4.37 Multiple comparison statistics for F0 and background noise vocal load for experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (ST) Std. Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

D01 N53 -.66 .10 < .0001 -.93 -.40 

N62 -1.70 .13 < .0001 -2.05 -1.35 

N71 -2.54 .16 < .0001 -2.96 -2.12 

N53 D01 .66 .10 < .0001 .40 .93 

N62 -1.04 .14 < .0001 -1.40 -.68 

N71 -1.87 .16 < .0001 -2.30 -1.45 

N62 D01 1.70 .13 < .0001 1.35 2.05 

N53 1.04 .14 < .0001 .68 1.40 

N71 -.84 .18 < .0001 -1.32 -.36 

N71 D01 2.54 .16 < .0001 2.12 2.96 

N53 1.87 .16 < .0001 1.45 2.30 

N62 .84 .18 < .0001 .36 1.32 
 

 

Standard Deviation of Fundamental Frequency and Background Noise 

The measured F0sd met the assumptions for normality, independence, and equal variance. 

For each vocal load the F0sd (M; SD) is as follows (summarized in Table 4.38 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 1.99 ST; SD = 0.76 

ST), N53; background noise of 53 dBA (M = 1.99 ST; SD = 0.63 ST), N62; background noise of 

62 dBA (M = 2.08 ST; SD = 0.72 ST), N71; background noise of 71 dBA (M = 1.92 ST; SD = 

0.7 ST). Figure 4.20 shows boxplots of the F0sd across the loads. 
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Table 4.38 Descriptive statistics for F0sd and background noise vocal load for experiment 2 

 

Fundamental Frequency Standard Deviation (ST) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 1.99 0.76 1.84 2.14 0.73 4.08 

N53 1.99 0.63 1.87 2.12 0.88 3.65 

N62 2.08 0.72 1.94 2.22 0.91 4.05 

N71 1.92 0.70 1.78 2.05 0.21 3.99 
 

 

 
Figure 4.20 Boxplot for F0sd and background noise vocal load for experiment 2 

There was no significant main effect of F0sd on the vocal load of background noise. 
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Speech Level and Background Noise 

The measured SL met the assumptions for normality, independence, and equal variance. For 

each vocal load the SL (M; SD) is as follows (summarized in Table 4.39 with 95% confidence 

interval, minimum, and maximum): D01; no vocal load (M = 65.54 dB; SD = 3.39 dB), N53; 

background noise of 53 dBA (M = 68.21 dB; SD = 3.75 dB), N62; background noise of 62 dBA 

(M = 71.09 dB; SD = 3.57 dB), N71; background noise of 71 dBA (M = 75.24 dB; SD = 3.41 

dB). Figure 4.21 shows boxplots of the SL across the loads. 

Table 4.39 Descriptive statistics for SL and background noise vocal load for experiment 2 

 

Speech Level (dB)   

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 65.54 3.39 64.89 66.19 57.29 74.08 

N53 68.21 3.75 67.51 68.92 58.07 75.54 

N62 71.09 3.57 70.42 71.76 61.47 80.56 

N71 75.24 3.41 74.60 75.89 65.49 82.78 
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Figure 4.21 Boxplot for SL and background noise vocal load for experiment 2 

There was a significant (p < 0.001) main effect of SL on the vocal load of background noise. 

The post hoc tests show that SL was different in all pair-wise comparisons (summarized in Table 

4.40). There was an increase (p < 0.001) in SL of 2.67 dB from D01 to N53, an increase (p < 

0.001) of 2.88 dB from N53 to N62, and an increase (p < 0.001) of 4.15 dB from N62 to N71. 
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Table 4.40 Multiple comparison statistics for SL and background noise vocal load for experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 N53 -2.67 0.48 < 0.001 -3.90 -1.44 

N62 -5.55 0.48 < 0.001 -6.78 -4.31 

N71 -9.70 0.48 < 0.001 -10.94 -8.46 

N53 D01 2.67 0.48 < 0.001 1.44 3.90 

N62 -2.88 0.47 < 0.001 -4.10 -1.65 

N71 -7.03 0.48 < 0.001 -8.26 -5.80 

N62 D01 5.55 0.48 < 0.001 4.31 6.78 

N53 2.88 0.47 < 0.001 1.65 4.10 

N71 -4.15 0.48 < 0.001 -5.38 -2.93 

N71 D01 9.70 0.48 < 0.001 8.46 10.94 

N53 7.03 0.48 < 0.001 5.80 8.26 

N62 4.15 0.48 < 0.001 2.93 5.38 
 

 

Standard Deviation of Speech Level and Background Noise 

The measured SLsd met the assumptions for normality, independence, and equal variance. 

For each vocal load the SLsd (M; SD) is as follows (summarized in Table 4.41 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 3.41 dB; SD = 0.3 dB), 

N53; background noise of 53 dBA (M = 3.43 dB; SD = 0.31 dB), N62; background noise of 62 

dBA (M = 3.43 dB; SD = 0.31 dB), N71; background noise of 71 dBA (M = 3.32 dB; SD = 0.34 

dB). Figure 4.22 shows boxplots of the SLsd across the loads. 
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Table 4.41 Descriptive statistics for SLsd and background noise vocal load for experiment 2 

 

Speech Level Standard Deviation (dB) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 3.41 0.30 3.35 3.46 2.63 4.21 

N53 3.43 0.31 3.37 3.49 2.57 4.22 

N62 3.43 0.31 3.37 3.49 2.59 4.04 

N71 3.32 0.34 3.25 3.39 2.61 4.08 
 

 

 
Figure 4.22 Boxplot for SLsd and background noise vocal load for experiment 2 

There was no main effect of SLsd on the vocal load of background noise. 
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Smoothed Cepstral Peak Prominence and Background Noise 

The measured CPPS met the assumptions for normality, independence, and equal variance. 

For each vocal load the CPPS (M; SD) is as follows (summarized in Table 4.42 with 95% 

confidence interval, minimum, and maximum): D01; no vocal load (M = 15.27 dB; SD = 1.29 

dB), N53; background noise of 53 dBA (M = 15.43 dB; SD = 1.44 dB), N62; background noise 

of 62 dBA (M = 15.07 dB; SD = 1.34 dB), N71; background noise of 71 dBA (M = 14.42 dB; 

SD = 1.13 dB). Figure 4.23 shows boxplots of the CPPS across the loads. 

Table 4.42 Descriptive statistics for CPPS and background noise vocal load for experiment 2 

 

Smoothed Cepstral Peak Prominence (dB) 

Load Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

D01 15.27 1.29 15.02 15.52 11.80 18.12 

N53 15.43 1.44 15.16 15.70 11.69 18.24 

N62 15.07 1.34 14.82 15.33 11.92 18.09 

N71 14.42 1.13 14.20 14.65 11.46 17.35 
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Figure 4.23 Boxplot for CPPS and background noise vocal load for experiment 2 

 

There was a significant (p < 0.001) main effect of CPPS on the vocal load of background 

noise. The post hoc tests show that SL was different in all pair-wise comparisons with N71 

(summarized in Table 4.43). There was a decrease (p < 0.001) in CPPS of 0.84 dB from D01 to 

N71, a decrease (p < 0.001) of 1.01 dB from N53 to N71, and a decrease (p = 0.002) of 0.65 dB 

from N62 to N71. 
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Table 4.43 Multiple comparison statistics for CPPS and background noise vocal load for experiment 2 

 

(I) Load (J) Load 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

D01 N53 -0.17 0.18 0.789 -0.62 0.29 

N62 0.20 0.18 0.693 -0.27 0.66 

N71 0.84 0.18 < 0.001 0.37 1.31 

N53 D01 0.17 0.18 0.789 -0.29 0.62 

N62 0.36 0.18 0.174 -0.09 0.82 

N71 1.01 0.18 < 0.001 0.55 1.47 

N62 D01 -0.20 0.18 0.693 -0.66 0.27 

N53 -0.36 0.18 0.174 -0.82 0.09 

N71 0.65 0.18 0.002 0.18 1.12 

N71 D01 -0.84 0.18 < 0.001 -1.31 -0.37 

N53 -1.01 0.18 < 0.001 -1.47 -0.55 

N62 -0.65 0.18 0.002 -1.12 -0.18 
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4.3 Experiment 3 

Table 4.44 Abbreviations for results of experiment 3 

Abbreviation Meaning 

F0 Fundamental frequency 

F0sd Standard deviation of fundamental frequency 

L Speech level 

Lsd Standard deviation of speech level 

CPPS Smoothed cepstral peak prominence 

VER Vocal effort rating 

ST Semitones 

dB Decibels 

VLT Vocal loading task 

PRE Time before vocal loading task 

POST Time after vocal loading task 

VL05 Time at 5 minutes after start of vocal loading task 

VL10 Time at 10 minutes after start of vocal loading task 

VL15 Time at 15 minutes after start of vocal loading task 

VL20 Time at 20 minutes after start of vocal loading task 

VL25 Time at 25 minutes after start of vocal loading task 

VL30 Time at 30 minutes after start of vocal loading task 
 

 

4.3.a Demographics 

Forty-two participants consented for the study. Five participants were not included for either 

not finishing protocol or not properly following the instructions. A total of 37 participants, 18 

males and 19 females, were included in the analyses presented below. All of these participants 

were within normal hearing limits. The participants were all college age and most received 

course credit as compensation for their participation. 
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4.3.b Results 

The purpose of this experiment was to measure changes in vocal performance and vocal 

effort through a vocal load of background noise over time to implicate vocal fatigue from the 

vocal loading. Vocal effort rating (VER) was measured using the Borg CR-100 before (PRE) the 

vocal loading task (VLT), every five minutes during the vocal loading test (LT05, LT10, LT15, 

LT20, LT25, LT30), and after (POST) the VLT. The same five acoustic parameters were 

selected to measure vocal performance, mean fundamental frequency (F0), standard deviation of 

fundamental frequency (F0sd), speech level (L), standard deviation of speech level (Lsd), and 

smoothed cepstral peak prominence (CPPS). One-way ANOVA tests were used to compare VER 

and each vocal performance measure throughout the VLT. Post hoc Tukey’s HSD tests were 

used to investigate the pair-wise differences across each measurement in time. If equal variance 

could not be assumed, Welch’s ANOVA and Tamhane’s T2 post hoc tests were used. 

Additionally, the data was clustered into high and low vocal effort groups, voice change and 

no voice change groups, and four groups representing the intersections of these groups. The PRE 

and POST vocal performance of each group was compared using independent-samples t-tests for 

each acoustic variable. The results in this section are separated by VER results, the vocal 

performance results, the VER clustering results, and the final group acoustic results. 

Vocal Effort Rating and Vocal Loading 

The measured VER met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each time point of the vocal loading the VER (M; SD) is as 

follows (summarized in Table 4.45 with 95% confidence interval, minimum, and maximum): 

PRE; before VLT (M = 17.11 ; SD = 13.88 ), VL05; after 5 minutes of VLT (M = 34.68 ; SD = 

17.73 ), VL10; after 10 minutes of VLT (M = 36.86 ; SD = 19.15 ), VL15; after 15 minutes of 
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VLT (M = 40.27 ; SD = 20.51 ), VL20; after 20 minutes of VLT (M = 42.57 ; SD = 22.48 ), 

VL25; after 25 minutes of VLT (M = 45.35 ; SD = 24.69 ), VL30; after 30 minutes of VLT (M = 

47.62 ; SD = 28.22 ), POST; after the complete VLT (M = 39.84 ; SD = 27.76 ), Figure 4.24 

shows a line graph of the VER across the loading. 

Table 4.45 Descriptive statistics for VER over time for experiment 3 

 

Vocal Effort Ratings   

Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

PRE 17.1 13.9 12.5 21.7 2 60 

VL05 34.7 17.7 28.8 40.6 7 80 

VL10 36.9 19.1 30.5 43.2 8 79 

VL15 40.3 20.5 33.4 47.1 10 85 

VL20 42.6 22.5 35.1 50.1 7 85 

VL25 45.4 24.7 37.1 53.6 7 90 

VL30 47.6 28.2 38.2 57.0 2 100 

POST 39.8 27.8 30.6 49.1 2 100 
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Figure 4.24 Graph of VER over time for experiment 3 

There was a significant (p < 0.001) main effect of VER across the time of the VLT. Only the 

VER at time PRE was significantly different the other time points of the VLT (summarized in 

Table 4.46). There was a significant increase (p < 0.001) of 17.6 VER between VL05 and PRE. 

The were no significant changes of VER after VL05. There was a significant increase (p = 0.001) 

of 22.7 VER between POST and PRE.  
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Table 4.46 Multiple comparison statistics for VER over time for experiment 3 

 

(I) Time (J) Time 

Mean Difference 

(I-J) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

PRE VL05 -17.6 3.7 < 0.001 -29.6 -5.6 

VL10 -19.8 3.9 < 0.001 -32.4 -7.1 

VL15 -23.2 4.1 < 0.001 -36.4 -9.9 

VL20 -25.5 4.3 < 0.001 -39.6 -11.3 

VL25 -28.2 4.7 < 0.001 -43.5 -13.0 

VL30 -30.5 5.2 < 0.001 -47.5 -13.5 

POST -22.7 5.1 0.001 -39.5 -6.0 

VL30 PRE 30.5 5.2 < 0.001 13.5 47.5 

VL05 12.9 5.5 0.454 -4.9 30.8 

VL10 10.8 5.6 0.821 -7.5 29.0 

VL15 7.4 5.7 0.998 -11.3 26.0 

VL20 5.1 5.9 1.000 -14.2 24.3 

VL25 2.3 6.2 1.000 -17.7 22.2 

POST 7.8 6.5 0.999 -13.3 28.8 

POST PRE 22.7 5.1 0.001 6.0 39.5 

VL05 5.2 5.4 1.000 -12.5 22.8 

VL10 3.0 5.5 1.000 -15.1 21.0 

VL15 -0.4 5.7 1.000 -18.9 18.0 

VL20 -2.7 5.9 1.000 -21.8 16.3 

VL25 -5.5 6.1 1.000 -25.3 14.3 

VL30 -7.8 6.5 0.999 -28.8 13.3 
 

 

Fundamental Frequency and Vocal Loading 

The measured F0 met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each time point of the vocal loading the F0 (M; SD) is as 

follows (summarized in Table 4.47 with 95% confidence interval, minimum, and maximum): 

PRE; before VLT (M = -0.01 ST; SD = 0.78 ST), VL05; after 5 minutes of VLT (M = 2.72 ST; 

SD = 1.9 ST), VL10; after 10 minutes of VLT (M = 3 ST; SD = 1.96 ST), VL15; after 15 
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minutes of VLT (M = 2.97 ST; SD = 1.92 ST), VL20; after 20 minutes of VLT (M = 3.06 ST; 

SD = 1.92 ST), VL25; after 25 minutes of VLT (M = 3.17 ST; SD = 2.04 ST), VL30; after 30 

minutes of VLT (M = 3.04 ST; SD = 2.02 ST), POST; after the complete VLT (M = 0.83 ST; SD 

= 1.34 ST), Figure 4.25 shows a line graph of the F0 across the loading. 

Table 4.47 Descriptive statistics for F0 over time for experiment 3 

 

Fundamental Frequency (ST) 

Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

PRE -0.01 0.78 -0.11 0.09 -1.84 3.31 

VL05 2.72 1.90 2.41 3.04 -1.08 7.52 

VL10 3.00 1.96 2.68 3.32 -0.42 8.14 

VL15 2.97 1.92 2.64 3.29 -1.00 8.28 

VL20 3.06 1.92 2.74 3.38 -0.41 7.94 

VL25 3.17 2.04 2.83 3.51 -0.23 7.82 

VL30 3.04 2.02 2.70 3.38 -0.89 8.09 

POST 0.83 1.34 0.65 1.01 -2.90 7.29 
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Figure 4.25 Graph of F0 over time for experiment 3 

 

There was a significant (p < 0.001) main effect of F0 across the time of the VLT. There was 

a significant increase (p < 0.001) in F0 of 2.74 ST from PRE to VL05 (summarized in Table 

4.48). There were no significant changes of F0 across the VLT. There was a significant increase 

(p < 0.001) of 0.84 ST from PRE to POST. There was a significant decrease (p < 0.001) of 2.21 

ST from VL30 to POST. 
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Table 4.48 Multiple comparison statistics for F0 over time for experiment 3 

 

(I) Time (J) Time 

Mean Difference 

(I-J) (ST) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

PRE VL05 -2.74 0.17 < 0.001 -3.26 -2.21 

VL10 -3.01 0.17 < 0.001 -3.55 -2.47 

VL15 -2.98 0.17 < 0.001 -3.52 -2.44 

VL20 -3.07 0.17 < 0.001 -3.61 -2.54 

VL25 -3.19 0.18 < 0.001 -3.76 -2.62 

VL30 -3.05 0.18 < 0.001 -3.62 -2.48 

POST -0.84 0.11 < 0.001 -1.17 -0.51 

VL30 PRE 3.05 0.18 < 0.001 2.48 3.62 

VL05 0.31 0.23 0.997 -0.42 1.05 

VL10 0.04 0.24 1.000 -0.71 0.78 

VL15 0.07 0.24 1.000 -0.68 0.82 

VL20 -0.03 0.24 1.000 -0.77 0.72 

VL25 -0.14 0.24 1.000 -0.90 0.63 

POST 2.21 0.19 < 0.001 1.59 2.82 

POST PRE 0.84 0.11 < 0.001 0.51 1.17 

VL05 -1.90 0.18 < 0.001 -2.48 -1.32 

VL10 -2.17 0.19 < 0.001 -2.76 -1.58 

VL15 -2.14 0.19 < 0.001 -2.73 -1.55 

VL20 -2.23 0.19 < 0.001 -2.82 -1.65 

VL25 -2.35 0.20 < 0.001 -2.96 -1.73 

VL30 -2.21 0.19 < 0.001 -2.82 -1.59 
 

 

Standard Deviation of Fundamental Frequency and Vocal Loading 

The measured F0sd met the assumptions for normality, independence, and equal variance. 

For each time point of the vocal loading the F0sd (M; SD) is as follows (summarized in Table 

4.49 with 95% confidence interval, minimum, and maximum): PRE; before VLT (M = 1.91 ST; 

SD = 0.83 ST), VL05; after 5 minutes of VLT (M = 2.3 ST; SD = 0.76 ST), VL10; after 10 

minutes of VLT (M = 2.44 ST; SD = 0.77 ST), VL15; after 15 minutes of VLT (M = 2.49 ST; 
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SD = 0.73 ST), VL20; after 20 minutes of VLT (M = 2.52 ST; SD = 0.81 ST), VL25; after 25 

minutes of VLT (M = 2.53 ST; SD = 0.78 ST), VL30; after 30 minutes of VLT (M = 2.51 ST; 

SD = 0.76 ST), POST; after the complete VLT (M = 2.16 ST; SD = 0.81 ST), Figure 4.26 shows 

a line graph of the F0sd across the loading. 

Table 4.49 Descriptive statistics for F0sd over time for experiment 3 

 

Fundamental Frequency Standard Deviation (ST)  

Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

PRE 1.91 0.83 1.79 2.03 0.55 4.61 

VL05 2.30 0.76 2.17 2.42 0.99 4.55 

VL10 2.44 0.77 2.31 2.57 1.08 4.47 

VL15 2.49 0.73 2.36 2.61 1.18 4.73 

VL20 2.52 0.81 2.38 2.66 1.01 4.57 

VL25 2.53 0.78 2.40 2.66 1.17 4.68 

VL30 2.51 0.76 2.39 2.64 1.10 4.76 

POST 2.16 0.81 2.04 2.28 0.88 4.68 
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Figure 4.26 Graph of F0sd over time for experiment 3 

There was a significant (p < 0.001) main effect of F0sd across the time of the VLT. There 

was an increase (p < 0.001) in F0sd of 0.6 ST from PRE to VEL05, no change across the VLT, 

and a decrease (p = 0.002) of 0.36 ST from VEL30 to POST (summarized in Table 4.50). There 

was also an increase (p = 0.043) of 0.25 ST from PRE to POST. 
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Table 4.50 Multiple comparison statistics for F0sd over time for experiment 3 

 

(I) Time (J) Time 

Mean Difference 

(I-J) (ST) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

PRE VL05 -0.39 0.09 < 0.001 -0.65 -0.12 

VL10 -0.53 0.09 < 0.001 -0.79 -0.27 

VL15 -0.58 0.09 < 0.001 -0.84 -0.31 

VL20 -0.61 0.09 < 0.001 -0.87 -0.35 

VL25 -0.62 0.09 < 0.001 -0.88 -0.35 

VL30 -0.60 0.09 < 0.001 -0.87 -0.34 

POST -0.25 0.08 0.043 -0.49 0.00 

VL30 PRE 0.60 0.09 < 0.001 0.34 0.87 

VL05 0.22 0.09 0.285 -0.07 0.50 

VL10 0.08 0.09 0.993 -0.21 0.36 

VL15 0.03 0.09 1.000 -0.26 0.32 

VL20 -0.01 0.09 1.000 -0.29 0.28 

VL25 -0.01 0.09 1.000 -0.30 0.27 

POST 0.36 0.09 0.002 0.09 0.63 

POST PRE 0.25 0.08 0.043 0.00 0.49 

VL05 -0.14 0.09 0.773 -0.41 0.13 

VL10 -0.28 0.09 0.032 -0.55 -0.01 

VL15 -0.33 0.09 0.006 -0.60 -0.06 

VL20 -0.36 0.09 0.001 -0.63 -0.09 

VL25 -0.37 0.09 0.001 -0.64 -0.10 

VL30 -0.36 0.09 0.002 -0.63 -0.09 
 

 

Speech Level and Vocal Loading 

The measured SL met the assumptions for normality, independence, and equal variance. For 

each time point of the vocal loading the SL (M; SD) is as follows (summarized in Table 4.51 

with 95% confidence interval, minimum, and maximum): PRE; before VLT (M = 56.23 dB; SD 

= 5.26 dB), VL05; after 5 minutes of VLT (M = 66.99 dB; SD = 4.91 dB), VL10; after 10 

minutes of VLT (M = 67.45 dB; SD = 4.79 dB), VL15; after 15 minutes of VLT (M = 67.57 dB; 
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SD = 4.79 dB), VL20; after 20 minutes of VLT (M = 67.53 dB; SD = 4.67 dB), VL25; after 25 

minutes of VLT (M = 67.42 dB; SD = 5.11 dB), VL30; after 30 minutes of VLT (M = 66.86 dB; 

SD = 4.99 dB), POST; after the complete VLT (M = 57.46 dB; SD = 5.13 dB), Figure 4.27 

shows a line graph of the SL across the loading. 

Table 4.51 Descriptive statistics for SL over time for experiment 3 

 

Speech Level (dB) 

Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

PRE 56.23 5.26 55.55 56.91 43.55 68.16 

VL05 66.99 4.91 66.18 67.80 55.21 83.28 

VL10 67.45 4.79 66.67 68.24 57.13 81.93 

VL15 67.57 4.79 66.78 68.37 57.45 83.02 

VL20 67.53 4.67 66.77 68.30 55.76 82.62 

VL25 67.42 5.11 66.58 68.26 55.54 82.74 

VL30 66.86 4.99 66.04 67.69 54.73 81.65 

POST 57.46 5.13 56.75 58.17 42.93 70.54 
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Figure 4.27 Graph of SL over time for experiment 3 

There was a significant (p < 0.001) main effect of SL across the time of the VLT. There was 

a significant increase in SL of 10.6 dB (p < 0.001) from PRE to VL05 (summarized in Table 

4.52). There were no significant changes of SL across the VLT or from PRE and POST.  There 

was a significant decrease in SL of 9.4 dB (p < 0.001) from VL30 to POST. 
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Table 4.52 Multiple comparison statistics for SL over time for experiment 3 

 

(I) Time (J) Time 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

PRE VL05 -10.76 0.53 < 0.001 -12.37 -9.16 

VL10 -11.22 0.53 < 0.001 -12.83 -9.62 

VL15 -11.35 0.53 < 0.001 -12.96 -9.73 

VL20 -11.31 0.53 < 0.001 -12.91 -9.70 

VL25 -11.19 0.53 < 0.001 -12.80 -9.59 

VL30 -10.63 0.53 < 0.001 -12.24 -9.02 

POST -1.23 0.48 0.170 -2.69 0.23 

VL30 PRE 10.63 0.53 < 0.001 9.02 12.24 

VL05 -0.13 0.59 1.000 -1.92 1.66 

VL10 -0.59 0.59 0.974 -2.38 1.19 

VL15 -0.71 0.59 0.930 -2.51 1.08 

VL20 -0.67 0.59 0.947 -2.46 1.12 

VL25 -0.56 0.59 0.981 -2.35 1.23 

POST 9.40 0.55 < 0.001 7.75 11.06 

POST PRE 1.23 0.48 0.170 -0.23 2.69 

VL05 -9.53 0.54 < 0.001 -11.19 -7.88 

VL10 -9.99 0.54 < 0.001 -11.64 -8.34 

VL15 -10.12 0.55 < 0.001 -11.77 -8.46 

VL20 -10.07 0.54 < 0.001 -11.73 -8.42 

VL25 -9.96 0.54 < 0.001 -11.61 -8.31 

VL30 -9.40 0.55 < 0.001 -11.06 -7.75 
 

 

Speech Level Standard Deviation and Vocal Loading 

The measured SLsd met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each time point of the vocal loading the SLsd (M; SD) is as 

follows (summarized in Table 4.53 with 95% confidence interval, minimum, and maximum): 

PRE; before VLT (M = 3.56 dB; SD = 0.32 dB), VL05; after 5 minutes of VLT (M = 3.78 dB; 

SD = 0.22 dB), VL10; after 10 minutes of VLT (M = 3.77 dB; SD = 0.19 dB), VL15; after 15 
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minutes of VLT (M = 3.82 dB; SD = 0.21 dB), VL20; after 20 minutes of VLT (M = 3.81 dB; 

SD = 0.21 dB), VL25; after 25 minutes of VLT (M = 3.8 dB; SD = 0.21 dB), VL30; after 30 

minutes of VLT (M = 3.79 dB; SD = 0.23 dB), POST; after the complete VLT (M = 3.63 dB; SD 

= 0.33 dB), Figure 4.28 shows a line graph of the SLsd across the loading. 

Table 4.53 Descriptive statistics for SLsd over time for experiment 3 

 

Speech Level Standard Deviation (dB) 

Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

PRE 3.56 0.32 3.51 3.61 3.00 4.31 

VL05 3.78 0.22 3.74 3.81 3.22 4.37 

VL10 3.77 0.19 3.74 3.81 3.11 4.20 

VL15 3.82 0.21 3.79 3.85 3.26 4.45 

VL20 3.81 0.21 3.78 3.84 3.29 4.38 

VL25 3.80 0.21 3.77 3.84 3.33 4.32 

VL30 3.79 0.23 3.75 3.83 3.25 4.50 

POST 3.63 0.33 3.58 3.68 3.01 4.38 
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Figure 4.28 Graph of SLsd over time for experiment 3 

There was a significant (p < 0.001) main effect of SLsd across the time of the VLT. There 

was a significant increase in SLsd of 0.23 dB (p < 0.001) from PRE to VL05 (summarized in 

Table 4.54). There were no significant changes of SLsd across the VLT or from PRE and POST.  

There was a significant decrease in SLsd of 0.16 dB (p < 0.001) from VL30 to POST. 
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Table 4.54 Multiple comparison statistics for SLsd over time for experiment 3 

 

(I) Time (J) Time 

Mean Difference 

(I-J) (dB) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

PRE VL05 -0.21 0.03 < 0.001 -0.31 -0.12 

VL10 -0.21 0.03 < 0.001 -0.30 -0.12 

VL15 -0.26 0.03 < 0.001 -0.35 -0.16 

VL20 -0.25 0.03 < 0.001 -0.34 -0.15 

VL25 -0.24 0.03 < 0.001 -0.34 -0.15 

VL30 -0.23 0.03 < 0.001 -0.32 -0.13 

POST -0.07 0.04 0.838 -0.18 0.05 

VL30 PRE 0.23 0.03 < 0.001 0.13 0.32 

VL05 0.01 0.03 1.000 -0.07 0.10 

VL10 0.01 0.02 1.000 -0.06 0.09 

VL15 -0.03 0.03 0.999 -0.11 0.05 

VL20 -0.02 0.03 1.000 -0.10 0.06 

VL25 -0.02 0.03 1.000 -0.10 0.07 

POST 0.16 0.03 < 0.001 0.06 0.26 

POST PRE 0.07 0.04 0.838 -0.05 0.18 

VL05 -0.15 0.03 < 0.001 -0.25 -0.04 

VL10 -0.15 0.03 < 0.001 -0.24 -0.05 

VL15 -0.19 0.03 < 0.001 -0.29 -0.09 

VL20 -0.18 0.03 < 0.001 -0.28 -0.08 

VL25 -0.18 0.03 < 0.001 -0.28 -0.07 

VL30 -0.16 0.03 < 0.001 -0.26 -0.06 
 

 

Smoothed Cepstral Peak Prominence and Vocal Loading 

The measured CPPS met the assumptions for normality and independence. However, equal 

variance cannot be assumed. For each time point of the vocal loading the CPPS (M; SD) is as 

follows (summarized in Table 4.55 with 95% confidence interval, minimum, and maximum): 

PRE; before VLT (M = 13.39 dB; SD = 1.37 dB), VL05; after 5 minutes of VLT (M = 13.57 dB; 

SD = 1 dB), VL10; after 10 minutes of VLT (M = 13.53 dB; SD = 1.08 dB), VL15; after 15 
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minutes of VLT (M = 13.51 dB; SD = 1.07 dB), VL20; after 20 minutes of VLT (M = 13.49 dB; 

SD = 1.03 dB), VL25; after 25 minutes of VLT (M = 13.7 dB; SD = 0.99 dB), VL30; after 30 

minutes of VLT (M = 13.61 dB; SD = 0.94 dB), POST; after the complete VLT (M = 13.44 dB; 

SD = 1.42 dB), Figure 4.29 shows a line graph of the CPPS across the loading. 

Table 4.55 Descriptive statistics for CPPS over time for experiment 3 

 

Smoothed Cepstral Peak Prominence (CPPS)   

Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

PRE 13.39 1.37 13.20 13.58 10.28 16.26 

VL05 13.57 1.00 13.40 13.74 10.85 15.53 

VL10 13.53 1.08 13.35 13.70 10.51 15.43 

VL15 13.51 1.07 13.34 13.69 10.57 15.42 

VL20 13.49 1.03 13.32 13.66 10.41 15.68 

VL25 13.70 0.99 13.53 13.87 10.38 15.80 

VL30 13.61 0.94 13.45 13.77 10.97 15.21 

POST 13.44 1.42 13.23 13.65 10.38 16.41 
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Figure 4.29 Graph of CPPS over time for experiment 3 

There was no main effect of CPPS across the time of the VLT. 

Vocal Load Response Clustering 

In order to detect potential participants groups that differ in vocal effort as a response to the 

vocal loading, k-means clustering was used on the feature set from 3.4.e. Two features were 

determined to be sufficient to cluster the data. These features were the noise load response 

(NLR) and the temporal load response (TLR). Both features were statistically significant (NLR: 

p = 0.003; TLR: p < 0.001) features in the k-means clustering (Table 4.56). This significance 

was obtained through F tests and is used only for descriptive purposes as the clusters are chosen 

to maximize the differences across the cases in the clusters. Independent samples t-tests confirm 

that means of the two clusters for NLR (p < 0.001) and TLR (p = 0.001) are significantly 

different (Table 4.57). These two features were not correlated meeting the assumptions of 

orthogonality (Table 4.58). There were 14 participants in cluster 1 (CL1) and 24 participants in 
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cluster 2 (CL2). The center of CL1 was NLR of 26.4 and TLR of 32.9. The center of CL2 was 

NLT of 12.2 and TLR of 0.8. Since both features relate to vocal load responses and are higher in 

CL1, CL1 was relabeled to high vocal load response (HVLR) and CL2 was relabeled to low 

vocal load response (LVLR). Table 4.59 summarizes the count and centers of the two clusters 

and Figure 4.30 shows the data separated by cluster including cluster centers. 

Table 4.56  F tests for feature significance in k-means clustering of VER for experiment 3 

 

 

Cluster Error 

F Sig. Mean Square df Mean Square df 

NLR 1739.954 1 164.146 35 10.600 .003 

TLR 8993.050 1 213.338 35 42.154 < 0.001 
 

 
Table 4.57 Independent samples t-test for comparison of means between LVLR and HVLR clusters in 

experiment 3 

 

 

Levene's Test 

for Equality of 

Variances t-test for Equality of Means 

F Sig. t df Sig. (2-tailed) 

Mean 

Difference 

Std. Error 

Difference 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

NLR  .940 .339 5.902 35 .000 20.461 3.467 13.423 27.498 

TLR  1.512 .227 3.469 35 .001 21.730 6.264 9.014 34.447 
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Table 4.58 Bivariate correlation between features NLR and TLR for experiment 3 

 

 TLR 

NLR Pearson Correlation .083 

Sig. (2-tailed) .625 
 

 

 
Table 4.59 Cluster information including number of cases and centers for NLR and TLR for 

experiment 3 

 

Group 

 Cluster Center 

N NLR TLR 

LVLR 23 12.2 0.8 

HVLR 14 26.4 32.9 
 

 

 

Figure 4.30 Scatter plot of clustered data with cluster centers. Square markers are the LVLR group, 

triangle markers are the HVLR group, and the circle markers are the cluster centers as labeled. 
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The analyses for VER and vocal loadings were repeated with the two groups. The measured 

VER for HVLR met the assumptions for normality and independence. However, equal variance 

cannot be assumed. For each time point of the vocal loading the VER for HVLR (M; SD) is as 

follows (summarized in Table 4.60 with 95% confidence interval, minimum, and maximum): 

PRE; before VLT (M = 15.43 ; SD = 9.9 ), VL05; after 5 minutes of VLT (M = 41.79 ; SD = 

12.4 ), VL10; after 10 minutes of VLT (M = 45.07 ; SD = 16.14 ), VL15; after 10 minutes of 

VLT (M = 53.93 ; SD = 17.23 ), VL20; after 10 minutes of VLT (M = 60.86 ; SD = 15.82 ), 

VL25; after 10 minutes of VLT (M = 67.43 ; SD = 14.84 ), VL30; after 10 minutes of VLT (M = 

74.71 ; SD = 16.05 ), POST; after the complete VLT (M = 61.86 ; SD = 29 ), Figure 4.31 shows 

a line graph of the VER across the loading. 

The measured VER for LVLR met the assumptions for normality, independence, and equal 

variance. For each time point of the vocal loading the VER for LVLR (M; SD) is as follows 

(summarized in Table 4.60 with 95% confidence interval, minimum, and maximum): PRE; 

before VLT (M = 18.13 ; SD = 15.95 ), VL05; after 5 minutes of VLT (M = 30.35 ; SD = 19.28 

), VL10; after 10 minutes of VLT (M = 31.87 ; SD = 19.42 ), VL15; after 10 minutes of VLT (M 

= 31.96 ; SD = 17.95 ), VL20; after 10 minutes of VLT (M = 31.43 ; SD = 18.35 ), VL25; after 

10 minutes of VLT (M = 31.91 ; SD = 19.2 ), VL30; after 10 minutes of VLT (M = 31.13 ; SD = 

19.99 ), POST; after the complete VLT (M = 26.43 ; SD = 16.37 ), Figure 4.31 shows a line 

graph of the VER across the loading separated by the cluster groups. 
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Table 4.60 Descriptive statistics for VER across time for HVLR and LVLR clusters for experiment 3 

 

Vocal Effort Rating 

Cluster     Time Mean 

Std. 

Deviation 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

HVLR PRE 15.4 9.9 9.7 21.1 3.0 30.0 

VL05 41.8 12.4 34.6 48.9 13.0 65.0 

VL10 45.1 16.1 35.8 54.4 12.0 70.0 

VL15 53.9 17.2 44.0 63.9 35.0 85.0 

VL20 60.9 15.8 51.7 70.0 25.0 85.0 

VL25 67.4 14.8 58.9 76.0 45.0 90.0 

VL30 74.7 16.0 65.5 84.0 55.0 100.0 

POST 61.9 29.0 45.1 78.6 2.0 100.0 

LVLR PRE 18.1 15.9 11.2 25.0 2.0 60.0 

VL05 30.3 19.3 22.0 38.7 7.0 80.0 

VL10 31.9 19.4 23.5 40.3 8.0 79.0 

VL15 32.0 17.9 24.2 39.7 10.0 79.0 

VL20 31.4 18.4 23.5 39.4 7.0 83.0 

VL25 31.9 19.2 23.6 40.2 7.0 84.0 

VL30 31.1 20.0 22.5 39.8 2.0 85.0 

POST 26.4 16.4 19.4 33.5 2.0 75.0 
 

 



 

 

 139 

 

 
Figure 4.31 Line graph of VER over time separated clusters HVLR and LVLR for experiment 3 

There was a significant (p < 0.001) main effect of VER across the VLT for HVLR. There 

was no significant effect of VER across the VLT for LVLR. For HVLR, there was an increase of 

VER of 26.4 (p < 0.001) from PRE to VL05, an increase of 32.9 (p < 0.001) from VEL30 to 

VEL05, and an increase of 46.4 (p = 0.001) between PRE and POST (summarized in Table 

4.61). 
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Table 4.61 Multiple comparison statistics for VER across time for HVLR for experiment 3 

 

(I) Time (J) Time 

Mean 

Difference (I-J) 

Std. 

Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

PRE VL05 -26.4 4.2 < 0.001 -41.2 -11.6 

VL10 -29.6 5.1 < 0.001 -47.6 -11.7 

VL15 -38.5 5.3 < 0.001 -57.5 -19.5 

VL20 -45.4 5.0 < 0.001 -63.1 -27.7 

VL25 -52.0 4.8 < 0.001 -68.8 -35.2 

VL30 -59.3 5.0 < 0.001 -77.2 -41.4 

POST -46.4 8.2 0.001 -77.0 -15.9 

VEL30 PRE 59.3 5.0 < 0.001 41.4 77.2 

VL05 32.9 5.4 < 0.001 14.0 51.9 

VL10 29.6 6.1 0.001 8.5 50.7 

VL15 20.8 6.3 0.075 -1.1 42.6 

VL20 13.9 6.0 0.570 -7.0 34.8 

VL25 7.3 5.8 0.999 -13.0 27.6 

POST 12.9 8.9 0.993 -18.9 44.6 

POST PRE 46.4 8.2 0.001 15.9 77.0 

VL05 20.1 8.4 0.558 -10.8 51.0 

VL10 16.8 8.9 0.879 -15.0 48.5 

VL15 7.9 9.0 1.000 -24.2 40.0 

VL20 1.0 8.8 1.000 -30.7 32.7 

VL25 -5.6 8.7 1.000 -37.0 25.8 

VL30 -12.9 8.9 0.993 -44.6 18.9 
 

 

There was not a significant difference in VER between HVLR and LVLR at PRE or VL05. 

There were significant differences between HVLR and LVLR for the other times (summarized in 

Table 4.62). In each of these cases, the VER of HVLR were higher than LVLR. There was a 
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VER difference of 13.2 (p = 0.04) at VL10, 22.0 at VL15 (p = 0.001), 29.4 at VL20 (p < 0.001), 

35.5 at VL25 (p < 0.001), 43.6 at VL30 (p < 0.001), and 35.4 at POST (p < 0.001).  

 
Table 4.62 Independent sample comparison of VER across time between cluster groups HVLR and 

LVLR for experiment 3 

 

 

Mean Difference 

(HVLR-LVLR) 

Std. Error 

Difference 

95% Confidence Interval 

of the Difference Sig. (2-

tailed) Lower Upper 

PRE -2.7 4.7 -12.3 6.9 0.573 

VL05 11.4 5.8 -0.3 23.2 0.056 

VL10 13.2 6.2 0.6 25.8 0.040 

VL15 22.0 6.0 9.8 34.1 0.001 

VL20 29.4 5.9 17.4 41.4 < 0.001 

VL25 35.5 6.0 23.3 47.7 < 0.001 

VL30 43.6 6.3 30.8 56.4 < 0.001 

POST 35.4 7.4 20.3 50.5 < 0.001 
 

 

 

Acoustic Voice Change Clustering 

There were 16 participants with significant (p < 0.05 for the model and for at least one 

acoustic covariate) general linear models (GLM) comparing the PRE-POST differences of the 

five vocal performance measures. The 21 participants without significant models were classified 

as a no voice change group (NVC) and the other 16 participants were classified as a voice 

change group (YVC). The average goodness-of-fit coefficient, Pearson’s r, for YVC was 0.93 

(SD = 0.27), since the GLM of NVC were not significant, therefore no goodness-of-fit 

coefficients are presented (summarized in Table 4.63) 
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Table 4.63 Descriptive statistics for Pearson's R for general linear model for PRE-POST acoustic changes 

in voice change group (YVC) for experiment 1 

 

 Mean Std. Deviation Minimum Maximum 

R 0.93 0.27 0.84 0.98 
 

 

Vocal Load Response and Acoustic Voice Change Clustering 

The cross-sections of the clusters developed for vocal load response and acoustic voice 

change formed four groups, low vocal load response and no voice change (LVLR-NVC), low 

vocal load response and voice changes (LVLR-YVC), high vocal load response and no voice 

change (HVLR-NVC), and high vocal load response and voice changes (HVLR-YVC). There 

were 15 participants (10 males and 5 females) in LVLR-NVC, 8 participants (2 males and 6 

females) in LVLR-YVC, 6 participants (3 males and 3 females) in HVLR-NVC, and 8 

participants (3 males and 5 females) in HVLR-YVC (summarize in Figure 4.32). 

Voice 

Change 

Yes 

(YVC) 8 8 

No 

(NVC) 15 6 

  

Low 

(LVLR) 

High 

(HVLR) 

  Vocal Load Response 
  

 

Figure 4.32 Number of participants in each of the four vocal load response-voice change groups 

 

 



 

 

 143 

The group descriptive statistics for PRE and POST the vocal loading task for vocal effort 

rating (VER), fundamental frequency (F0), fundamental frequency standard deviation (F0sd), 

speech level (SL), speech level standard deviation (SLsd), and smoothed cepstral peak 

prominence (CPPS) are summarized in Table 4.64.  

Table 4.64 Descriptive statistics for all five acoustic voice measures across PRE-POST for each vocal 

load response-voice change groups for experiment 3 

 

Time Group VER 

F0 

(ST) 

F0sd 

(ST) 

SL 

(dB) 

SLsd 

(dB) 

CPPS 

(dB) 

PRE LVLR-NVC Mean 17.3 -0.01 2.01 57.12 3.54 13.15 

Std. 

Deviation 
16.2 0.71 0.90 5.28 0.40 1.38 

Minimum 2 -1.31 0.90 45.68 2.44 9.66 

Maximum 60 2.03 4.61 68.16 4.76 16.75 

LVLR-YVC Mean 19.8 -0.09 1.86 53.87 3.36 13.78 

Std. 

Deviation 
16.4 0.76 1.04 3.91 0.39 1.48 

Minimum 3 -1.33 0.55 44.79 2.51 9.44 

Maximum 55 2.12 6.14 64.24 4.19 16.26 

HVLR-

NVC 

Mean 11.3 -0.01 1.88 53.20 3.35 12.31 

Std. 

Deviation 
10.1 0.65 0.99 4.52 0.44 2.09 

Minimum 3 -1.20 0.76 44.26 2.32 8.61 

Maximum 30 1.73 5.01 59.98 4.27 15.75 

HVLR-

YVC 

Mean 18.5 0.00 2.03 57.44 3.55 13.54 

Std. 

Deviation 
9.1 0.86 0.88 3.70 0.43 1.25 

Minimum 3 -1.84 0.69 51.90 2.70 10.16 

Maximum 30 2.21 5.61 65.73 4.70 16.09 
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Table 4.64 (cont’d) 

 

POST LVLR-

NVC 

Mean 26.1 0.83 1.98 57.92 3.56 13.55 

 Std. 

Deviation 
19.2 0.91 0.74 4.57 0.40 1.14 

 Minimum 2 -1.53 0.88 44.83 2.54 10.07 

 Maximum 75 2.60 4.46 66.18 4.60 16.10 

 LVLR-

YVC 

Mean 27.1 0.04 2.22 55.56 3.39 13.32 

 Std. 

Deviation 
10.1 0.95 1.02 4.31 0.49 2.28 

 Minimum 7 -1.84 0.92 45.38 2.50 8.99 

 Maximum 35 2.10 5.32 64.28 4.56 17.56 

 HVLR-

NVC 

Mean 56.5 1.08 2.37 55.53 3.55 13.03 

 Std. 

Deviation 
28.0 0.86 0.98 5.77 0.41 2.20 

 Minimum 10 -0.70 1.00 45.38 2.49 9.53 

 Maximum 89 2.48 4.83 66.52 4.18 16.18 

 HVLR-

YVC 

Mean 65.9 0.79 2.46 58.91 3.82 13.00 

 Std. 

Deviation 
31 1.13 0.88 2.75 0.49 1.35 

 Minimum 2 -2.22 1.26 54.84 2.84 9.73 

 Maximum 100 2.59 5.48 67.52 5.04 14.92 
 

 

Only F0 was significantly different from PRE to POST for LVLR-NVC, HVLR-NVC, and 

HVLR-YVC. Group LVLR-NVC had a POST F0 increase (p < 0.001) of 0.85 ST, group HVLR-

NVC had a POST increase (p < 0.001) of 1.09 ST, and group HVLR-YVC had a post increase (p 

< 0.001) of 0.78 ST. In addition to F0, group HVLR-YVC had a significant POST F0sd increase 

(p = 0.022) of 0.42 ST, a POST SL increase (p = 0.029) of 1.48 dB, a POST SLsd increase of 

0.28 dB (p = 0.004), and a POST CPPS decrease of 0.54 dB (p = 0.046). These comparisons are 

summarized in Table 4.65. 
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Table 4.65 Independent samples t-test comparing each of the five acoustic measures across PRE-POST 

for each vocal load response-voice change group for experiment 3 

 

  

Sig. (2-

tailed) 

Mean Difference 

(POST-PRE) 

Std. Error 

Difference 

95% Confidence Interval 

of the Difference 

Lower Upper 

LVLR-

NVC 

F0  < 0.001 0.85 0.13 -1.10 -0.60 

F0sd  0.866 -0.02 0.13 -0.24 0.29 

SL  0.284 0.80 0.75 -2.28 0.67 

SLsd  0.752 0.02 0.06 -0.15 0.11 

CPPS  0.056 0.39 0.20 -0.80 0.01 

LVLR-

YVC 

F0  0.482 0.13 0.18 -0.49 0.23 

F0sd  0.112 0.36 0.22 -0.80 0.09 

SL  0.057 1.70 0.88 -3.45 0.05 

SLsd  0.771 0.03 0.09 -0.21 0.16 

CPPS  0.250 -0.46 0.40 -0.33 1.25 

HVLR-

NVC 

F0  < 0.001 1.09 0.19 -1.48 -0.70 

F0sd  0.066 0.50 0.26 -1.02 0.03 

SL  0.081 2.33 1.31 -4.95 0.29 

SLsd  0.118 0.20 0.13 -0.45 0.05 

CPPS  0.190 0.73 0.55 -1.83 0.37 

HVLR-

YVC 

F0  < 0.001 0.78 0.19 -1.17 -0.40 

F0sd  0.022 0.42 0.18 -0.79 -0.06 

 SL  0.029 1.48 0.67 -2.80 -0.15 

SLsd  0.004 0.28 0.09 -0.46 -0.09 

CPPS  0.045 -0.54 0.27 0.01 1.07 
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CHAPTER V: DISCUSSION 

This chapter provides the interpretation, implications, limitations, and future 

recommendations from the findings presented in Chapter IV. The chapter is outlined as follows, 

for each experiment a review of the hypotheses and research questions will be followed by a 

discussion of the interpretation of the significant findings, implications of how these support or 

do not support the research hypotheses, the limitations of the experimental methods, and future 

recommendations for further exploration. Following the discussions for the individual 

experiments is a general discussion from the perspective of all of the experimental results and the 

central hypothesis, H0. 

H0: The changes in vocal performance, vocal effort, and/or their interaction 

through a vocal load will implicate vocal fatigue. 

5.1 Experiment 1 

The purpose of this experiment was to test hypothesis 1 (H1). 

Q1: Can perceived vocal effort be measured reliably and if so, how does vocal 

performance in terms of vocal intensity change with vocal effort? 

H1: Vocal performance in terms of vocal intensity will be distinct for each vocal effort 

level and be consistent within and across participants. 

In context of the central hypothesis (H0), Experiment 1 aims to validate the use of the Borg 

CR-100 scale as an instrument to measure vocal effort to be used in future work of vocal effort 

through vocal loading. Since vocal effort is a psychophysical phenomenon, vocal production as 

the physical manifestation of vocal effort should directly relate to the psychological sensations of 
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vocal effort. Therefore, the instrument will be considered valid if the voice production for 

different vocal effort levels are distinct and repeatable.  

5.1.a Interpretations and Implications 

There were significant increases of fundamental frequency (F0), speech level (SL), and 

smoothed cepstral peak prominence (CPPS) across the four cued vocal effort levels (VEL02 - 

minimal vocal effort, VEL13 - slight vocal effort, VEL25 - moderate vocal effort, VEL50 -  

severe vocal effort; from Borg CR-100 scale on Fig. 3.1). It was expected that SL would increase 

with vocal effort level. This expectation comes from previous experiments reporting increases of 

SL with vocal effort (Cushing et al., 2011; Rosenthal et al., 2014; Skinner et al., 1997). 

Additionally, the acoustic definition for vocal effort is the speech level at 1 meter (ISO, 2002), 

which supports the expectation of a direct connection between SL and vocal effort. Since vocal 

intensity measured by the speech level is distinct across the VELs, the first part of hypothesis 1 

(H1, “Vocal performance in terms of vocal intensity will be distinct for each vocal effort level … 

across the participants”) is accepted.  

The significant changes of F0 and CPPS suggest that vocal intensity is not the only way 

talkers adjust their voices in response to increased vocal effort. Previous work (Jessen, Köster, & 

Gfroerer, 2005; McKenna & Stepp, 2018) has shown similar differences in F0 between 

conversational and raised vocal effort speech. Likewise, CPPS has been shown to increase with 

raised vocal effort (McKenna & Stepp, 2018; Rosenthal et al., 2014). These results further 

support that the effort levels elicited using the four levels from the Borg CR-100 scale relates 

directly with voice production associated with vocal effort.  

There were significant changes in F0sd and SLsd with VEL50. This finding suggests that the 

speech changes associated with higher levels of vocal effort may go beyond changes due to 
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slight and moderate vocal effort. This is a reasonable assumption as these measures have been 

shown to differ across severe conditions of the voice (V. Wolfe & Martin, 1997). 

The test-retest reliability of SL was strong (R = 0.90). This finding supports the second part 

of hypothesis 1 (H1, “Vocal performance in terms of vocal intensity will be … consistent within 

participants”). This implies that a talker who self-calibrates to the scale, as was done in the 

experiment, would be able to reliably repeat VEL at about the same segmentation distance. As a 

result, a talker should be able to experientially anchor themselves to the scale to reliably rate 

their vocal effort for a range of voice tasks. 

The results of this experiment validate the use of the Borg CR-100 scale to measure 

perceptual vocal effort. The VELs from the scale were distinct and repeatable in voice 

production which supports the psychophysical nature of vocal effort. 

5.1.b Limitations 

First, the study is limited through having only four vocal effort levels elicited. Although they 

were distinct, they only represent half the scale. Additionally, the VELs in between the ones in 

the study may be interesting. Second, the population consists of college-age adults. Although this 

allows for a more homogenous population to study, the generalizability of the results may be 

limited. While the differences in the groups are significantly different, this study cannot provide 

normative or expected values of vocal production with these levels of vocal effort due to the 

small sample size (N = 20). Lastly, the vocal effort scale was anecdotally anchored, in other 

words the participants were provided with an example of the extremes of the scale. Presumably if 

the participant had not experienced or could not properly imagine the example presented, then 

the scale would be different for that individual.  
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5.1.c Future Recommendations 

The first recommendation for future applications of these findings is to scale up the 

experiment by the hundreds. As stated above (5.1.b) the study does not provide any normative 

values and does not provide differences within different populations. Future work can explore 

the various population factors (biological sex, age, voice impairment, hearing impairment, etc.) 

that could affect vocal production and vocal effort. Additionally, population normative values 

could benefit clinical assessment of vocal effort, as evaluation of normative deviation is a 

common clinical instrument in diagnosis and therapy progress. Since multiple acoustic measures 

of vocal performance related to VEL, future analyses could investigate the relative relationship 

between these measures and their contribution to the differences across the VELs. 

5.2 Experiment 2 

The purpose of this experiment was to test hypothesis 2 (H2). 

Q2: To what degree are vocal performance and vocal effort related given three 

equivalent vocal load levels? 

H2: The vocal performance and vocal effort will be constant within equivalent load 

conditions. 

Experiment 2 contributes to understanding of how vocal effort and vocal performance are 

affected by vocal loading from different vocal loads. More specifically, this experiment tests 

whether three equivalent loads (vocal loads that should maintain acoustic energy equivalence) 

will elicit three distinct and equivalent vocal effort levels and vocal performance metrics.  

5.2.a Interpretations and Implications 

Communication Distance Vocal Load 
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For the condition of communication distance vocal load there were significant increases with 

distance for both F0 and SL. Only the most extreme condition, D04, saw increases in VER and 

CPPS. The changes in F0 were not necessarily expected, but the effects are small (about 0.4 ST 

per doubling of distances). There were expected differences in SL since it is natural to speak 

louder to someone further away, but the effects are much smaller than anticipated (about 1.4 dB 

per doubling of distance). The inverse-square law states that a doubling of distance from the 

sound source results in an attenuation of 6 dB of sound intensity. Similarly, by adjusting the 

measured SL for the distances (the calibration was at 50 cm, so the distances are 6 dB reduction 

at each doubling) it would be expected to see that the SL at 1 meter is 59.5 dB, at 2 meters is 

54.9 dB, and at 4 meters is 50.4 dB. The 60 dB SPL at 1 meter is consistent with the ISO 

standard of normal vocal effort (ISO, 2002). Additionally, the VER at 1 meter was 25.1 which is 

“moderate vocal effort” on the Borg CR-100 scale. This connection further illustrates the utility 

of the Borg CR-100 scale in measurements of vocal effort as the normal vocal effort from the 

ISO is equivalent to the moderate vocal effort of the Borg CR-100 scale.  

The lower distance-adjusted SL values suggest that individuals adjust beyond the normal 

(D01 is this case) enough to meet the needs of the new communication situation instead of 

making each situation equally intelligible. In other words, the perceived loudness would have 

decreased with distance (since the SL increased less than 6 dB per doubling of distance). 

While there was an SL difference for the distance conditions, talkers did not experience the 

effort of the production the same way as there was only a significant change in VER between the 

baseline D01 and the extreme D04 conditions. However, the distance load response may have 

been surpassed by the “closeness” effect, a social phenomenon; Traunmüller and Eriksson (2000, 

2011) noted a “closeness” effect in speech production where “differences between 0.3 m and 1.5 



 

 

 151 

m was relatively small” as a result of a “habitual floor effect: Talkers appear to retain their 

habitual vocal effort for this [close] range of distances [between a communication partner] and 

increase it appreciably only when clearly required.” This effect was also observed for CPPS 

which suggests that voice quality improvements are made to communicate at longer distances 

beyond the habitual floor. 

Loudness Goal Vocal Load 

For the condition of loudness goal vocal load there were significant increases from baseline 

to the three goal levels for VER, F0, SL, and CPPS. The first two goal levels (L54 and L60) were 

not significantly different in any parameter. The most extreme case of L66 has significant 

increases from L54 and L60 for VER, F0, SL, and CPPS. These findings suggest that there is a 

habitual floor effect with loudness goal of around L60. As participants needed to meet a loudness 

goal that was excessive to their habitual loudness, there were voice production accommodations 

beyond increase of SL. 

Since the average SL for the baseline condition was 59.5 dB at 1 meter, the L54 and L60 

should not require more effort than baseline. However, there is a difference between the baseline 

condition of D01 and the lower loudness goal conditions (L54 and L60) of VER, F0, SL, and 

CPPS. This suggests that although more vocal effort was not needed to meet the acoustic 

intensity requirements of the goal, participants perceived a vocal load associated with the goal. 

This has implications that individuals may adapt to a perceived vocal demand whether or not 

actual voice production changes are needed to communicate. One example of this is in 

telecommunication settings. If two individuals are communicating orally through an online 

medium (e.g. phone call, video conferencing), one may increase vocal effort and change their 

vocal production because they perceive a vocal load in the communication situation whether or 
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not the other person is having difficulties hearing them. If the inverse is also true (individuals not 

reducing effort when a load is removed) then this has implications in amplification use in 

schoolteachers. Schoolteachers that use amplification but continue to perceive a vocal load 

would likely not benefit from the gains provided by the amplification system.  

Background Noise Vocal Load 

For the vocal load condition of background noise there were significant differences between 

all load conditions for VER, F0, and SL. The parameters of VER, F0, and SL followed similar 

patterns as the previous loads of increasing with load severity. However, the background noise 

did not have a habitual floor effect. Changes of F0 and SL to accommodate for background noise 

is called the Lombard effect and has been well studied. There was a prediction of 6 dB 

differences across the three vocal loads per the Lombard slope found in Bottalico 2017. This was 

not the case for this data. The average Lombard slope was 0.39 (dB of SL per 1 dBA of noise 

level) as opposed to the 0.65 per 1 dBA of noise level previously reported. However, the slope in 

the present study is between the two slopes identified by Bottalico (0.24, 0.65) and also fall 

within the range of Lombard slopes reported by Lazarus (0.3—0.6 dB per 1 dB of noise level). 

There two possible explanations of these difference. (1) The listener was 1 meter away as 

opposed to 2.5 m which might flatten the Lombard slope. (2) The speech tasks in the present 

study were map descriptions and not reading tasks. This additional cognitive load may have 

resulted in a dampened Lombard effect. There was also a Lombard effect of F0 resulting in an 

average change of 0.10 ST per dBA of noise level. 

Another finding is that CPPS had significantly decreased in the extreme noise condition 

(N71). This is remarkable because in all previous scenarios (including experiment 1) CPPS has 

increased with vocal effort and loads. This suggests that there are vocal adaptations inherently 
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different in voice response to background noise load than other loads. It could be the case that a 

goal of vocal quality is associated with increased vocal effort. This would be supported by 

experiment 1, where CPPS increased with effort when there was no vocal load present. 

Additionally, the vocal loads of communication distance and loudness goal could have innate 

vocal quality goal implications. This is opposed to background noise where the vocal quality 

goal is superseded by the Lombard effect. The lack of significant differences in CPPS for the 

lower background noise conditions could be a result of competing demands of voice quality and 

overcoming the noise interference, which is overcome when the noise becomes excessive. It 

reasonable that this is a learned reflex to optimize effort while communicating in background 

noise. 

All Vocal Load Conditions 

The findings support that vocal effort and vocal performance change with vocal load when 

the load is beyond habitual voice use. This validates the use of the Borg CR-100 scale and the 

acoustic measures to be used in experiment 3 to show changes in vocal effort and vocal 

production as a result of changing vocal load level. However, evidence was not found that 

supports hypothesis 2 (H2, “The vocal performance and vocal effort will be constant within 

equivalent load conditions”). An explanation for why the communication distance was not 

equivalent with the other vocal loads is that it was too limited in extent (room dimensions) to be 

at the same level as the other two. The inequivalence between loudness goal and background 

noise may relate to vocal ability, specifically previous experience with a vocal load. The 

loudness goal vocal load is not common and therefore most participants do not have trained 

reflex to the load. Conversely, speaking in background noise is extremely common resulting in 

an establish reflex (Lombard effect). This leads to the conclusion that experience with a vocal 
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load may result in more consistent responses to the vocal loading (response to the vocal load) as 

evidenced by the differences in variance for the vocal effort ratings and acoustic measurements 

for the background noise load. Therefore, it is recommended to use a vocal load of background 

noise (and not loudness goal) for the most consistent vocal load responses, supporting the use of 

this load in experiment 3.  

5.2.b Limitations 

The most obvious limitation is that communication distance was limited to an extent of 4 

meters. This was a space limitation. The other three vocal load conditions only had three 

variations and, in the case of loudness goal, the first two approached equivalence due to the 

habitual floor. Similar to experiment 1, the population consists of college-age adults limiting the 

generalization of the results. Another possible limitation is that the room was an anechoic 

chamber. This is not a typical acoustic space and it could have made the participants disoriented. 

In particular, the background noise from loudspeakers sounds different in a space without 

reverberance due to the lack of surface reflections. As a result, the loudspeakers sound like 

headphones (only hearing the direct sound) which could have affected the perception of the noise 

(some participants commented on this effect). 

5.2.c Future Recommendations 

In general, the study accomplished its design. Further work could be done to test larger 

extents of the vocal load conditions or investigate various factors that contributed to the results. 

For example, a future study in a much larger anechoic or hemi-anechoic chamber could test the 

effect of additional distances to see if the expected 6 dB change in SL would start at a larger 

distance. Another future iteration could include different speaking tasks (such as reading) or 

more complicated description tasks to observe how the cognitive load could influence the 
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Lombard response. Finally, testing different types of background noise (pink, talker babble, etc.) 

or acoustic environments and their effect on vocal loading would be beneficial. 

The results suggest that experience with a vocal load may influence the response of the vocal 

load. This should be further tested through investigating the effect of familiarity and/or a training 

effect of the vocal load response. 

5.3 Experiment 3 

The purpose of this experiment was to test hypothesis 3 (H3). 

Q3: To what degree do vocal performance, vocal effort, and/or their interaction 

change given a combined vocal load of excess background noise over time? 

H3: The measured changes in vocal performance, vocal effort, and/or their interaction 

will change through a vocal load (background noise and prolonged speaking). 

Using the tools developed in experiments 1 and 2, experiment 3 investigates the changes in 

vocal effort and vocal performance from prolonged speaking in background noise. If the 

observed changes in vocal effort, vocal performance and their interaction implicate vocal fatigue, 

then the central hypothesis can be accepted validating the proposed framework. 

5.3.a Interpretations and Implications 

The clearest changes in vocal effort and vocal performance are between the time before 

(PRE) the vocal loading task (VLT) and after 5 minutes (VL05) of the VLT. Here there are 

significant increases in each of the outcome variables except CPPS (VER, F0, F0sd, SL, SLsd). 

This is consistent with the Lombard effect observed in experiment 2. In that experiment there 

was an increase of 71 dBA of background noise, while here there was an increase of 75 dBA of 

background noise. However, there were no observed changes throughout the VLT. This was not 

expected. This suggests that there is a change in the manner of voicing to accommodate the noise 
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and that does not change until the noise is removed. VER trended upward through the VLT but 

was not significant until clustering was performed. There were only PRE-POST differences of 

VER and F0 (and a small difference in F0sd). The PRE-POST increase of VER was expected 

and consistent with a majority of previous VLT studies. For example, the increased F0 has been 

shown in some studies and not in others. One possible explanation is that the increase could be 

from a warm-up effect. This effect has been shown in college students as a voice change 

throughout the day (Ben-David and Icht 2016), it has also been shown in schoolteachers across 

the workday (Rantala, Vilkman, Bloigu 2002). More changes in vocal production were expected 

between PRE and POST. Prior to clustering, the changes in VER and F0 are consistent with 

previously reported responses to vocal loading and vocal warmup but do not implicate vocal 

fatigue.  

The VER clustering provided two distinct groups that had significantly different responses in 

VER to the vocal load. The two features that resulted from the clustering were the noise demand 

response and temporal demand response. These features are interesting because they directly 

relate to individual responses to the two different vocal loads presented (background noise load 

and prolonged speaking load). The fact that the group with high vocal load responses (HVLR) 

had large changes in VER, while the other group with low vocal load responses (LVLR) had no 

significant changes in VER suggests that there is a strong individual component in voice change 

from loading and therefore vocal fatigue. This is consistent with previous work that showed 

individual differences in vocal fatigue throughout vocal loading. This also provides insight in the 

contradictory nature of previous attempts for measuring vocal fatigue associated with vocal 

loading.  
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Although the VER clustering provided useful information, the second stage of acoustic 

clustering provides further clarity. Four groups of participants were formed and compared PRE 

and POST. Three of the four groups showed the same changes in F0 as seen by the aggregate 

subject pool. It is interesting to note that the group with low vocal load response and significant 

voice changes (LVLR-YVC) had no significant acoustic voice changes as a group. Further 

investigation reveals that the individual variation is very high in this group with the direction of 

the voice changes not being consistent (which would result in an aggregate of no change, e.g. an 

increase in F0 averaged with a decrease in F0 would result in a group average of no change in 

F0). It was the case that the acoustic changes for the group associated with high vocal load 

response and significant voice changes (HVLR-YVC) were all similar in direction resulting in 

statistically significant changes in all acoustic measures comparing PRE and POST. This finding 

supports hypothesis 3 (H3; “the measured changes in vocal performance, vocal effort, and/or 

their interaction will change through a vocal load, background noise load and temporal load”) as 

the interaction between vocal effort and vocal performance created a group with significant 

changes in vocal performance and vocal effort.  

5.3.b Limitations 

Similar to the previous two experiments, the population consists of college-age adults 

limiting the generalization of the results. Although this study had more participants than most 

other vocal loading studies (Fujiki & Sivasankar, 2017), segmenting the population into four 

groups greatly lowers the power of the statistics. Still seeing statistical differences with the small 

groups is notable.  
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5.3.c Future Recommendations 

As stated in the previous section (5.3.b Limitations), the study would benefit from more 

subjects. The study design and implementation were developed such that this study could be 

greatly scaled up for many more participants. One element of this is that the code was developed 

using the free python-based platform PsychoPy. This allows for the study to be run with identical 

instructions anywhere with a computer and the necessary hardware (microphones, speakers, 

etc.). Additionally, the presentation program was developed to have auto segmentation protocols 

allowing for fast processing of the data thus greatly reducing computation cost. In order to allow 

for this work to be done at a much larger scale, the scripts used to present the VLT are available 

on GitHub for the download and use of others (https://github.com/markolopolis/sVLT). Using 

similar VLT designs will allow for comparable work and an effective increase in sample size. 

In addition to scaling up the protocol, psychological and physical measurements should be 

made of the participants to start to investigate potential correlations of the effect of vocal loading 

and individual characteristics (e.g. personality, vocal experience, etc.). Identifying these features 

of the participants could reveal potential risk factors for vocal fatigue leading to an enhanced 

understanding of vocal fatigue, providing the foundation to reduce its prevalence and impact. 

5.4 Validation and Application of the Theoretical Framework  

The primary motivation of the dissertation was to propose and test a theoretical framework 

for vocal fatigue. The framework was developed based on a literature review of vocal fatigue and 

the related concept of vocal effort. The framework is built around the concept that vocal fatigue 

(more specifically state fatigue) is the physiological and/or perceptual manifestation of a change 

in the voice that influences an individual’s intrinsic voice physiology, experience, and perception 

of vocal load for a particular voice-related communication situation which may be a result of 
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vocal loading or vocal effort. Practically this framework models the concept that the vocal 

fatigue cannot be necessarily determined, but the changes in vocal performance, vocal effort, 

and/or their interaction through a vocal load can be determined and will implicate vocal fatigue. 

This is related to the central hypothesis (H0) of the dissertation. 

The primary support of this framework is provided in part by H3. Here significant changes of 

vocal effort and vocal performance were measured through vocal loading as a result of a 

classifier from the interaction of vocal effort and vocal performance. The second part of 

validating the framework is whether these changes implicate vocal fatigue. The HVLR-YVC 

group showed significant changes in vocal effort and vocal performance that are consistent with 

possible changes associated with vocal fatigue (e.g. increase in variability of F0 and SL, decrease 

in CPPS). It reasonable to suggest that the participants in this group experience vocal fatigue.  

Additionally, this framework provides theoretical relationships between vocal performance 

and vocal fatigue that provide a possible explanation for the previous work on vocal fatigue that 

have reported inconclusive or contradictory results. If multiple groups of individuals exist with 

varying levels of fatigability, then averaging all of these groups would result in null findings. 

Here subgroups (whose existence supports the framework) reveal a single group consisting of a 

little over 20% of the total participants to have significant differences in vocal effort and vocal 

performance. In other words, future applications will benefit from this classification of 

participants within a VLT that are most likely to have experienced vocal fatigue. This 

classification can be used as an independent variable to determine possible covariates associated 

with fatigability. 

The other groups from the classification may also be interesting. Typical VLT studies have 

the assumption that the participants all belong in either LVLR-NVC or HVLR-YVC. In other 
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words, there is a linear relationship assumed between voice production and vocal effort changes 

across vocal loading. The framework demonstrates that there are other subgroups that could be 

present in the data. One of these subgroups is a group that had significant voice changes but did 

not have a high vocal load response (LVLR-YVC). This group is interesting because it may be 

the case that these individuals are experiencing vocal fatigue but not feeling effort changes in 

their voice. As a result, they may be the group of individuals that do not take proper vocal rest 

when experiencing vocal fatigue (like the HVLR-YVC group may). This is consistent with the 

theory provided by Whitling et al. (2015) that saw a group of participants with extraordinary 

endurance in the VLT. They concluded that this over endurance group possibly share traits with 

patients in voice clinics. In other words, the repeated overuse of the voice without regulatory 

measures could be a risk factor for voice disorders. This may be the more important group to 

study.  

As stated above, application of this framework would include using the classification as an 

independent variable to study the possible differences in the groups. Although the study lacks 

statistical power due to a low sample size for four groups, examples are presented below to show 

the application of the framework. The first example is the biological sex distribution in the four 

groups (Figure 5.1). The biggest differences are that there are 10:5 males to females in the 

LVLR-NVC group and 6-2 females to males in the LVLR-YVC group. This is interesting 

because, as stated above, LVLR-YVC is a group that is possibly associated with a higher risk of 

voice problems and the biological sex distribution here matches the fact that many more females 

report chronic voice disorders than males (Hunter, Tanner, & Smith, 2011; Roy et al., 2005). 
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Voice 
Change 

Yes 
(YVC) 

Male 2 3 

Female 6 5 

No 
(NVC) 

Male 10 3 

Female 5 3 

   

Low 
(LVLR) 

High 
(HVLR) 

   Vocal Load 
Response 

   
 

Figure 5.1 Distribution of males and female participants across the vocal load response-

voice change groups 

A final example of applying the framework is an investigation of ratings of vocal fatigue. 

Prior to completing experiment 3, the participants completed the vocal fatigue index (VFI). 

Additionally, the participants also rated their perceived vocal fatigue on a visual analog scale 

(VAS) before and after the VLT. Looking at this data in the context of the groups, it is the case 

that the groups with voice change (LVLR-YVC and HVLR-YVC) have significantly higher (p = 

0.01) scores of the second component of the VFI as compared to the group with no voice change 

(LVLR-NVC and HVLR-NVC). The voice change groups had a mean VFI-2 score of 3.64 (SD = 

2.56), while the no voice change group had a mean score of 1.52 (SD = 2.04). The VFI-2 is 

“related to the physical discomfort associated with voicing.” Additionally, the groups with high 

vocal load response (HVLR-NVC and HVLR-YVC) had a significantly higher (p < 0.001) POST 

vocal fating rating (POST-VFR) than the groups with a low vocal load response (LVLR-NVC 

and LVLR-HVC). The HVLR groups had a mean VFR of 0.70 (SD = 0.15) and the LVLR group 

had a mean POST-VFR of 0.39 (SD = 0.25). Additionally, there were no differences comparing 

PRE-VFR. These two findings show that the HVLR-YVC is contained in two different 
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approaches to quantify vocal fatigue. It also informs how vocal fatigue is experienced differently 

between the four groups. 

Future applications of the framework could provide distinct groups of fatigable individuals to 

study the factors associated with vocal fatigue. Additionally, the framework models the concept 

that an individual’s potential to fatigue is based on their vocal load response. Using the methods 

of this dissertation, the changes in vocal load response associated with a vocal load could be 

measured to test potential benefits of therapeutic interventions for individuals with chronic vocal 

fatigue.   
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CHAPTER VI: CONCLUSION 

In order to better understand vocal fatigue, a framework was proposed, and several 

underlying assumptions tested through experimentation. This framework models the concept that 

vocal fatigue can be implicated through measured changes in vocal effort, vocal performance, 

and/or their interaction through vocal loading (response to a vocal load). Towards supporting this 

framework, three experiments were conducted.  

Experiment 1 illustrated how the Borg CR-100 scale could be used as a tool to measure 

perceived vocal effort ratings (VER) and quantify the relationships between vocal performance 

and vocal effort. The results of this experiment illustrated connections between fundamental 

frequency (F0), speech level (SL), and smoothed cepstral peak prominence (CPPS) and vocal 

effort level. Additionally, this experiment showed that the speech levels produced by the 

participants were reliably repeatable across elicited vocal effort levels. 

Experiment 2 explored the relationships between vocal effort, vocal performance, and vocal 

loads. Using three different types of vocal loads, communication distance, loudness goal, and 

background noise, it was found that significant changes in VER, F0, SL, and CPPS existed for 

vocal loads that were beyond habitual communication experiences. In particular, the background 

noise vocal load showed the largest changes in VER and the acoustic parameters, suggesting a 

more refined vocal load response than the other vocal loads. 

Experiment 3 investigated the effects of VER and vocal performance throughout a vocal 

loading test (VLT) consisting of a temporal load (prolonged speech task of describing complex 

routes on maps and a background noise load). Initially not many changes could be detected as a 

result of the VLT, which is consistent with previous research with VLT. The data was then 

clustered into four groups based on the effort ratings associated with the responses to the vocal 
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loads of noise and time and the acoustic vocal performance changes resulted. This clustering 

revealed that one group of participants that experienced both high vocal load responses and 

significant voice changes had [as a group] significant changes in VER and each acoustic 

parameter of vocal performance (F0 mean and standard deviation, SL mean and standard 

deviation, and CPPS). This finding suggests that this group of individuals, as opposed to the 

other groups, experienced the most vocal fatigue, validating the framework.  

The proposed framework for the study of vocal fatigue can be applied in future studies to 

examine potential risks associated with vocal fatigue. This framework provides an analytical 

approach not previously used to determine fatiguability in individuals. However, future work 

must be done to expand the capabilities and further test the potential applications of the 

framework. 
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APPENDICES 

APPENDIX A: Experiment 1 Stimuli 

Automatic Speech Segments: 

The alphabet: A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S, T, U, V, W, X, Y, Z 

Count from one to twenty-five: One, two, three, four, five, six, seven, eight, nine, ten, eleven, 

twelve, thirteen, fourteen, fifteen, sixteen, seventeen, eighteen, nineteen, twenty, twenty-one, 

twenty-two, twenty-three, twenty-four, twenty-five 

Days of the week and months of the year: Monday, Tuesday, Wednesday, Thursday, Friday, 

Saturday, Sunday. January, February, March, April, May, June, July, August, September, 

October, November, December 

Reading Speech Segments: 

Marvin Williams is only nine. Marvin lives with his mother on Monroe Avenue in Vernon 

Valley. Marvin loves all movies. Whenever a new movie is in the area, Marvin is in row one, 

along the aisle. 

When the sunlight strikes raindrops in the air, they act as a prism and form a rainbow. The 

rainbow is a division of white light into many beautiful colors. These take the shape of a long 

round arch with its path high above. 

Please call Stella. Ask her to bring these things with her from the store: Six spoons of fresh 

snow peas, five thick slabs of blue cheese, and maybe a snack for her brother Bob. 

Route Descriptions: 

Route A: Describe how to get from Gresham to the Expo Center via Pioneer Square. 

Route B: Describe how to get from Union Station to the Airport via the Rose Quarter. 

Route C: Describe how to get from the Clackamas Towncenter to Beaverton via Gateway. 
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APPENDIX B: Experiment 2 Stimuli 

Below are the maps and routes used for the communication task in experiment 2 (Figures B.1 

through B.12). 

 

Figure B.1 Map used as example during 

tutorial 

 

Figure B.2 Map used as practice during the 

tutorial 

 

Figure B.3 Map used for D01, L60, and N71 

 

Figure B.4 Map used for D04, L60, and N53 

 

Figure B.5 Map used for D02, L66, and N53 

 

Figure B.6 Map used for D04, L54, and N62 
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Figure B.7 Map used for D01, L60, and N71 

 

Figure B.8 Map used for D01, L66, and N62 

 

Figure B.9 Map used for D02, L54, N71 

 

Figure B.10 Map used for D04, L54, N62 

 

Figure B.11 Map used for D02, L66, and N53 

 

Figure B.12 Map used by communication 

partner 
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APPENDIX C: Experiment 3 Stimuli 

Rainbow Passage: 

When the sunlight strikes raindrops in the air, they act as a prism and form a rainbow. The 

rainbow is a division of white light into many beautiful colors. These take the shape of a long 

round arch, with its path high above, and its two ends apparently beyond the horizon. There is, 

according to legend, a boiling pot of gold at one end. People look, but no one ever finds it. When 

a man looks for something beyond his reach, his friends say he is looking for the pot of gold at 

the end of the rainbow. 

Maps:  

The images used for the map description tasks are below (Figures C.1 through C.25) 

 
Figure C.1 Image used in the map description task 

during the vocal loading task for experiment 3 

 
Figure C.2 Image used in the map description task 

during the vocal loading task for experiment 3 

 
Figure C.3 Image used in the map description task 

during the vocal loading task for experiment 3 

 
Figure C.4 Image used in the map description task 

during the vocal loading task for experiment 3 
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Figure C.5 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.6 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.7 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.8 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.9 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.10 Image used in the map description 

task during the vocal loading task for 

experiment 3 
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Figure C.11 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.12 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.13 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.14 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.15 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.16 Image used in the map description 

task during the vocal loading task for 

experiment 3 
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Figure C.17 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.18 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.19 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.20 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.21 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.22 Image used in the map description 

task during the vocal loading task for 

experiment 3 
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Figure C.23 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.24 Image used in the map description 

task during the vocal loading task for 

experiment 3 

 
Figure C.25 Image used in the map description 

task during the vocal loading task for 

experiment 3 
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APPENDIX D: Informed Consent Forms  

For experiments 1 and 2: 

Research Participant Information and Consent Form 

You are being asked to participate in a research study. Researchers are required to provide a 

consent form to inform you about the research study, to convey that participation is voluntary, to 

explain risks and benefits of participation, and to empower you to make an informed decision. You 

should feel free to ask the researchers any questions you may have.  

Study Title: Acoustic Recording of Voice and Speech Production  

Researcher and Title: Dr. Eric Hunter, Professor 

Department and Institution: Department of Communicative Sciences and Disorders at Michigan 

State University 

Address and Contact Information: 113 Oyer, East Lansing 48823, 517.353.8641 

Sponsor: Michigan State University 

1.  PURPOSE OF RESEARCH  

You are being asked to participate in a study examining measures of speech function as well as 

how speech production is affected by a variety of factors. This project is to examine voice 

production mechanisms with a three part goal of: (1) training students on general voice analysis 

procedures, (2) collecting pilot speech production data for potentially new ideas in understanding 

speech production, and (3) testing speech production hypothesis.  This study is voluntary and 

you can stop at any time without penalty. 

2. ELIGIBILITY CRITERIA 

To participate, it is expected that: 

• you are above the age of 18 years old 

• you are in good physical and mental health 

• you have no previous history of persistent and significant speech or voice 

complaints 

You may be asked to confirm these criteria. 

2.  ALTERNATIVE OPTIONS  

There are no alternative procedures, but you have the option not to participate in this research 

study.  

3. WHAT YOU WILL DO   

Participants will be asked to produce a range of voice and speech tasks while being recorded 

using a variety of sensors to investigate the coordination of speech production mechanisms (like 

breathing or mouth movement) and the final acoustic output (what can be heard). You may be 

asked to do a short hearing screen to ensure that your hearing is within normal limits. 

If you agree to participate, you will perform several speech related tasks during a session lasting 

less than an hour. These tasks will be performed in a quiet room that may be unique in that it is 

built for recording speech. At the beginning of your participation, you will be asked to complete 

questionnaires about your voice use, vocal health, and personality: these may including the Voice 
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Handicap Index (VHI), the Vocal-Related Quality of Life (V-RQOL), the Vocal Fatigue Index 

(VFI), the Reflux Symptom Index (RSI), and the Big Five Inventory (BFI-10). You may also be 

administered a brief cognitive screening. 

Next, we will take audio recordings and make measurements of your voice and speech. You will 

be asked to perform various speech/voice and breathing tasks. These speech tasks will be 

performed with recording equipment to ensure that high quality information is obtained from the 

observation, which will later be used for our analysis of your speech.  

During the observation, we will ask you to perform several voice and speech tasks; some of these 

may be similar to what you would do in normal life while others may be more unique to you 

(creating funny sounds with your voice). Tasks may include reading printed materials, describing 

pictures, or problem-solving puzzles. Some of these tasks may be performed while wearing 

earphones through which you may hear your own voice; your voice may be unprocessed, mixed 

with noise, or processed to simulate a reverberant room. We may ask you to rate your vocal effort, 

vocal discomfort, quality of your voice, or general preference for a task. None of these tasks are 

designed to make you uncomfortable in anyway, though they may be unique and not what you 

would normally do with your voice in everyday life. These are used measure your speech range 

profile (which measures your usual speech loudness and pitch) or other speech production 

parameters.  

4. POTENTIAL BENEFITS   

While the program in which you are being asked to participate may have no immediate benefit 

for you, it may benefit others by increasing our knowledge of factors affecting measures of 

speech and vocal function. 

5. POTENTIAL RISKS  

There is no know medical risk involved in this research program and the procedures should not 

cause you any undue discomfort. Perhaps your voice will experience some fatigue at the end of 

participation. 

Equipment which may be used are those found in singing studios, linguistic laboratories, and 

speech production laboratories. They include such items as microphones, vibration sensors on the 

neck, straps around the waist/torso to measure breath, and tubes to measure airflow in the mouth. 

Any tube that would go in your mouth is discarded at the end of your participation. If a sensor is 

placed on your neck, it will not use adhesive and is low-voltage (the voltage is so low that they 

cannot be felt). There are no known risks for these devices. 

6. PRIVACY AND CONFIDENTIALITY   

The data for this study are being collected confidentially. Neither the researchers nor anyone else 

will be able to link data to you. Data from this study will be stored in a secured location with 

limited access (locked cabinet in a locked room or a password protected computer in the locked 

laboratory). All information will be kept for at least three years after the close of the study. Only 

trained researchers under the jurisdiction of this project and Human Research Protection Program 

will have access to the data collected in the study. Information about you will be kept 

confidential to the maximum extent allowable by law. Although we will make every effort to 

keep your data confidential there are certain times, such as a court order, where we may have to 

disclose your data. Identifying information will not be attached to any of your individual 
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responses when reporting results from the recordings or surveys. You will not be asked to give 

your name or any other information during the recording that will allow you or your place of 

employment to be identified. The results of this study may be published or presented at 

professional meetings, but the identities of all research participants will remain anonymous. By 

participating you agree to allow audio recordings which will be used for analysis.  

We would like to ask your permission to use your recordings in other ways outside of what is 

presented above. Please mark below if you allow us to use your recordings: (1) to be presented, 

usually as an example in a scientific reports or presentations; and/or (2) to allow your recordings 

to be part of a larger dataset that researchers outside of the research team could access (e.g. public 

recording repository). In both cases, the recordings would be anonymous.   

(1) I agree to allow my anonymous voice recordings to be presented in reports and presentations. 

 Yes   No  Initials____________ 

(2) I agree to allow my anonymous voice recordings to be part of a larger dataset for others to use. 

 Yes   No  Initials____________ 

7. YOUR RIGHTS TO PARTICIPATE, SAY NO, OR WITHDRAW   

Participation is voluntary. Refusal to participate will involve no penalty or loss of benefits to which 

you are otherwise entitled. You may discontinue participation at any time during the process 

without penalty or loss of benefits to which you are otherwise entitled. You may change your mind 

at any time and withdraw. You may choose not to answer any question, or to not complete a 

specific task, or choose to stop participating at any time.  Whether you choose to participate or not 

will have no effect on your grade or evaluation.  

8. COSTS AND COMPENSATION FOR BEING IN THE STUDY  

As an incentive to participate, subjects/students who participate in this research will be allowed to 

earn CAS SONA credit for participation. Otherwise, no compensation or remuneration is implied. 

For those enrolled in courses that allow for CAS SONA credit, you may also find alternative 

assignments to earn extra credit if you choose not to participate in this research study. The CAS 

SONA system awards 1 credit per 1 hour of research participation. Neither researchers nor 

individual instructors will know what studies participants are involved in.  

9. THE RIGHT TO GET HELP IF INJURED   

If you are injured as a result of your participation in this research project, Michigan State 

University will assist you in obtaining emergency care, if necessary, for your research related 

injuries. If you have insurance for medical care, your insurance carrier will be billed in the ordinary 

manner. As with any medical insurance, any costs that are not covered or in excess of what are 

paid by your insurance, including deductibles, will be your responsibility. The University’s policy 

is not to provide financial compensation for lost wages, disability, pain or discomfort, unless 

required by law to do so. This does not mean that you are giving up any legal rights you may have. 

You may contact Dr. Eric Hunter at 517.353.8641 with any questions or to report an injury. 

10.  Contact INFORMATION   

If you have concerns or questions about this study, such as scientific issues, how to do any part of 

it, or to report an injury, please contact Dr. Eric Hunter, Michigan State Univ, 113 Oyer, East 

Lansing, MI  48823, 517.353.8641, ejhunter@msu.edu.  

mailto:ejhunter@msu.edu
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If you have questions or concerns about your role and rights as a research participant, would like 

to obtain information or offer input, or would like to register a complaint about this study, you 

may contact, anonymously if you wish, the Michigan State University’s Human Research 

Protection Program at 517-355-2180, Fax 517-432-4503, or e-mail irb@msu.edu or regular mail 

at 4000 Collins Rd, Suite 136, Lansing, MI 48910. 

11.  DOCUMENTATION OF INFORMED CONSENT 

Your signature below means that you voluntarily agree to participate in this research study.  

 

 

_________________________________   ___________________ 

Signature        Date 

You will be given a copy of this form to keep. 
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Consent form for Experiment 3: 

 

Research Participant Information and Consent Form 

You are being asked to participate in a research study. Researchers are required to provide a 

consent form to inform you about the research study, to convey that participation is voluntary, to 

explain risks and benefits of participation, and to empower you to make an informed decision. You 

should feel free to ask the researchers any questions you may have concerning this project.  

Study Title: Gender, Age and Vocal Effort 

Researcher and Title: Dr. Eric Hunter, Associate Professor 

Department and Institution: Department of Communicative Sciences & Disorders at Michigan 

State University 

Address and Contact Information:  113 Oyer, East Lansing 48823, 517.353.8641 

Sponsor: Michigan State University 

1. PURPOSE OF RESEARCH  

You are being asked to participate in this study to help researchers gain a better understanding of 

how fast the voice gets tired due to a long reading task. In this task you will speak until you are 

tired of speaking (less than 30 minutes). This study is voluntary. 

2. ELIGIBILITY CRITERIA 

It is expected that you have no significant vocal complaints and are in good physical and mental 

health. Persons with a history of recent hospitalization or suffering from any respiratory or oral 

infections will be excluded from participating. Additionally: 

• You must be between 18-70 years of age. 

• You must be a native English speaker.  

• You will be asked about items which might affect your voice (e.g. hearing, heartburn, 

smoker) 

3. ALTERNATIVE OPTIONS  

There are no alternative procedures, but you have the option not to participate in this research 

study.  

4. WHAT YOU WILL DO   

We expect that full participation in the study will take between 60-90 minutes. After a brief 

introduction to the study, you will be asked to participate in a screening process (15-25 minutes) 

followed by a prolonged speaking task (no more than 30 minutes). Since it is common for your 

mouth to dry out while speaking for a long time, during the prolonged speaking task, you will be 

given the opportunity to take regular small drinks of water. However, so that all participants drink 

the same amount of water, we will use small measured cups and have you drink at a regular 

intervals. The total amount of water to drink is about the same amount as in a can of soda (less 

than 20 oz). During the screening process, you may be asked to do some or all of the following: 

• Complete questionnaires about your voice and voice use. 

• Answer questions about your vocal habits, hydration levels, and history of vocal 

fatigue. 
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• Asked about current medications which may affect voice use (e.g. asthma, allergies, 

heartburn). 

• Complete a short hearing screen to ensure that your hearing is within the normal 

age appropriate ranges. 

• Complete a breathing test using a spirometer to measure your lung function; this 

will be repeated three to five times (our goal is three similar breaths). You will be asked to 

breathe in deeply and blow into the spirometer followed by an inhalation.  

• How you breathe while speaking will be observed, this is done by observation. We 

may additionally ask you to where a strap around your waist (outside your clothing) which 

detects when you breath. 

• We may ask you to use a scale specifically designed to calculate body water 

percentage.  The scale will also provide other readings such as body weight, body mass, 

etc.  These measurements will only be used as they relate to hydration levels. 

After the screening process, you will do a prolonged speech reading task in a soundproof room 

used for recordings. You will wear a microphone that goes loosely around your neck and a 

microphone that goes on your head (similar to headphones).  We may additionally ask you to wear 

a strap around your waist (outside your clothing) which detects when you breathe.  Before and 

after the long speaking task, you will be asked to perform some simple vocal tasks, such as a 

sustained “ah” vowel, pitch glides, and reading a passage. During the prolonged speaking task, 

you will be asked to read out loud for 30 minutes while noise is played in the room. This will likely 

result in you speaking at a loud volume. We expect that your voice will get tired before the 30 

minutes is up. When you get tired of speaking, you may quit. Most people will go longer than 15 

minutes and less than 30 minutes. We are interested to know when people get tired of speaking. 

Every few minutes you will be reminded to drink a small cup (less than 30 mL) of water.  

5. POTENTIAL BENEFITS  

While the program in which you are being asked to participate may have no immediate benefit 

for you, it may benefit others by increasing our knowledge of factors affecting measures of 

speech and vocal function. 

6. POTENTIAL RISKS  

There is minimal risk involved in this research program and the procedures should cause you no 

undue discomfort. The noise level, while annoying, is less than the occupational safety limits. 

Our goal is to have you speak at a louder volume until your voice is tired. Likely your voice will 

experience some vocal fatigue, but this should resolve with some nominal vocal rest. In rare 

cases, extended speaking can result in hoarseness. If you think your voice is getting too tired or if 

you become uncomfortable with the tasks, you may quit at any time. 

Except for the spirometer, other devices to be used are similar to those found in singing studios, 

linguistic laboratories, and speech production laboratories. They include such items as 

microphones and surface microphones that go on the neck (to detect speech use in noise). An ear 

microphone and recorder may be used to record the sound you are surrounded by. While the 

pulmonary function test is unlikely to cause injury, breathing hard may cause some discomfort.  

If there is anything in the screening that does not make you a good subject for our study, you will 

be remunerated for your time (see below) and no further participation is needed.  If you are not 

healthy enough to participate (for example, if you have a cold or are hoarse from cheering at a 
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sports activity), or if one of the screening procedures indicates that you might not match the level 

of communication function we are looking for (for example, your hearing is limited compared to 

peers age matched adults), you may be asked to not participate further. The testing performed in 

this project is not intended to find abnormalities, the protocol does not diagnose illness and we 

do not refer to health care providers. Data collected do not comprise a diagnostic or clinical 

study. Undetected vocal abnormalities are rare but it is possible that the investigators may 

perceive a vocal abnormality during the initial screening. If this occurs, you will be advised to 

consult with a licensed physician to determine whether a health examination would be prudent.  

7. PRIVACY AND CONFIDENTIALITY   

The data recorded for this study will be collected confidentially. Neither the researchers nor 

anyone else will be able to link data to you. The data for this project will be kept confidential. 

Data from this study will be stored in a locked cabinet in a locked room or a password protected 

computer in the locked laboratory. All information will be kept for at least three years after the 

close of the study. Only trained researchers under the jurisdiction of this project and Human 

Research Protection Program will have access to the data collected in the study. Information 

about you will be kept confidential to the maximum extent allowable by law. Although we will 

make every effort to keep your data confidential there are certain times, such as a court order, 

where we may have to disclose your data. Identifying information will not be attached to any of 

your individual responses or recordings when reporting results from the surveys. You will not be 

asked to give your name or any other information during the recording that will allow you or 

your place of employment to be identified. All results will be kept in a secure location accessible 

only to those involved in the study. The results of this study may be published or presented at 

professional meetings, but the identities of all research participants will remain anonymous. By 

participating, you agree to allow audio recordings of your speech. 

8. YOUR RIGHTS TO PARTICIPATE, SAY NO, OR WITHDRAW  

Participation is voluntary. Refusal to participate will involve no penalty or loss of benefits to 

which you are otherwise entitled. You may discontinue participation at any time without penalty 

or loss of benefits to which you are otherwise entitled. You have the right to say no. You may 

change your mind at any time and withdraw. You may choose not to answer specific questions or 

to stop participating at any time.  Whether you choose to participate or not will have no effect on 

your grade or evaluation. 

9. COSTS AND COMPENSATION FOR BEING IN THE STUDY  

As an incentive to participate, subjects/students who participate in this research will be offered 

$15 per hour of participation (up to 2 hours or $30) or, if applicable, you can choose to earn extra 

credit through the MSU SONA software system. If participants are enrolled in a course that 

allows them to participate in a research study for credit, and the course accepts SONA credit, 

participants will have the option to receive MSU SONA credit instead of the cash remuneration.  

For those enrolled in such courses, students can also find alternative assignments to earn extra 

credit if they choose not to participate in this research study but wish to earn extra credit. The 

SONA system awards 1 credit per 1 hour of research participation with a bonus of 0.25 for 

participating in person (up to 2.25 credits total). Within the SONA system, neither researchers 

nor individual instructors will know what studies participants are involved in. If your 

participation is over an hour, which it will likely be, we will compensate you in half hour 

increments (rounding up) for up to two hours total. 



 

 

 181 

10. THE RIGHT TO GET HELP IF INJURED   

In the unlikely event that you are injured as a result of participation in this project, Michigan 

State University will assist you in obtaining emergency care, if necessary, for your research 

related injuries. If you have insurance for medical care, your insurance carrier will be billed in 

the ordinary manner. As with any medical insurance, any costs that are not covered or in excess 

of what are paid by your insurance, including deductibles, will be your responsibility. MSU’s 

policy is not to provide financial compensation for lost wages, disability, pain or discomfort, 

unless required by law to do so. This does not mean that you are giving up any legal rights you 

may have. Please contact Eric Hunter at 517-353-8641 with questions or to report an injury. 

11. CONTACT INFORMATION   

If you have concerns or questions about this study, such as scientific issues, how to do any part of 

it, or to report an injury, please contact the researcher(s): 

• Dr. Eric Hunter, Michigan State Univ, 113 Oyer, East Lansing, MI 48823, 517-353-8641, 

ejhunter@msu.edu 

• Mark Berardi, Michigan State Univ, 110 Oyer, East Lansing, MI 48823, 517-353-8641, 

mberardi@msu.edu  

If you have questions or concerns about your role and rights as a research participant, would like 

to obtain information or offer input, or would like to register a complaint about this study, you 

may contact, anonymously if you wish, the Michigan State University’s Human Research 

Protection Program at 517-355-2180, Fax 517-432-4503, or e-mail irb@msu.edu or regular mail 

at 4000 Collins Rd, Suite 136, Lansing, MI 48910.  

12. DOCUMENTATION of Informed consent 

Your signature below means that you voluntarily agree to participate in this research study.   

 

 

________________________________________              _____________________________ 

Signature    

     Date 

You will be given a copy of this form to keep.  

 

At times, it is useful to use recordings in teaching, presenting research, or future analysis. 

Therefore, we would like to ask for special permission to use your recordings in those contexts. 

Your identification would not be associated with the recording. If you do not give permission, it 

will not affect your ability to participate in the research. If you agree to allow your voice 

recordings (audio or video) in this way, please indicate: 

Yes   No  Initials____________ 

  

mailto:ejhunter@msu.edu
mailto:mberardi@msu.edu
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