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ABSTRACT 

The purpose of this work was to explore the physiological mechanisms of vocal 

effort, the acoustical manifestation of vocal effort, and the perceptual interpretation of 

vocal effort by speakers and listeners. The first study evaluated four proposed 

mechanisms of vocal effort specific to the larynx: intrinsic laryngeal tension, extrinsic 

laryngeal tension, supraglottal compression, and subglottal pressure. Twenty-six healthy 

adults produced modulations of vocal effort (mild, moderate, maximal) and rate (slow, 

typical, fast), followed by self-ratings of vocal effort on a visual analog scale. Ten 

physiological measures across the four hypothesized mechanisms were captured via high-

speed flexible laryngoscopy, surface electromyography, and neck-surface accelerometry. 

A mixed-effects backward stepwise regression analysis revealed that estimated subglottal 

pressure, mediolateral supraglottal compression, and a normalized percent activation of 

extrinsic suprahyoid muscles significantly increased as ratings of vocal effort increased 

(R2 = .60). The second study had twenty inexperienced listeners rate vocal effort on the 

speech recordings from the first study (typical, mild, moderate, and maximal effort) via a 
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visual sort-and-rate method. A set of acoustical measures were calculated, including 

amplitude-, time-, spectral-, and cepstral-based measures. Two separate mixed-effects 

regression models determined the relationship between the acoustical predictors and 

speaker and listener ratings. Results indicated that mean sound pressure level, low-to-

high spectral ratio, and harmonic-to-noise ratio significantly predicted speaker and 

listener ratings. Mean fundamental frequency (measured as change in semitones from 

typical productions) and relative fundamental frequency offset cycle 10 were also 

significant predictors of listener ratings. The acoustical predictors accounted for 72% and 

82% of the variance in speaker and listener ratings, respectively. Speaker and listener 

ratings were also highly correlated (average r = .86). From these two studies, we 

determined that vocal effort is a complex physiological process that is mediated by 

changes in laryngeal configuration and subglottal pressure. The self-perception of vocal 

effort is related to the acoustical properties underlying these physiological changes. 

Listeners appear to rely on the same acoustical manifestations as speakers, yet 

incorporate additional time-based acoustical cues during perceptual judgments. Future 

work should explore the physiological, acoustical, and perceptual measures identified 

here in speakers with voice disorders. 
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PREFACE 

This dissertation was written to explore a ubiquitous feature of voice disorders: 

vocal effort. The first chapter provides background information on vocal effort, including 

descriptions of previous research on physiological, acoustical, and perceptual measures of 

effort. The second and third chapters are written as separate, self-containing manuscripts, 

with some overlap between the background and each chapter. The authors and titles of 

these manuscripts can be found below. The final chapter integrates and summarizes 

findings from both manuscripts, describes clinical implications, and identifies future 

areas of research.  

Chapter Two: McKenna, V.S., Diaz-Cadiz, M.E., Shembel, A.C., Enos, N.M., & 

Stepp, C.E. “The relationship between physiological mechanisms and the self-perception 

of vocal effort.” 

Chapter Three: McKenna, V.S., & Stepp, C.E. “The relationship between 

acoustical and perceptual measures of vocal effort.” 
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CHAPTER ONE: Background 

 

Abstract 

Vocal effort is one of the most frequent symptoms reported by individuals with 

high vocal demands (de Alvear, Baron, & Martinez-Arquero, 2011) and speakers with 

voice disorders (Altman, Atkinson, & Lazarus, 2005; Bach, Belafsky, Wasylik, Postma, 

& Koufman, 2005; Roy, Merrill, Gray, & Smith, 2005; Smith et al., 1998); yet, the 

underlying physiological processes of vocal effort and how those relate to common 

acoustical and perceptual clinical measures has not been thoroughly examined. This work 

sought to further investigate the physiological mechanisms contributing to vocal effort, 

the acoustical manifestation of effort, and how vocal effort is perceived by speakers and 

listeners. The ultimate goal was to develop a framework for understanding vocal effort 

and to guide future research for speakers exhibiting one of the most common voice 

symptoms: vocal effort. 

 

Introduction 

Vocal effort is defined as an “exertion” of the voice (Baldner, Doll, & van 

Mersbergen, 2015; Borg, 1982) and has noted sequelae of odynophonia, laryngeal 

tension, and vocal fatigue (McCabe & Titze, 2002; Ramig & Verdolini, 1998). 

Individuals with excessive vocal effort can have difficulty meeting daily voice demands, 

impacting their work productivity (e.g., teachers, police, pilots) and psychosocial 

function (Roy et al., 2005). A survey of over 400 healthy older adults revealed that 
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approximately 10% reported a lifetime prevalence of “effort to talk,” with slightly higher 

prevalence for women compared to men (Merrill, Roy, & Lowe, 2013). In those who 

reported previously being diagnosed with a voice disorder, the incidence increased to 

46% of responders.  

It has been hypothesized that the sense of vocal effort originates from the exertion 

of effort needed to initiate and maintain vocal loudness and quality (Hamdan et al., 2017; 

McCabe & Titze, 2002). Accordingly, it is likely that speakers rely on somatosensory as 

well as auditory information when gauging their own vocal effort (Rosenthal, Lowell, & 

Colton, 2014). Although numerous investigations have attempted to elucidate underlying 

physiological contributions to vocal effort, there is missing information regarding the 

relationship between physiology and perception. Furthermore, speech acoustics are 

commonly collected in session-to-session monitoring of therapeutic outcomes, and yet, 

the relationship between acoustical properties and vocal effort continues to be poorly 

understood. These gaps in knowledge have created a significant problem in the way 

researchers and health care professionals are able to understand, interpret, and remediate 

vocal effort.  

Therefore, we examined physiological, acoustical, and perceptual measures of 

vocal effort to address these concerns. The aims were to i) evaluate the mechanisms that 

individuals employ to increase vocal effort and determine their relationship to the self-

perception of effort (Chapter Two), ii) Determine how increased vocal effort manifests in 

the speech signal, and how this information relates to self- and listener-perception of 

vocal effort (Chapter Three), and iii) Describe the relationships among physiological, 



 

 

3

acoustical, and perceptual measures that are lacking from the current literature (Chapter 

Four).  

Vocal Effort in Clinical Populations 

Excessive vocal effort has been reported in speakers with voice disorders from 

different causal factors, including: vocal overuse, vocal trauma, nerve damage, and 

neurological pathologies (Altman et al., 2005; Isetti, Xuereb, & Eadie, 2014; Stepp, 

Heaton, Jette, Burns, & Hillman, 2010a). A more in-depth assessment of vocal effort has 

the potential to impact speakers across multiple etiologic categories. 

Hyperfunctional voice disorders constitute the largest subgroup of diagnosed 

voice disorders (Van Houtte, Van Lierde, D'Haeseleer, & Claeys, 2010), and are 

characterized by dysregulated laryngeal tension (Hillman, Holmberg, Perkell, Walsh, & 

Vaughan, 1989) and the symptom of excessive vocal effort (Altman et al., 2005; Roy et 

al., 2005). There are two main classes of speakers with vocal hyperfunction (VH): non-

phonotraumatic VH (NP-VH) and phonotraumatic VH (P-VH; Mehta et al., 2015). NP-

VH, also commonly referred to as muscle tension dysphonia, is characterized by a 

dysphonic vocal quality and excessive tension of the laryngeal and circumlaryngeal areas, 

but without structural changes to the vocal folds (Roy, Mauszycki, Merrill, Gouse, & 

Smith, 2007). Conversely, individuals with P-VH have lesions on the vocal folds (e.g., 

nodules, polyps) that are thought to be a consequence of overuse and chronic vocal fold 

tissue trauma (Titze, Svec, & Popolo, 2003). In P-VH, however, it is not clear if the 

abusive behavior caused the structural changes to the vocal folds, or if the structural 

changes caused a compensatory response in the speaker, which manifested as additional 
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muscular tension. Therefore, speakers with P-VH are often referred to as having 

“secondary muscle tension,” though it is unknown if the additional tension occurred 

before or after the vocal fold tissue damage. Nevertheless, individuals with VH receive 

intervention to address their phonatory behaviors, laryngeal tension, and vocal effort 

(Holmberg, Hillman, Hammarberg, Sodersten, & Doyle, 2001). In one study, 75% of 

speakers with vocal nodules reported improvement in their vocal effort symptoms 

following voice therapy, though the other 25% reported no changes or worsening of 

symptoms (Verdolini-Marston, Burke, Lessac, Glaze, & Caldwell, 1995). Although vocal 

effort may be a common therapeutic target, there seems to be no universally accepted 

therapeutic technique to reduce vocal effort in these speakers. 

Glottal incompetence is defined as insufficient vocal fold closure during 

phonation, and is due to glottal abnormalities stemming from vocal fold paresis, vocal 

fold paralysis, vocal fold scar, and age-related changes to the vocal folds such as vocal 

fold bowing (Bach et al., 2005; Bielamowicz, Kapoor, Schwartz, & Stager, 2004; 

Sataloff, Spiegel, Hawkshaw, Rosen, & Heuer, 1997). Glottal incompetence can be 

visualized using laryngoscopy, in which reduced vocal fold contact is evidenced during 

phonation (Bielamowicz et al., 2004). It can also be quantified via aerodynamic 

assessment, in which subglottal pressure and mean flow rate levels are greater when 

compared to healthy speakers, suspected to be due to  increased air loss across the glottis 

during phonation (Hartl, Hans, Vaissiere, Riquet, & Brasnu, 2001; Omori et al., 1997). 

The resultant perceptual vocal quality of glottal incompetence is breathiness (Netsell, 

Lotz, & Shaughnessy, 1984; Smith et al., 1998), yet, speakers with glottal incompetence 
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primarily report excessive vocal effort (Bach et al., 2005; Hartl et al., 2001). This may be 

due to effort elicited from compensatory strategies to try to improve the quality and 

intensity of the acoustical output, such as compression of the false vocal folds medially to 

assist in closing the glottal gap (Bielamowicz et al., 2004; Stepp et al., 2010a). Reduced 

false vocal fold compression and improvement in vocal quality have been reported 

following medical procedures (e.g., injection laryngoplasty) that decrease the glottal gap 

size (Koufman, Postma, Cummins, & Blalock, 2000; Stepp et al., 2010a). 

Individuals with spasmodic dysphonia, a focal dystonia of the larynx (Ludlow, 

2011), are often classified into different subgroups (e.g., adductor subtype). Adductor 

spasmodic dysphonia accounts for approximately 80% of diagnoses (Blitzer, 2010), and 

is characterized by over-adduction of the vocal folds, intermittent voice breaks (i.e., 

aphonia), and increased vocal effort (Cannito, Doiuchi, Murry, & Woodson, 2012; Isetti 

et al., 2014). In a survey of over 60 speakers with spasmodic dysphonia, 57% reported 

“effortfulness” during phonation (Smith et al., 1998). Treatment for this neurological 

voice disorder is usually botulinum neurotoxin injections to the laryngeal muscles to 

reduce adductory muscle activity (Blitzer, 2010). Furthermore, vocal therapy in 

combination with the injections, may aid in reducing additional hyperfunctional behavior, 

ultimately improving dysphonia and increasing the duration of time between injection 

treatments (Murry & Woodson, 1995).  

Finally, increased vocal effort has also been reported in speakers with high 

occupational voice demands (de Alvear et al., 2011). Occupational voice users depend on 

their voices for their vocation and can have greater amounts of voice use throughout the 
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day compared to other professions (Laukkanen, Ilomaki, Leppanen, & Vilkman, 2008; 

Roy, Merrill, Thibeault, Gray, & Smith, 2004; Verdolini & Ramig, 2001). Occupations 

with high-vocal demands include teachers, singers, salespersons, and clerical workers 

(Williams, 2003). In a survey of over 200 teachers, 50% reported hoarseness, 20% had 

taken time away from work due to their voice problems, and 10% reported “effort to talk” 

as a symptom they had experienced (Smith, Gray, Dove, Kirchner, & Heras, 1997). The 

increase in vocal effort observed in these speakers is likely due to vocal fatigue from 

vocal overuse. There is a growing body of evidence linking vocal fatigue (for review, see 

Fujiki & Sivasankar, 2017) to increased vocal effort and changes to speech acoustics and 

laryngeal aerodynamics (Laukkanen et al., 2004; Solomon & DiMattia, 2000; 

Sundarrajan, Huber, & Sivasankar, 2017; Whitling, Rydell, & Ahlander, 2015).  

Current investigations into the underlying mechanisms of vocal effort focus on 

healthy speakers modulating vocal effort, as well as the aforementioned clinical 

populations with specific symptoms of vocal effort. The present work has the potential to 

impact speakers across multiple etiological groups with the same primary vocal 

symptom. Clarity on the manifestation of elevated vocal effort may provide more 

information to clinicians and researchers to improve clinical management of this vocal 

symptom.   

 

Physiological Basis of Vocal Effort 

At present, physiological mechanisms specific to the laryngeal and 

circumlaryngeal areas are reported to be associated with increased vocal effort. These 
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proposed physiological mechanisms comprise of increases in intrinsic laryngeal tension, 

extrinsic laryngeal tension, supraglottal compression, and subglottal pressure. Although 

prior evidence linking these mechanisms to vocal effort are quite promising, a 

comprehensive assessment of all four mechanisms has yet to be completed. It is likely 

that vocal effort manifests as changes across multiple physiological mechanisms that 

result in the perceptual and acoustical changes reported by speakers with excessive vocal 

effort.  

Intrinsic Laryngeal Tension 

The intrinsic laryngeal muscles assist in supporting the cartilaginous structures of 

the larynx and perform the necessary functions for respiration, deglutition, and airway 

protection (e.g., cough response; Koike, Mukudai, & Hisa, 2016). The locations of the 

muscle attachments are to the cartilages inside of the larynx (e.g., thyroid, cricoid, 

arytenoid; Boone, McFarlane, Von Berg, & Zraick, 2014). The intrinsic laryngeal 

muscles directly responsible for the adductory and abductory gestures necessary for 

phonation are the lateral cricoarytenoid (LCA), posterior cricoarytenoid (PCA), and 

transverse arytenoid muscles. Intrinsic laryngeal muscles specific to the acts of tensing 

and lengthening the vocal folds are the thyroarytenoid (TA) and cricothyroid (CT; 

Stemple, Glaze, & Klaben, 2012). Specific patient populations have been shown to 

exhibit deficits to the innervation of these muscles (e.g., vocal fold paresis) and/or 

physical changes to the structure (e.g., vocal lesions; laryngeal cancer) that impact vocal 

quality. Furthermore, it has been proposed that elevated tension of the intrinsic laryngeal 

muscles—due to recruitment of additional muscles fibers—can affect phonatory behavior 
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and create feelings of laryngeal tension, pain, and fatigue (McCabe & Titze, 2002; Titze, 

1999). As such, etiologies directly impacting the intrinsic laryngeal muscles can result in 

changes to the quality of the voice and symptoms of vocal effort. 

In order to directly assess muscle activation patterns, intramuscular electrodes can 

be inserted into the intrinsic laryngeal muscles by a trained physician. Placement is 

verified via a series of laryngeal articulatory gestures that result in the activation of 

specific intrinsic laryngeal muscles. Intramuscular electromyographic (EMG) recordings 

provide information about the timing, duration, and relative activation amplitude of 

muscles as measured by motor unit action potentials (Nishihara & Isho, 2012). For 

example, Shipp (1975) found that, during phonation tasks in healthy speakers, TA 

activity began approximately 200 ms prior to the initiation of voicing and the CT muscle 

activity peaked during increases in fundamental frequency (fo). Additionally, speakers 

with spasmodic dysphonia have shown increased bursts of CT muscle activation during 

“voice stoppage,” as well as prolonged activation during prephonatory and postphonatory 

time (McCall, Colton, & Rabuzzi, 1973). Furthermore, intrinsic laryngeal muscle activity 

is related to changes in vocal quality: the amplitude of prephonatory activity was found to 

be higher in the TA and CT during hard vocal attack than in a soft or breathy vocal onset 

(Koike, 1967). Hirano (1971) and Hirose and Gay (1973) also reported that the amplitude 

of activation during the prephonatory time segment assisted in determining onset types, 

but the researchers identified the LCA as the primary muscle driving the change in voice 

onset behavior. Conversely, the production of a breathy vocal quality has been reported 

to be a result of a change in the timing of activation, with a longer period of PCA 
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activation prior to the initiation of voicing (Hirose & Gay, 1973). These previous studies 

provide clear evidence that intrinsic muscle activation patterns during the onset of 

phonation are critical to laryngeal behavior and affect the resulting speech signal. 

In order to incorporate these types of measurements into clinical practice, 

researchers turned toward developing a means of measuring phonatory onsets using less-

invasive techniques; such investigations have led to characterizing vocal fold adductory 

gestures for voicing onset by way of calculating vocal fold adductory velocities. Similar 

to intramuscular EMG measurements, vocal fold closing velocities have been shown to 

assist in differentiating voicing onset types. For example, adductory velocities are 

consistently greater during hard vocal attacks (e.g., Cooke, Ludlow, Hallett, & Selbie, 

1997) compared to typical voicing onsets. However, a clear limitation to using an indirect 

measure like vocal fold adductory velocity is that the relative contribution of each 

intrinsic laryngeal muscle is not known. Hence, researchers have undertaken complex 

modeling of intrinsic laryngeal muscle activation in order to improve our understanding 

of the relationship between intrinsic laryngeal muscle stiffness and the effects on vocal 

fold adductory velocities. It should be noted that stiffness is referring to a viscoelastic 

property of tissue that affects vocal fold vibration and laryngeal positioning during 

phonation. The voice literature often uses the terms “stiffness” and “tension” 

interchangeably, when, in fact, the terms describe separate physical properties of tissue. 

Increased laryngeal tension can be due to active contraction of the laryngeal muscles 

(during phonation or at rest), or from passive mechanical force when stretching the 

laryngeal muscles (Smith & Hunter, 2014). In this work, we will discuss laryngeal 
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stiffness, but also refer to “laryngeal tension” as a common clinical symptom, as that is 

the terminology most often used in clinical assessment.  

Stiffness is a biomechanical property of muscle tissue (Chu & Barlow, 2009), and 

has been defined as the resistance to displacement (Shiller, Laboissiere, & Ostry, 2002). 

Stiffness (k) is calculated as the ratio of force (i.e., mass × acceleration) to a change in 

distance (d; see Equation 1.1). This stiffness formula can be slightly modified to 

characterize rotational movement (i.e., angular displacement over time). As such, 

stiffness is then measured by the ratio of rotational force (i.e., mass × angular 

acceleration) to the distance travelled during the rotation (θ; see equation 1.2). Exercise 

physiologists have employed a kinematic correlate of the stiffness ratio, termed 

“kinematic estimates of stiffness,” via a simple calculation of the maximum velocity of 

movement to the extent of the movement. This kinematic estimate of stiffness has been 

used to characterize stiffness during limb movements (e.g., elbow joint movement when 

bending the arm; Cooke, 1980, 1982; Feldman, 1980; Kelso & Holt, 1980) and is deemed 

an estimate (Kelso, Vatikiotis-Bateson, Saltzman, & Kay, 1985) because the ratio is 

mass-normalized (i.e., mass is held constant within the formula) due to the challenges of 

measuring muscle mass in vivo.  

Equation 1.1 

 

k = 
mass ×	acceleration

∆ d
 

Equation 1.2 
k = 

mass ×	angular acceleration 

∆ θ
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Since the development of kinematic estimates of stiffness in the limb literature, 

stiffness parameters have since been adopted to characterize specific oral articulatory 

gestures (Hertrich & Ackermann, 2000; Kelso et al., 1985; Ostry, Cooke, & Munhall, 

1987; Ostry, Keller, & Palmer, 1983) and more recently, vocal fold abductory and 

adductory gestures (Cooke et al., 1997; Dailey et al., 2005; McKenna, Murray, Lien, & 

Stepp, 2016; Munhall & Ostry, 1983; Stepp, Hillman, & Heaton, 2010c). Current work 

focused on laryngeal kinematics calculates kinematic estimates of laryngeal stiffness 

from adductory vocal fold tasks from video images captured during laryngoscopy 

(McKenna et al., 2016; Stepp et al., 2010c). First, the glottic angle is measured as the 

intersection of two lines extending from the bilateral vocal process to meet at the anterior 

commissure (see Figure 1.1). A sampling of the glottic angle over time during an 

adductory gesture allows for the determination of the angular velocity waveform (see 

Figure 1.2). From here, the kinematic stiffness ratio is calculated as the maximum angular 

velocity divided by the maximum abductory angle. Once again, the mass normalization in 

this process precludes comparing stiffness estimates across speakers who may have 

different masses. 

 

Figure 1.1. Series of images from flexible laryngoscopy during a gross adductory movement for 

phonation onset. The glottic angles have been identified (white lines) from the anterior commissure to 

the vocal process, bilaterally.  
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Figure 1.2. Left: Glottic angles plotted over time during a vocal fold adductory gesture for the onset 

of phonation. Right: Angular velocity waveform of the same adductory gesture. Maximum angular 

velocity is identified. 

Stepp et al. (2010c) modeled laryngeal kinematic stiffness ratios with a one-joint 

virtual trajectory model, which allowed for variation in stiffness parameters across three 

intrinsic muscles: TA, LCA, and PCA. The biomechanical model assisted in validating 

the contributions of the specific intrinsic muscles by finding strong associations between 

increases in their stiffness parameters to increases in the kinematic stiffness ratios 

measured from the resulting vocal fold angle trajectories. Next, the researchers examined 

kinematic stiffness ratios in healthy speakers and those with VH. The participants 

completed an alternating adductory–abductory vocal task (i.e., /i/-sniff) at different 

speech rates. Previous work has shown that the /i/-sniff task at increased gesture rates 

acts to increase mean vocal fold adductory velocities (Dailey et al., 2005). Therefore, 

Stepp and colleagues (2010c), hypothesized that increased speech rate would increase 

tension in the intrinsic laryngeal muscles and increase kinematic stiffness ratios. Results 

showed that healthy speakers exhibited higher kinematic stiffness values during faster 

gesture rates, whereas the speakers with VH did not show any changes across rates. The 

authors hypothesized that speakers with VH had elevated laryngeal stiffness at baseline. 

As a result, the elevated muscular tone—as is often a symptom in those with VH—
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reduced the speakers’ ability to change muscle stiffness during these gestures. Another 

study by McKenna et al. (2016) determined that kinematic stiffness ratios varied as 

healthy speakers increased their vocal strain (the perceptual correlate of vocal effort).  

The highest kinematic stiffness ratios were reported during the maximal vocal strain 

condition and a push/pull exercise (i.e., pull upward on a chair while sitting on it), meant 

to increase vocal fold adduction and subglottal pressure. These results provide evidence 

of similarities between healthy speakers’ purposeful modulations of vocal effort and 

individuals with VH, as both may exhibit elevated intrinsic laryngeal tension.  

Extrinsic Laryngeal Tension 

The extrinsic laryngeal muscles are located on the anterior portion of the neck 

with one attachment to the structures of the larynx (e.g., hyoid, thyroid cartilage), and 

another attachment to the mandible, hyoid bone, or sternum (Ferrand, 2014; Stemple et 

al., 2012). These muscles are much larger than the intrinsic laryngeal muscles in order to 

support the neck and laryngeal structures. Extrinsic laryngeal muscles have been sub-

divided into two main groups: suprahyoid and infrahyoid. Suprahyoid muscles are 

located superiorly to the hyoid bone and include the digastric, stylohyoid, geniohyoid, 

and mylohyoid muscles. The main purpose of these muscles is to elevate the hyoid bone 

during phonation and swallowing. Conversely, the infrahyoid muscles are located 

inferiorly to the hyoid bone and include the sternohyoid, sternothyroid, thyrohyoid and 

omohyoid muscles. The thyrohyoid acts to shorten the distance between the hyoid bone 

and thyroid cartilage, whereas contraction of the other infrahyoid muscles depress or 

lower the larynx.  
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Similar to the methods used to capture intrinsic laryngeal activation patterns, 

direct quantification of extrinsic laryngeal muscle activity can be acquired via 

intramuscular EMG. In a study by Shipp (1975), intramuscular electrodes were placed in 

the thyrohyoid and sternothyroid (unilaterally). Participants completed pitch glides and 

sustained phonation tasks from glottal fry up to 400 Hz. The author reported activity in 

both muscles during the initiation of phonation, as well as elevation of the laryngeal 

structures. Activation of the sternothyroid was more pronounced at lower pitches, 

indicating a lowering of the larynx during low pitches. The author posited that these two 

extrinsic muscles contribute to the overall position of the larynx and assist in facilitating 

pitch changes in healthy speakers. Similarly, a study by Loucks, Poletto, Saxon, and 

Ludlow (2005) determined that the sternothyroid muscles were activated during pitch 

adjustments. Here, the authors examined mechanical perturbations to the thyroid cartilage 

with simultaneous intramuscular EMG measures and found that activation of the 

sternothyroid was reported in most—but not all—healthy speakers during pitch 

adjustments to the laryngeal perturbations. Instead of using intramuscular EMG, Honda, 

Hirai, Masaki, and Shimada (1999) incorporated magnetic resonance imaging to visualize 

movements of the laryngeal structures during sustained vowels of various pitches. Results 

showed that the hyoid bone moves anteriorly during higher pitches, indicating activation 

of the suprahyoid muscles, but that the entire laryngeal complex has a large downward 

displacement during lower pitch ranges, indicative of infrahyoid muscle contraction. The 

authors hypothesized that extrinsic laryngeal muscles contribute to changes in hyoid 

movement as well as rotation to the thyroid cartilage, which assists in pitch production. 
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All of these studies provide evidence that extrinsic laryngeal muscles contribute to 

overall laryngeal positioning, which may assist in facilitating pitch adjustments in healthy 

speakers.   

It is well-accepted that recruitment of unneeded motor units during voice 

production is inefficient and may lead to vocal fatigue (Nanjundeswaran, 

VanSwearingen, & Abbott, 2017). It is also possible that muscular fatigue induces the 

recruitment of neighboring muscles (Boucher, Ahmarani, & Ayad, 2006; Boucher & 

Ayad, 2010), which may result in the tension, stiffening, and contraction of extrinsic 

laryngeal muscles consistently reported in speakers with voice disorders (Roy, Bless, 

Heisey, & Ford, 1997; Roy, Ford, & Bless, 1996). Thus, some researchers hypothesize 

that phonation should be initiated and maintained with limited contributions of the 

extrinsic laryngeal muscles, and furthermore, that changes in the timing or the relative 

amplitude of muscle activation may be a biological marker of a voice disorder. For 

example, speakers with spasmodic dysphonia have been shown to exhibit larger 

amplitudes of activation and longer duration of activation of the sternothyroid and 

thyrohyoid muscles when compared to healthy speakers (McCall et al., 1973). It is 

suspected that larger amplitudes and longer durations may be related to a reduced ability 

to relax the extrinsic muscles and ultimately, contribute to dysphonic vocal quality. 

Whether extrinsic laryngeal muscle tension is a hallmark feature of voice 

disorders remains undetermined. Prior studies in clinical populations have reported mixed 

results (for review, see Balata, da Silva, de Moraes, Pernambuco, & de Moraes, 2013). 

Many of these studies employed a less-invasive form of EMG, called surface EMG 
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(sEMG), which can glean muscle activation information from muscle groups using 

electrodes placed on the surface of the skin. Yet, one drawback of using sEMG is that it 

is very difficult to capture the electrical activity of a single targeted muscle on the 

anterior portion of the neck. The overlapping nature of the extrinsic laryngeal muscles 

inhibits the ability to be fully confident in placement over a single muscle, except for the 

sternocleidomastoid (technically not an extrinsic muscle but sometimes grouped with the 

other muscles of the neck). The benefit though, is that sEMG is non-invasive and can be 

easily incorporated into clinical care and research studies. Variation in study design and 

sEMG sensor placement (suprahyoid vs. infrahyoid; unilateral vs. bilateral) has led to 

variation in results such that it is difficult to directly compare studies and findings (Balata 

et al., 2013; Stepp, 2012). Therefore, it is critical to evaluate the design of these studies 

when making direct comparisons and sweeping statements of whether sEMG measures 

provide evidence for, or against, increased extrinsic laryngeal tension in these 

populations.  

A study by Redenbaugh and Reich (1989) examined the contribution of extrinsic 

laryngeal muscle activation in seven speakers with symptoms of harsh vocal quality, 

vocal fatigue, and throat pain, as well as seven vocally-healthy speakers. Muscles directly 

inferior to the hyoid bone were targeted during sustained vowels as well as continuous 

speech. The authors normalized sEMG signals to a maximal voluntary contraction task, 

as raw voltage signals are not appropriate for direct comparison across speakers. Results 

showed that the normalized activation amplitudes during both voicing tasks were 

significantly greater in speakers with hyperfunctional vocal symptoms than the vocally 
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healthy controls. These results must be interpreted conservatively, however, as the study 

enrolled a small sample size and the amplitudes were gathered from a single sensor site. 

Furthermore, the resulting values were averaged over a large 2 second window during 

running speech and all data results were recorded by hand. As such, follow-up studies 

have sought to replicate the findings of Redenbaugh and Reich (1989) in patient 

populations that may exhibit increased extrinsic laryngeal tension.  

A study by Smith et al. (2016) evaluated the ability of sEMG measures to 

distinguish between vocal qualities. Ten healthy speakers produced typical vocal 

productions and pressed phonatory productions, defined as reduced airflow across the 

glottis, while suprahyoid and infrahyoid sEMG signals were captured. Results indicated 

that a specific set of sEMG signal features (e.g., mean amplitude of the rectified signal, 

zero crossings) could be used to determine the difference between pressed phonation and 

normal phonation with 95% accuracy. However, the results further showed that this was 

only true for these specific participants, potentially indicating that the results were 

overfitted to the current sample and not generalizable to other speakers.  

A study by Dietrich and Abbott (2012) examined the impact that personality had 

on extrinsic laryngeal muscle activity and vocal effort. The authors were investigating the 

supposition that speakers with specific psychological or personality factors (e.g., 

introversion, extroversion, neuroticism) could have characteristically different extrinsic 

laryngeal tension (Roy & Bless, 2000). The study evaluated extrinsic laryngeal muscle 

activation in speakers with introversion and extroversion before, during, and after a 

stressful task (i.e., public speaking). Findings showed that there was no significant effect 
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of the two personality types on normalized suprahyoid activation. However, a significant 

difference was reported between the two groups for infrahyoid activation, with 

introverted speakers exhibiting larger activations compared to extroverted speakers, and a 

significant effect of “phase” (i.e., before versus after the stressful event). Moreover, all 

participants reported significantly greater vocal effort during the stressful condition, as 

measured via a self-perceptual rating scale; however, the degree of effort was not 

strongly correlated with sEMG signals and was not statistically different between the two 

personality groups. The results of Smith et al. (2016) and Dietrich and Abbott (2012) 

suggest that sEMG signals may rely on person-specific factors (e.g., introversion, 

extroversion) that are not generalizable to entire groups of speakers with voice disorders. 

This may be a leading factor as to the discrepancy in reports regarding the contributions 

of extrinsic laryngeal muscle activation to voice disorders in direct group comparisons. It 

may also explain why personalized biofeedback via sEMG as an adjunct to traditional 

voice therapy has been successful when tailored specifically to individual patients (Allen, 

Bernstein, & Chait, 1991; Maryn, De Bodt, & Van Cauwenberge, 2006; Warnes & Allen, 

2005).  

 Other studies have found no differences in measures of extrinsic laryngeal activity 

between groups of speakers (healthy versus disordered) and pre- to post-therapeutic 

intervention. A study by Van Houtte, Claeys, D'Haeseleer, Wuyts, and Van Lierde (2013) 

compared normalized percent activations between speakers with NP-VH and healthy 

speakers, finding no differences between groups during resting state or during vowel 

productions. Similarly, Stepp, Hillman, and Heaton (2011c) compared sEMG 
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measurements at three locations on the anterior neck in singers with vocal fold nodules, 

non-singers with nodules, and healthy controls. Although there were trends showing 

increased activation of extrinsic laryngeal muscle prior to voicing onset, there were no 

significant statistical findings between the groups. Furthermore, Stepp et al. (2010a) 

evaluated changes in infrahyoid laryngeal muscle activation before and after office-based 

injection laryngoplasty. Prior to the procedure, speakers with glottal insufficiency 

exhibited elevated airflow across the glottis, false vocal fold compression, and vocal 

strain. Following the procedure, these three measures significantly improved, but 

extrinsic laryngeal muscle activations did not show any significant changes pre- to post-

intervention. Thus, it is possible that extrinsic laryngeal muscle activation may not be an 

indicator of a voice disorder, or improvement in that disorder. 

Supraglottal Compression 

Excessive supraglottal activity, often referred to as supraglottal compression or 

constriction, has been proposed as another physiological manifestation of vocal effort. 

When examining the larynx under endoscopy, the structures superior to the glottis can 

compress to cover the true vocal folds. Supraglottal compression can occur in two distinct 

directions: medial-lateral (M-L) compression via medialization of the false vocal folds, or 

anterior-posterior (A-P) compression with the approximation of the arytenoid cartilages 

and the petiole of the epiglottis. The false vocal folds are composed of ventricularis 

muscle fibers (Kotby, Kirchner, Kahane, Basiouny, & el-Samaa, 1991; Moon & Alipour, 

2013; Reidenbach, 1996, 1998), which have attachments to the thyroid and arytenoid 

cartilages (Reidenbach, 1996, 1998) and fiber orientations that result in medial movement 
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of the false vocal folds during contraction (Reidenbach, 1998). Researchers suspect that a 

portion of TA muscle fibers, which lie laterally to the false vocal folds (Reidenbach, 

1996), may also assist in a passive medial compression of the false folds (Bielamowicz et 

al., 2004; Persky et al., 2017). The muscles responsible for A-P compression are likely 

the aryepiglottic muscles and the thyroepiglottic muscles (Sakakibara, Kimura, Imagawa, 

Niimi, & Tayama, 2004; Yanagisawa, Estill, Kmucha, & Leder, 1989). These two 

muscles have origins at the arytenoids and thyroid cartilages, and insertion at the 

epiglottis, resulting in a reduced supraglottic space when contracted. 

Researchers and clinicians alike often work under the supposition that the 

presence of supraglottal compression is a clinical indicator of voice disorders (Lawrence, 

1987; Morrison, Rammage, Belisle, Pullan, & Nichol, 1983; Sama, Carding, Price, Kelly, 

& Wilson, 2001); however, study results are equivocal, with either inconsistent, or no 

differences found between healthy speakers and those with voice disorders (Behrman, 

Dahl, Abramson, & Schutte, 2003; Sama et al., 2001; Stager et al., 2001). The number of 

healthy speakers without any voice complaints who exhibit supraglottal compression is 

estimated to be between 10 – 74% (Sama et al., 2001; Solomon, Glaze, Arnold, & van 

Mersbergen, 2003; Stager, Bielamowicz, Regnell, Gupta, & Barkmeier, 2000b; Stager, 

Neubert, Miller, Regnell, & Bielamowicz, 2003), which may be because supraglottal 

compression has been proposed to be used as a distinct articulatory function. For 

example, M-L compression has been described as a potential dynamic process that can 

rapidly change with the production of different phonemes, such as glottal stops (an 

allophone to stop consonants in the final position of certain words; Pemberton et al., 
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1993; Stager et al., 2000b). Furthermore, compression may be an articulatory strategy to 

modulate vocal resonance and thus, vocal quality. A comparison of trained vocal actors 

and untrained healthy speakers revealed an increased incidence in M-L and A-P 

constriction during both sustained vowels and continuous speech reading (Guzman et al., 

2016). Of interest, these trained actors also exhibited stronger resonant qualities in their 

voices. The authors suggested that supraglottal compression may be a strategy to increase 

vocal loudness while protecting laryngeal structures. Likewise, a higher incidence of 

supraglottal compression has been reported in trained singers during pitch glides as well 

as different singing qualities (e.g., vocal ring, cover) that specifically change the tone of 

the singers’ voices (Pershall & Boone, 1987). Titze (2008) has proposed a source-filter 

interaction theory, in which the narrowing of the epilaryngeal tube (via supraglottal 

compression) directly amplifies formant frequencies. This work lends more support to 

supraglottal structures impacting vocal quality and the acoustical signal in healthy 

speakers. 

 The idea that compression could serve as a protective, compensatory, or adaptive 

response in healthy speakers is widely accepted, but when speakers have symptoms of 

dysphonia, it becomes more difficult to differentiate compensation from disorder. The 

literature is replete with findings of contralateral M-L compression in individuals with 

unilateral vocal fold paresis (e.g., Bielamowicz et al., 2004; Inagi, Khidr, Ford, Bless, & 

Heisey, 1997). It is suspected that M-L compression is a compensatory maneuver for 

these speakers to reduce glottal incompetence and facilitate loudness. In the same regard, 

increased M-L compression was noted in 60% of individuals with voice disorders during 
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whispered speech when compared to their typical phonatory productions (Rubin, 

Praneetvatakul, Gherson, Moyer, & Sataloff, 2006). Interestingly, both whispered speech 

and vocal fold paresis have larger glottal gaps during vocal fold adduction, which results 

in higher transglottal airflow, lower glottal resistance, and a breathy vocal quality. 

Increased airflow across the glottis may therefore provide somatosensory cues to 

speakers that result in compensatory supraglottal compression of the false vocal folds in 

the medial direction. These effects were examined in excised canine larynges with 

manual manipulation of false vocal folds and demonstrated a strong association between 

lateralized false vocal folds and reduced subglottal pressure and glottal resistance 

(Alipour & Karnell, 2014).  Therefore, M-L compression, in these cases, may be a 

compensatory strategy or a secondary behavior to improve vocal fold contact and 

aerodynamics for phonation. 

Conversely, individuals with VH are thought to exhibit supraglottal compression 

as a symptom of excessive supralaryngeal muscle activation and/or increased muscular 

tone. Researchers hypothesize that individuals with VH may have begun to use 

compensatory strategies, such as supraglottal compression, then continued to use it when 

no longer needed (Hillman et al., 1989). Consequently, supraglottal compression would 

be a maladaptive behavior resulting in dysphonia in these speakers. Research suggests 

that increased hyolaryngeal elevation and anterior excursion, as seen in individuals with 

NP-VH (Lowell, Kelley, Colton, Smith, & Portnoy, 2012b), could result in increased A-P 

compression of supraglottal structures (Angsuwarangsee & Morrison, 2002). The 

superior and anterior movement of the hyolaryngeal complex has shown to result in 
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simultaneous retroflexion of the epiglottis that could compress the supraglottic space 

(Vandaele, Perlman, & Cassell, 1995). Stager et al. (2000b) examined supraglottal 

compression (A-P and M-L) in healthy speakers (controls), individuals with P-VH, and 

individuals with NP-VH. In an analysis of incidence across all speech tasks that included 

sustained vowels and sentences, M-L compression was present in 45% of controls, 68% 

of individuals with P-VH, and 80% with NP-VH, while A-P compression was present in 

74%, 78%, and 92%, respectively. Most likely, the presence or absence of compression is 

not a useful diagnostic indicator, but rather, the degree of compression may be a relevant 

objective indicator of disorder. 

Standardized scales quantifying the degree of supraglottal compression has been a 

focus of research for direct translation to clinical practice over the past few decades. 

Poburka (1999) proposed a Stroboscopy Examination Rating Form (SERF) in which A-P 

and M-L compression are rated separately on 0 – 5 scales, in which “0” represents no 

compression, and “5” represents complete compression over the true vocal folds. With 

the advent of advanced imaging techniques, researchers sought to evaluate whether video 

sampling rate affected supraglottal compression ratings. Zacharias, Deliyski, and Gerlach 

(2017) reported no significant differences in supraglottal compression ratings in exams 

during standard stroboscopy at 30 frames-per-second (fps) and under high-speed video 

imaging at 4000 fps. Still, Poburka and colleagues sought to update the previous SERF 

by creating a modified scale for high-speed video imaging, known as the Voice-Vibratory 

Assessment with Laryngeal Imaging (VALI; Poburka, Patel, & Bless, 2017). The 

validation of this scale reported moderate-to-high inter-rater reliability with an intraclass 
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correlation coefficient (ICC) of .85  ̶  .89, but more variability in intra-rater reliability 

with Spearman’s ρ = .28  ̶  .84. The objective quantification of supragottal compression 

has been undertaken with quantitative estimation methods as well (Behrman et al., 2003; 

Stager et al., 2001). In a study by Behrman et al. (2003), area estimation of supraglottal 

compression (in pixels) required manual identification of the length and width of the 

vocal folds under laryngeal imaging. The length and width of the true vocal folds were 

normalized to the true vocal fold area (via a tracing of the perimeter of visualized vocal 

folds) and were then implemented in estimating the percentage of compression based on 

pixel counts. Stepp et al. (2010a) directly compared the quantitative pixel estimation 

method described by Behrman et al. (2003) to subjective supraglottal compression ratings 

made on a 0  ̶  5 rating scale by trained staff. The correlation between the two methods 

was deemed moderate for supraglottal compression in the A-P direction (r = .49); 

however, a moderate negative correlation (r = -.50) was found between the quantitative 

estimate and subjective ratings of compression in the M-L direction. These results call 

into question the validity of the quantitative method for estimating M-L compression. To 

date, a quantitative estimate of supraglottal compression has not yet been implemented 

into the clinical setting.  

Subglottal Pressure 

It is widely accepted that vocal effort is, at least in part, due to increasing 

subglottal pressure (Verdolini, Titze, & Fennell, 1994). Subglottal pressure is defined as 

the pressure that builds up below the level of the adducted vocal folds and assists in both 

initiating and maintaining vocal fold oscillation (Stemple et al., 2012). Although there are 
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direct ways to measure subglottal pressure (e.g., tracheal puncture, intratracheal pressure 

transducer; Ladefoged & McKinney, 1963; Neumann, Gall, Schutte, & Miller, 2003; Van 

den Berg, 1956), these methods are rarely used clinically, which precipitated the 

development of less invasive, indirect estimates.  

Today, the most common method used to estimate subglottal pressure is via 

intraoral pressure. There are two types of intraoral estimation methods: labial interruption 

and airflow interruption. During the labial interruption method, speakers are required to 

produce a series of bilabial plosive–vowel combination (e.g., /pi/) at a slow, steady rate 

(Hertegard, Gauffin, & Lindestad, 1995; Holmberg, Perkell, & Hillman, 1984) while 

holding a pressure transducer in the oral cavity. The closure during the /p/ allows for an 

equalization of pressure above and below the vocal folds, and thus, an estimation of 

subglottal pressure from the oral cavity (Shipp, 1973). The airflow interruption method is 

similar, but employs an unanticipated, mechanical interruption during a sustained vowel 

(Bard, Slavit, McCaffrey, & Lipton, 1992; Jiang, Leder, & Bichler, 2006). The airflow 

interruption method does not require the speaker to produce a specific syllable set and 

can be employed by speakers with poorer speech and articulatory control (e.g., speakers 

with dysarthria).  

Previous research has examined subglottal pressure estimates during modulations 

of vocal effort. A study by Rosenthal et al. (2014) examined a series of aerodynamic 

measures during productions of comfortable, minimal, and maximal vocal effort by 

vocally healthy adults. Results indicated that intraoral estimates of subglottal pressure 

were the most consistent indicator of vocal effort, compared to other aerodynamic 
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measures in the study (e.g., translaryngeal airflow). Subglottal pressure estimates were 

significantly different between all effort level comparisons with large effect sizes. These 

results provide evidence that healthy speakers may increase or decrease subglottal 

pressure as a primary strategy to change their amount of vocal effort.  

Increased subglottal pressure has been reported in speakers with NP-VH 

(Espinoza, Zanartu, Van Stan, Mehta, & Hillman, 2017; Hillman et al., 1989), P-VH 

(Espinoza et al., 2017; Holmberg, Doyle, Perkell, Hammarberg, & Hillman, 2003), and 

glottic cancer (Friedman, Hillman, Landau-Zemer, Burns, & Zeitels, 2013; Zietels, 

Burns, Lopez-Guerra, Anderson, & Hillman, 2008). In speakers without lesions (NP-

VH), increased laryngeal tension is suspected to also increase subglottal pressure, as 

higher pressure is required to initiate and maintain vocal fold oscillation (Hillman et al., 

1989). In the same regard, speakers with vocal fold lesions are suspected to have heavier 

vocal folds, and as a result require greater pressure to initiate and maintain vocal fold 

vibration (Zhuang et al., 2013). Nevertheless, speakers with voice disorders have lower 

vocal efficiency measures (a ratio of vocal intensity output to subglottal pressure), 

providing more support that increasing subglottal pressure may be a physiological 

indicator of vocal effort (Mehta & Hillman, 2007).  

The modeling work of Zanartu et al. (2014) evaluated the relationship between 

glottal configuration and several aerodynamic parameters, including subglottal pressure. 

The authors used a self-sustained model of vocal fold vibration in order to compare the 

findings of changes in the size of posterior glottal gaps to published data on specific 

patient populations (e.g., glottal incompetence, NP-VH). Results showed a negative 
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association between posterior glottal opening and subglottal pressure, meaning that as the 

glottal opening became larger, subglottal pressure measures decreased. At the same time, 

the net energy transferred to the vocal folds was reduced, and there was a reduction in 

predicted sound pressure level (SPL). The authors then modeled a “compensatory 

response” in which subglottal pressure was increased to a point at which SPL returned to 

a normal range. The authors found that during simulations of larger glottal gaps, the 

subglottal pressure increased to a greater extent than with smaller gaps, in order to 

compensate for greater losses in SPL. These modeling results support the hypothesis that 

subglottal pressure may be used as a  compensatory strategy to increase the energy 

transfer to the vocal folds, and subsequently, increase the intensity of the speech signal 

(as measured via SPL).  

Although these studies linking subglottal pressure to populations with excessive 

vocal effort are promising, the tasks needed to estimate subglottal pressure may not be 

reflective of natural speech. Furthermore, the relationships between intraoral estimates of 

subglottal pressure and direct estimations of subglottal pressure have been shown to be 

weaker in speakers with voice disorders (Plant & Hillel, 1998) compared to healthy 

speakers. For these reasons, researchers have begun to investigate other tools to estimate 

aerodynamic measures. Recent work has successfully determined aerodynamic 

parameters from a neck-surface accelerometer (Llico et al., 2015; Mehta et al., 2015; 

Zanartu, Ho, Mehta, Hillman, & Wodicka, 2013). The accelerometer sits inferior to the 

cricoid cartilage and superior to the sternal notch and captures radiated acoustic and 

aerodynamic information (Svec, Titze, & Popolo, 2005). The placement of the sensor and 
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its measurement capabilities make it a primary candidate for development of subglottal 

pressure estimates. Fryd, Van Stan, Hillman, and Mehta (2016) related intraoral estimates 

of subglottal pressure to the magnitude of neck-surface vibration (NSVMag) of the 

accelerometer signal during a vowel production across variations in pitch and loudness. 

The authors found moderate-to-strong relationships between the two measures (r2 = .68 – 

.93). Furthermore, McKenna, Llico, Mehta, Perkell, and Stepp (2017) examined the same 

relationship during modulations of vocal effort across different intensity ranges. In this 

study, healthy speakers increased vocal effort, which acted to increase estimates of 

subglottal pressure. The researchers reported that NSVMag significantly predicted 

estimates of subglottal pressure during modulations of effort, with a large effect size. An 

accelerometer estimation technique provides a promising clinical application for 

subglottal pressure estimates during ambulatory monitoring and more natural speech 

contexts.  

 

Perception of Vocal Effort 

 Auditory-perceptual ratings are a standard clinical tool during the diagnosis and 

treatment of voice disorders (Kreiman, Gerratt, Kempster, Erman, & Berke, 1993; Oates, 

2009; Selby, Gilbert, & Lerman, 2003). Perceptual measures include those made by the 

speaker, referred to as “self-perceptual” and those made by a listener, or listener-

perceptual. Listener-perceptual ratings can come from trained listeners (e.g., clinician), 

familiar listeners (e.g., family member, caregiver), or inexperienced listeners who do not 

have previous experience with the speaker or voice disorders.  
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The self-perception of voice is suspected to rely on a combination of 

somatosensation from the structures of the speech system (e.g., larynx, supralaryngeal 

structures), and auditory feedback provided by both air and bone conduction. Kinesthetic 

feedback may come from sensory cells of the laryngeal structures, including 

mechanoreceptors (touch) and nociceptors (pain; Koike et al., 2016). Previous studies 

have shown that after providing a numbing agent to vocal fold mucosa, speakers 

exhibited a reduced ability to control their pitch (Kleber, Zeitouni, Friberg, & Zatorre, 

2013; Sundberg, Iwarsson, & Billstrom, 1995). These results indicate that speakers also 

use sensory feedback during fine-tuned adjustments of speech and voice, even when 

auditory feedback is unaffected. Still, these types of sensory cells only provide sensory 

feedback during vocal fold contact, limiting their utility for feedback during rest. Muscle 

spindles, on the other hand, have the potential to provide sensory information during 

phonation and at rest. The intrinsic laryngeal muscles are partially composed of muscle 

spindles (stretch receptors), though there are fewer of these spindles when compared to 

other skeletal muscles (Koike et al., 2016). Muscle spindles provide information to the 

central nervous system on the length of the muscle fiber and is hypothesized to be a way 

for speakers to sense increased laryngeal tension. For example, contraction of the CT 

muscles act to increase the length of the vocal folds and subsequently, increases the 

frequency of vocal fold vibration (Atkinson, 1978; Shipp, 1975; Stemple et al., 2012). 

The somatosensory feedback from stretching muscle spindles in the TA, when combined 

with the auditory feedback of an increase in pitch, may provide speakers with an 

indication of intrinsic laryngeal tension. However, it is not yet clear if muscle spindles 
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provide feedback during conscious perception and reporting of laryngeal sensations 

(Ludlow, 2005), as they have mostly been investigated during reflexive vocal paradigms.  

Researchers have examined somatosensation and audition during perturbations to 

the voice system, finding that both are driving factors to vocal motor control. Prior work 

has shown that speakers are able to respond to sudden, unexpected mechanical 

perturbations to the larynx (Loucks et al., 2005; Sapir, Baker, Larson, & Ramig, 2000). A 

study by Loucks et al. (2005) applied mechanical force to the laryngeal cartilage and 

concurrently evaluated changes in fo and intramuscular EMG potentials from the CT, TA, 

and sternothyroid. Based on the latency and amplitude measures of the intramuscular 

EMG, and the resulting changes in fo, the researchers hypothesized that the sternothyroid 

muscle may have provided sensory feedback via stretch-receptors during the 

perturbations that elicited a compensation in pitch. However, these results were not 

produced under auditory masking, so it is unclear how audition may have also facilitated 

feedback in this study. It has been well documented that sudden auditory perturbations 

also cause a compensatory vocal motor response (Bauer, Mittal, Larson, & Hain, 2006; 

Behroozmand, Korzyukov, Sattler, & Larson, 2012; Burnett, Freedland, Larson, & Hain, 

1998). Yet, studies examining vocal motor control have been limited to frequency, 

intensity, and formant changes, not vocal quality. Furthermore, these study designs have 

yet to incorporate changes to both feedback sources (i.e., somatosensory and auditory) to 

determine if speakers exhibit sensory preferences for voice, as has been noted in 

articulatory motor control (Lametti, Nasir, & Ostry, 2012). Nevertheless, speakers have 

the potential to have the most accurate self-perception of their own voices since they can 
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incorporate sensory information from both forms of feedback during self-perceptual 

ratings (Rosenthal et al., 2014). 

 Lane, Catania, and Stevens (1961) examined how changes in auditory feedback 

may influence the self-perception of vocal effort. The authors coined the term 

“autophonic response” as the self-perception of voice that may be influenced by 

proprioceptive input from the laryngeal structures as well as the auditory feedback. The 

authors reported that speakers perceived their vocal effort as consistently greater than 

listener-perceptual ratings of the same productions. A secondary experiment applied 

masking noise to the speakers during their effortful productions. Results continued to be 

the same: speakers rated their vocal effort as consistently greater than listeners. These 

results provide evidence that speakers continue to use proprioceptive information along 

with bone conduction even when air conduction is affected.  

Still, it has also been shown the speakers reduce their own auditory feedback 

during vocalizations via peripheral and central mechanisms. For example, the stapedius 

muscle of the middle ear contracts prior to the initiation of voicing and results in a 

reduction of low-frequency acoustical information for the speaker (Borg & Zakrisson, 

1975). Furthermore, the medial olivocochlear bundle attenuates the gain of outer hair 

cells with possible effects on the perception of speech in noisy environments (Smith & 

Keil, 2015). As such, it is then possible that speakers and listeners are receiving different 

auditory information when listening to the same vocal production.  

Researchers hypothesize that the self-perception of vocal effort may be related to 

the sensation of vocal fatigue. Vocal fatigue has been defined as a “local tiredness and 
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weak voice after a period of voice use” (Nanjundeswaran, Jacobson, Gartner-Schmidt, & 

Abbott, 2015), which may result in a progressive increase in vocal effort (McCabe & 

Titze, 2002). Researchers have proposed that effort is proportional to the product of 

muscular force and fatigue (i.e., effort ∝ force × fatigue), such that increasing fatigue 

results in simultaneous changes in effort (Chang & Karnell, 2004; Somodi, Robin, & 

Luschei, 1995). It has been hypothesized that increasing vocal effort may be a 

compensatory behavior to maintain the same speech output in the presence of changes in 

vocal fold tissue properties and/or reduced muscular endurance (McCabe & Titze, 2002; 

Titze, 1999). For example, a recent study tracked healthy speakers and speakers with 

vocal fold nodules over the course of a day using an accelerometer (Ghassemi et al., 

2014). The authors reported that speakers with vocal nodules exhibited increases in 

habitual pitch over the duration of the day, whereas healthy speakers did not. The authors 

argued that these differences were due to a decreased ability to meet voicing demands 

(i.e., vocal fatigue). They hypothesized that increased vocal fatigue resulted in increased 

vocal effort and elevated laryngeal tension for vocal compensation. Combined, these 

compensations manifested as increased habitual pitch. However, when excessive vocal 

effort is reported in speakers experiencing fatigue, is not clear if self-reports are based on 

proprioceptive feedback from the laryngeal structures, effort from other subsystems of 

voice (e.g., respiratory, articulatory), or auditory feedback during voice productions. 

Quite possibly, it is a combination of somatosensory and auditory modalities that 

contribute to self-perceptual ratings of vocal effort.   
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Self-Perceptual Scales of Vocal Effort 

Vocal effort is currently assessed and monitored via psychosocial questionnaires 

and rating scales that quantify the presence, frequency, degree, and duration of 

symptoms. These scales have been developed independently in the voice literature, and 

with input from exercise physiology scales on physical exertion and effort. All rating 

scales and questionnaires vary by the concepts assessed (e.g., severity versus duration) 

and format for rating (e.g., Likert versus continuous). The scales also vary in terms of 

whether anchors are used and if examples of vocal effort are provided. To date, there is 

no widely-accepted self-perceptual rating scale of vocal effort.  

A series of standardized questionnaires include questions about the presence and 

severity of vocal effort in daily life. The Voice Handicap Index (VHI; Jacobson et al., 

1997) is a Likert scale that indexes the presence and frequency of voice symptoms from a 

rating of “never” to “always,” across three distinct subscales: physical, emotional, and 

functional. Only one question on the physical scale addresses the severity of vocal effort 

by stating: “I use a great deal of effort to speak.” Similarly, the Glottal Function Index 

(GFI; Bach et al., 2005) uses a Likert format to determine the speaker’s perception of 

how much of a problem his or her voice has been, from “no problem” to a “severe 

problem.” The questions on the GFI address effort, discomfort, fatigue, and dysphonic 

qualities of the voice.  

Numerical rating systems have been used to quantify vocal effort immediately 

following specific speech tasks. Verdolini et al. (1994) and Verdolini-Marston et al. 

(1995) used a direct magnitude estimation of the perception of phonatory effort, which 
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quantifies the immediate perceptual severity of vocal effort. Participants were instructed 

that a level of “100” was denoted as “comfortable effort during talking” and that doubling 

to “200” would be “twice as much effort.” Using this scale, increasing vocal effort was 

associated with higher phonation threshold pressure (PTP), or the amount of subglottal 

pressure needed to initiate phonation (Verdolini et al., 1994). Other researchers have 

taken a different approach with a simple visual analog scale (VAS) that has anchors at the 

minimum and maximum values. For example, McCabe and Titze (2002) instructed 

participants to complete self-perceptual ratings of vocal effort on a 0 – 10 scale following 

a vocally fatiguing task. Zero was anchored as “no effort” and “10” as “maximum effort.” 

Using this scale, the self-perception of vocal effort has been correlated with vocal fatigue 

and subsequent vocal recovery.  

The only scale that has been specifically developed to measure vocal effort is the 

Borg Category Ratio 10 scale (Borg CR10). The Borg CR10 is derived from a scale that 

was originally developed in the exercise physiology literature to characterize physical 

exertion (Borg, 1982; Neely, Ljunggren, Sylven, & Borg, 1992; Noble, Borg, Jacobs, 

Ceci, & Kaiser, 1983). More recently, the scale has been investigated as a means of 

quantifying vocal exertion and vocal effort (Nanjundeswaran et al., 2017; van Leer & van 

Mersbergen, 2017). The scale is set from 0 – 10 with slightly uneven increments due to 

the addition of a one-half marker (0.5) between the 0 and 1 intervals. The scale has 

categorical descriptions, and recently, experiential anchors were added to describe the 

extremes of the scale. Although the original physical exertion scale was validated against 

VAS ratings (Neely et al., 1992), using the Borg CR10 as a vocal measure is still 
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undergoing psychometric evaluation (Baldner et al., 2015; van Leer & van Mersbergen, 

2017). Thus, the scale in its current form has not yet met all of the testing necessary for 

widespread clinical use.  

Auditory Perception of Vocal Effort 

Auditory-perceptual ratings are considered the gold-standard for evaluating voice 

disorders. Auditory-perceptual ratings often include evaluation of pitch, loudness, and 

vocal quality (Hirano, 1981; Kempster, Gerratt, Abbott, Barkmeier-Kraemer, & Hillman, 

2009). The purpose of using auditory-perceptual ratings in a clinical setting is to 

determine the severity of the impairment, the impact on the listener, and to track 

therapeutic progress.  

Clinical assessment of vocal effort is often assessed via the perceptual vocal 

quality of “strain.” Strain has been described as the “perception of excessive vocal effort” 

and is a separate subscale on two common perceptual ratings scales: the Consensus 

Auditory-Perceptual Evaluation of Voice (CAPE-V; Kempster et al., 2009), and the 

Grade, Roughness, Breathiness, Asthenia, Strain (GRBAS; Hirano, 1981). The inter-rater 

reliability of vocal strain between listeners is historically lower than other vocal qualities 

(Kelchner et al., 2010; Schaeffer & Sidavi, 2011; Wuyts, De Bodt, & Van de Heyning, 

1999). Furthermore, direct comparisons between speaker- and listener-perceptual ratings 

do not always align. In a study by Lee, Drinnan, and Carding (2005), the relationships 

between speaker and expert listener ratings of vocal strain were quite weak with a 

correlation of r = .19. As it seems, the relationship between speaker and listener ratings of 

vocal effort are, at best, moderate (Eadie et al., 2010; Eadie et al., 2007; Johnson, 2012). 
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Once again, this may be due to a discrepancy between the sensory modalities to which 

speakers and listeners have access; however, it could also be that speakers have auditory 

and somatosensory targets of their typical voices of which to judge themselves on.  

There is evidence that speakers with voice disorders may become habituated to 

their own voices and lack an accurate self-perception of their voice problems, which 

ultimately affects their perception of their own pitch, loudness, and quality (e.g., 

Parkinson’s Disease; Kwan & Whitehill, 2011). Consequently, listener-perceptual ratings 

are critical to evaluating voice characteristics in these speakers; yet, auditory-perceptual 

ratings can be highly variable and require careful consideration when choosing stimuli 

and rating scales. The selected speech segment (e.g., voicing onsets versus mid-vowel; de 

Krom, 1994) and length of the speech sample (Barsties & Maryn, 2017; Bele, 2005) have 

been shown to impact listener-perceptual ratings. Furthermore, the amount of training 

provided to the listener and whether anchors are placed on the scale may also affect 

listener ratings (Barsties et al., 2017; Eadie & Kapsner-Smith, 2011; Eadie et al., 2010; 

Gerratt, Kreiman, Antonanzas-Barroso, & Berke, 1993). It is suspected that without 

training, listeners may make perceptual ratings based on their own internal models 

(Kreiman et al., 1993). To mitigate some of the problems with listener variation, 

Granqvist (2003) proposed a perceptual task that enables direct comparison of stimuli 

during ratings: the visual sort-and-rate (VSR) method. The rating scale is a simple 100-

point scale, much like the VAS, but the main difference is that multiple stimuli are 

presented in the same set. This provides an opportunity for listeners to compare the 

stimuli against one another during ratings. When the VSR method was directly compared 
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to the VAS method, the VSR method revealed significantly higher inter-and intra-rater 

reliability (Granqvist, 2003). The VSR method has subsequently been employed in 

studies to gather listener-perceptual ratings of vocal effort and the corresponding quality 

of vocal strain (Heller Murray, Hands, Calabrese, & Stepp, 2016; Lien, Michener, Eadie, 

& Stepp, 2015). 

Besides efforts to standardize auditory-perceptual tasks and minimize listener 

error, further work has examined the relationship between auditory-perceptual ratings and 

the speech signal (Eadie & Doyle, 2005). When making a perceptual rating on a 

particular percept (e.g., pitch, loudness), listeners have been shown to attend to specific 

parameters within the speech signal. For example, the amplitude of the signal is related to 

the perception of loudness, whereas the amount of high frequency energy has been shown 

to be related to the perception of breathiness (Awan & Roy, 2005). In regards to vocal 

effort, there is no clear acoustical marker that is related to auditory-perceptual ratings of 

vocal effort. Rather, vocal effort may manifest as a combination of acoustical markers 

and be perceived as multiple changes to different vocal percepts (e.g., pitch, loudness, 

and quality).  

Acoustical Correlates of Vocal Effort  

Although acoustical measures are the most common quantitative measure of voice 

employed clinically, there is no single acoustical correlate to vocal effort. We 

hypothesize that vocal effort is likely a combination of more than one acoustical measure, 

related to more than one percept of voice (e.g., pitch and loudness). The mechanisms of 

vocal effort under investigation in this work are specifically related to the laryngeal and 
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circumlaryngeal area, such that the acoustic parameters directly impacted by these 

physiological changes are the most likely candidates to indicate vocal effort.   

Amplitude-based Measures 

Vocal intensity is related to the amplitude of the speech signal. Vocal intensity 

can be quantified as sound pressure level (dB SPL) and is perceived by listeners as 

loudness. Researchers have determined that vocal effort is associated with increases in 

the acoustical measure of mean SPL (Rosenthal et al., 2014). The relationship between 

the two may be due to the shared physiological process of increased subglottal pressure. 

The increased subglottal pressure, which has been shown to increase the amplitude of the 

vocal folds during vibration (Sataloff, 2015), also increases the amplitude of the speech 

signal. Researchers have concluded that for every doubling of subglottal pressure 

(approximately a 6 dB increase), mean SPL increases by 9 – 13 dB in healthy speakers 

(Fryd et al., 2016; Holmberg, Hillman, & Perkell, 1988; Lamarche & Ternstrom, 2008; 

Sundberg, Titze, & Scherer, 1993; Tanaka & Gould, 1983).  

Although this relationship is consistently reported for healthy speakers, the 

relationship between subglottal pressure and mean SPL does not appear to be the same 

for speakers with voice disorders. Speakers with stiff or heavy vocal folds (e.g., vocal 

fold lesions; tension-based voice disorders), may increase subglottal pressure as a 

strategy to improve the amplitude of vocal fold vibration (Zanartu et al., 2014; Zhuang et 

al., 2013). This action results in instances of increased subglottal pressure and reports of 

increased vocal effort while maintaining a normal range of mean SPL (Espinoza et al., 

2017; Friedman et al., 2013; Hillman et al., 1989; Zietels et al., 2008). Likely, changes in 
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the perception of vocal effort are partially related to the implied changes in mean SPL, 

but probably also include other changes in the speech signal. 

To investigate this further, Brandt, Ruder, and Shipp (1969) recorded a speaker 

repeating the same sentence whilst increasing vocal loudness and vocal effort. The 

samples recorded by the speaker were then modulated into two separate sets. The first set 

increased loudness, in which a single sentence without the addition of vocal effort was 

amplified at different loudness levels. The second set increased vocal effort, in which all 

recordings that varied by loudness and effort were normalized to a single loudness level. 

Then, listeners completed perceptual ratings of vocal loudness and vocal effort separately 

for both conditions. Results indicated that listeners were able to distinguish between the 

two sets. Specifically, listeners were able to report increases to the perception of loudness 

with no change to the report of vocal effort and conversely, higher ratings of vocal effort, 

without any increase in loudness ratings. A follow-up study duplicated and expanded 

upon these findings by further analyzing loudness and vocal effort ratings in stimuli with 

a reduced bandwidth (i.e., eliminating high frequency information above 2 kHz) in order 

to identify spectral characteristics contributing to the perception of vocal effort (Brandt, 

1972). The results indicated that a reduced stimulus bandwidth resulted in a reduced 

ability to perceive differences in loudness but had no effect on the ability to perceive 

vocal effort. Thus, it may be that vocal effort is determined from acoustical information 

at frequencies lower than 2 kHz. The authors of this study speculated that the perception 

of vocal effort could be related to changes in mean fo; however, it is also possible that the 

changes in harmonic information in lower frequencies (e.g., spectral tilt) may also 
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provide acoustical cues to the listener. Therefore, it is likely that the perception of vocal 

effort is a combination of multiple changes in the speech signal, including mean SPL and 

frequency information.  

Time-based Measures  

Mean fo 

Mean fo is an acoustical measure of the average frequency of vocal fold vibration 

and has the perceptual correlate of pitch. Mean fo is affected by the length, mass, and 

tension of the vocal folds (van den Berg, 1958), and it is well-established that CT 

activation results in lengthening of the vocal folds and subsequent increases in mean fo 

(Atkinson, 1978; Lofqvist, Baer, McGarr, & Story, 1989; Shipp, 1975). Similarly, 

activation of the TA muscle also increases the stiffness of the vocal folds, thereby 

increasing vibrational frequency (Titze, Luschei, & Hirano, 1989). Furthermore, extrinsic 

laryngeal muscles, such as the thyrohyoid and sternothyroid muscles also influence fo 

(Shipp, 1975). These extrinsic muscles are suspected to contribute to fo by creating a 

phonatory posture conducive to intrinsic laryngeal muscle function by changing the 

position of the hyoid and thyroid cartilages (Honda et al., 1999). Therefore, it has been 

hypothesized that speakers with elevated intrinsic or extrinsic tension—such as in those 

with VH—should exhibit subsequent increases in mean fo. Previous work has found that 

speakers with VH have a lowering in mean fo following successful vocal therapy 

(Kennard, Lieberman, Saaid, & Rolfe, 2015; Roy et al., 1997). However, there is such a 

large range of acceptable mean fo values that direct comparisons of speakers groups (i.e., 

healthy versus VH) reveal no significant differences between the two (Mehta et al., 2015; 
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Van Stan et al., 2015). As such, mean fo is regarded as a nonspecific diagnostic indicator.  

Biomechanical models provide more information on how CT and TA activation 

(in isolation and in combination) influence vocal fold length and tension. When the CT 

and TA muscles contract in isolation, both have been shown to cause increases in mean 

fo; however, when co-contraction occurs, these two muscles have been shown to act as 

antagonists (Chhetri, Neubauer, & Berry, 2012; Titze et al., 1989). High levels of 

concurrent contractions of both muscles result in a decrease in mean fo, as they 

effectively counterbalance one another (Lowell & Story, 2006; Yin & Zhang, 2013). 

Therefore, it may be possible to have elevated intrinsic laryngeal muscle tension without 

subsequent changes in mean fo; as a result, mean fo is an interesting variable for 

examination during increasing vocal effort.  

Harmonics-to-Noise Ratio 

The ratio of harmonic energy to aperiodic energy (i.e., harmonics-to-noise ratio 

[HNR]) is an acoustical measure that describes the periodicity of the speech signal 

(Murphy, McGuigan, Walsh, & Colreavy, 2008). HNR values are influenced by vocal 

fold vibratory characteristics, in that aperiodic vocal fold vibration reduces HNR values 

(Boone et al., 2014). As expected, lesions to the vocal folds act to reduce HNR values in 

specific patient populations, such as speakers with glottic cancer (Friedman et al., 2013) 

and speakers with vocal nodules (Schindler, Mozzanica, Vedrody, Maruzzi, & Ottaviani, 

2009). It follows that the strongest perceptual measures related to HNR are hoarseness 

(Yumoto, Sasaki, & Okamura, 1984), roughness (Ferrand, 2002), and breathiness (de 

Krom, 1995). Although these perceptual qualities could be indicators of aperiodicity, it 
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has been proposed that they are indistinguishable since they are often highly correlated 

with one another (Kreiman & Gerratt, 2000). To date, there seems to have been no 

specific study associating HNR directly to perceptual ratings of vocal effort, but the 

evidence that HNR is affected in speakers with voice disorders makes it a promising 

acoustical indicator of vocal effort. 

Relative Fundamental Frequency 

Distinct from the calculation of mean fo, which is often determined from the 

steady-state of a voiced segment, relative fundamental frequency (RFF) is an acoustical 

measure that specifically examines the transitions between voiced and unvoiced 

segments. RFF values are determined during a voiced sonorant–voiceless obstruent–

voiced sonorant instance or production (e.g., /ifi/). The last 10 voicing cycles from the 

first voiced sonorant are known as offset cycles, and the onset cycles are the first 10 

cycles of voicing at the re-initiation of voicing for the second voiced sonorant. In order to 

calculate RFF, the instantaneous fo of each cycle is normalized against a steady-state 

reference cycle (see Equation 1.3). The reference for offset values is RFF offset cycle 1, 

and for onset values is RFF onset cycle 10, as these cycles are the closest to the midpoint 

of each voiced sonorant. The resulting RFF values are in semitones (ST). These 

normalization steps assist in controlling for changes in pitch between vowels within a 

speaker, as well as allowing for comparisons across speakers.  

Equation 1.3   
ST = 39.86 × log
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RFF offset cycle 10 and onset cycle 1, in particular, are proposed to be possible 
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indicators of laryngeal tension due to their distance from the reference cycle and previous 

research indicating these may be different between specific etiologic groups. A healthy 

RFF offset cycle 10 value should be between 0 to -1 ST (Heller Murray et al., 2016; Lien, 

Gattuccio, & Stepp, 2014; McKenna et al., 2016; Stepp, Hillman, & Heaton, 2010b; 

Stepp, Sawin, & Eadie, 2012), meaning that there would be little-to-no difference 

between the instantaneous fo and the reference fo. Conversely, typical RFF onset cycle 1 

values are reported to be approximately 2 – 3 ST (Heller Murray et al., 2016; Lien et al., 

2014; Lien et al., 2015; Stepp et al., 2012), meaning that the frequency of vibration at the 

re-initiation of voicing is higher than during the vowel steady-state. The hypothesized 

mechanisms underlying these changes are suspected to be a combination of intrinsic 

laryngeal tension, vocal fold abduction that occurs during the voiceless obstruent 

production, and aerodynamic forces that assist in setting the vocal folds back into 

vibratory motion during the re-onset of voicing (Heller Murray et al., 2017; McKenna et 

al., 2016; Stepp, Merchant, Heaton, & Hillman, 2011d). Therefore, if tension were to 

change (increase or decrease), the resulting RFF values would also change.   

RFF values have been found to be lower in speakers with voice disorders 

characterized by high laryngeal tension, such as spasmodic dysphonia (Eadie & Stepp, 

2013), and VH (Heller Murray et al., 2017; Stepp et al., 2010b), when compared to 

healthy speakers. In these cases, RFF offset cycle 10 values become more negative and 

onset cycle 1 values become less positive, or less than 2 – 3 ST.  

Researchers suspect that structural changes to the vocal folds do not directly 

affect RFF cycle values, but rather that RFF values may be indicative of underlying 
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pathophysiological processes. A study by Heller Murray et al. (2017) determined that 

RFF offset cycle 10 was significantly different between three groups of speakers: healthy, 

NP-VH, and P-VH. Results reported that healthy speakers exhibited the highest RFF 

cycle 10 values (M = -0.82 ST), and the two groups of speakers with voice disorders, NP-

VH and P-VH, exhibited lower values of -1.35 ST and -1.76 ST, respectively. Heller 

Murray and colleagues hypothesized that the lower RFF values were specifically a result 

of longitudinal vocal fold tension present in both NP-VH and P-VH, and furthermore, 

that P-VH has additional transverse tension of the vocal folds. Increased transverse 

tension, due to increased adductory forces noted in those with P-VH (Hillman et al., 

1989), results in a reduced ability to stop phonating and increases the number of 

phonatory cycles between voiced-voiceless phoneme transitions. The combination of 

tension and vibration duration resulted in longer vibratory cycles and lower RFF offset 

cycle 10 values. Other research has reported that when individuals with P-VH have vocal 

surgery to remove lesions from the vocal folds, their RFF values do not immediately 

return to healthy ranges (Stepp et al., 2010b). It is thought that the weight of the lesions 

may affect vocal fold vibration, but that surgery alone does not improve maladaptive 

behavioral changes such as longitudinal tension and laryngeal posturing. After 

undergoing surgery, these speakers still require voice therapy intervention to decrease the 

symptoms associate with laryngeal tension. In fact, a different study revealed that, 

following successful vocal therapy that focused on tension reduction, speakers with P-VH 

and NP-VH had RFF values that returned to ranges reported in typical speakers (Stepp et 

al., 2011d). All of these studies indicate that RFF values may be an indirect indicator of 
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laryngeal tension, specifically for speakers with VH in whom laryngeal tension is thought 

to be elevated.  

Other studies examined the relationship between RFF values and modulations of 

vocal effort in speakers with healthy vocal mechanisms. A study by Lien et al. (2015) 

examined intraoral subglottal pressure estimates and RFF during modulations of five 

levels of vocal effort. The authors reported, on average, a moderate relationship between 

subglottal pressure estimates and RFF offset cycle 10 and onset cycle 1, as well as 

moderate relationships between RFF values and listener-perceptual ratings of effort. 

Similarly, McKenna et al. (2016) examined the relationship between kinematic stiffness 

ratios and RFF values during modulations of vocal quality and vocal strain. The authors 

determined that RFF offset cycle 10 and onset cycle 1 significantly predicted kinematic 

stiffness ratios (R2 = .52), providing evidence that these RFF cycles may reflect changes 

in intrinsic laryngeal tension. RFF offset cycle 10 had a large effect size, whereas onset 

cycle 1 was not as strong with only a medium effect size. Both of these studies indicated 

that RFF can values can change based on purposeful increases of vocal effort and strain, 

and furthermore, were able to relate RFF to specific physiological processes.  

Cepstral-based Measures 

One advantage to calculating cepstral measures is that they do not rely on 

identification and discrimination of periods within the signal. Therefore, a cepstral-based 

analysis may be more appropriate for speakers with severe dysphonia when calculation of 

time-based measures (e.g., mean  fo, RFF) becomes too difficult or impossible to estimate 

due to aperiodicity of glottal pulses. A cepstrum is calculated as the fast Fourier 
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transform (FFT) of the logarithm of the power spectrum (Bogert, Healy, & Tukey, 1963; 

Noll, 1964, 1967). Cepstral peak prominence (CPP) is the magnitude of the dominant 

rahmonic, thought to be associated with the fo of the original spectrum, when compared to 

the predicted cepstral energy (Awan & Roy, 2005).  

CPP is known to be affected by the periodicity of the signal, with lower 

periodicity resulting in lower CPP values (Heman-Ackah et al., 2014; Hillenbrand, 

Cleveland, & Erickson, 1994). Perceptually, CPP is strongly correlated with the overall 

severity of dysphonia (Awan, Roy, & Cohen, 2014b; Awan, Roy, Jette, Meltzner, & 

Hillman, 2010; Lowell, Kelley, Awan, Colton, & Chan, 2012a) and has been shown to 

assist in differentiating between speakers with different vocal qualities (Awan & Roy, 

2005; Lowell, Colton, Kelley, & Mizia, 2013). Furthermore, some studies indicate that 

CPP has predictive power in differentiating between healthy speakers and individuals 

with voice disorders (Heman-Ackah et al., 2014; Lowell et al., 2012a; Sauder, Bretl, & 

Eadie, 2017; Watts & Awan, 2011). Heman-Ackah et al. (2014) gathered voice samples 

from over 800 speakers who ranged from typical to severely dysphonic. The researchers 

completed perceptual and cepstral analyses and determined that a CPP value of 4 dB 

(during reading of a voiced sentence) resulted in 93% sensitivity and 79% specificity to 

discriminate healthy voice productions from disordered voice productions. Sauder et al. 

(2017) reported a slightly higher CPP value of 5.53 dB for optimization of sensitivity and 

specificity between healthy and dysphonic voices. Both studies used the Analysis of 

Dysphonia in Speech and Voice software (ADSV; Awan, 2011), making these values 

directly comparable to one another. Still, other studies have found that CPP does not 
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differentiate speakers with voice disorders from healthy populations, especially during 

long-term vocal monitoring. A study by Mehta et al. (2015) monitored speakers over the 

course of one-week via an accelerometer and found no differences in CPP values derived 

from the accelerometer signal between individuals with P-VH, N-PH, and their respective 

control groups.  

A study by Rosenthal et al. (2014) examined CPP and CPP standard deviation 

(CPP SD) at three distinct levels of vocal effort: minimal, comfortable, and maximal. 

There were significant differences between comfortable and maximal effort for CPP, with 

higher CPP values associated with maximal effort. These results are in opposition to 

previous reports that CPP values decrease during dysphonic productions (Hillenbrand et 

al., 1994). A study by Awan, Giovinco, and Owens (2012) found vocal intensity to be a 

significant factor that increases CPP values. The authors argued that increased intensity 

results in a stronger and more stable fo, which increases CPP values relative to the 

predicted cepstral energy. Due to the relationship between vocal effort and vocal 

intensity, it is reasonable that vocal effort results in increases in CPP as seen in Rosenthal 

et al. (2014); however, no other study has specifically examined CPP during variation in 

vocal effort.  

Evidence has been inconclusive as to whether CPP SD increases or decreases in 

individuals with dysphonia. Researchers suspect the CPP SD may be dependent on the 

speech stimuli analyzed (Awan et al., 2014b; Awan et al., 2010; Lowell et al., 2013; 

Watts & Awan, 2011). For example, a healthy speaker producing a sustained vowel 

should exhibit lower CPP variability when compared to a speaker with dysphonia 
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producing the same vowel. However, during running speech, a healthy speaker should 

have periodic speech productions with sharp contrasts between vowels and consonants, 

possibly increasing CPP SD values. Conversely, speakers with dysphonia may exhibit 

aperiodicity and additional “noise” in the signal during running speech that would 

decrease their CPP as well as the variation across the sample (Watts & Awan, 2011). As 

such, it becomes increasingly relevant to consider the speech stimuli when making 

predictions of how CPP and CPP SD will be affected across groups. 

Spectral-based Measures 

Spectral measures reflect the distribution of energy across the speech frequencies. 

The spectral ratio of low frequency energy (below 4000 Hz) to high frequency energy 

(above 4000 Hz) is referred to as the L/H ratio (Awan et al., 2010) and has been shown to 

be affected in speakers with dysphonia (Awan et al., 2010; Lowell et al., 2013). In a 

study by Awan and Roy (2005), the L/H ratio in combination with CPP were able to 

correctly classify healthy speakers versus those with voice disorders characterized by a 

breathy voice 80% of the time. These findings were similar to those of Hillenbrand and 

Houde (1996), who reported that the L/H ratio was moderately correlated to the 

perception of breathiness in speakers with voice disorders.  

The relationship between L/H ratio and breathiness, may be due to an increase in 

high frequency energy and possible glottal incompetence. The amount of high-frequency 

energy in an speech signal has been shown to be related to the size of the posterior 

glottal, with larger glottal gap sizes related to increased spectral noise at frequencies 

greater than 2-3 kHz (Klatt & Klatt, 1990). These findings are further supported by 
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studies analyzing the relationship between laryngeal configuration and aerodynamics via 

laryngeal modeling. A study by Zanartu et al. (2014) reported an increase in the DC flow 

component (i.e., the steady glottal flow) during simulations of increased posterior glottal 

gap size (Zanartu et al., 2014). Although vocal effort has also been associated with the 

percept of breathiness in speakers with P-VH (e.g., vocal nodules; Holmberg et al., 

2003), it is uncertain if breathiness causes a compensatory effortful response, or 

conversely, if excessive vocal effort has a breathy perceptual quality to it.  

One drawback to the L/H ratio is that it is a simple proportion of energy, in which 

there is no indication of periodicity in the signal. For example, spectral tilt, a 

measurement of the strength of the harmonics in a voice signal over the frequency range, 

can change based on vocal fold vibratory characteristics. The proportion of open-to-

closed phase of vocal fold vibration, the abruptness of glottal closure, and pulse skewness 

can act to reduce spectral tilt (Childers & Lee, 1991; Huang, Minifie, Kasuya, & Lin, 

1995; Sataloff, 2015). A shallower tilt would mean that there was an increase in high-

frequency periodic information, which would reduce the L/H ratio. As mentioned 

previously, increased aspiration noise in higher frequency bands could also act to 

decrease the L/H ratio but would be a result of aperiodic energy. Thus, the L/H ratio does 

not provide enough information to distinguish between specific physiological changes 

that may both result in increased high-frequency energy. Therefore, time- and spectral-

based measures should be analyzed in combination to provide further information on the 

distribution and periodicity of the speech signal. 
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Purpose and Research Questions 

Excessive vocal effort is a common symptom reported by individuals with high 

voice use and speakers with voice disorders. Yet, there remains a need to elucidate the 

underlying physiological representation and acoustical manifestation of vocal effort, in 

addition to the differences between speaker and listener perceptions of vocal effort. The 

goal of this dissertation was to further understand vocal effort, in order to clarify existing 

knowledge. In the first study, we evaluated four distinct physiological mechanisms that 

had been previously identified as potential indicators of vocal effort and determined 

which measures were the most salient to changes in the self-perception of vocal effort. 

The second study addressed questions that are more relevant to clinical diagnostics, 

including acoustical and perceptual analyses that can be employed in a therapeutic 

setting. We devised the following research questions and hypotheses:  

Research Question 1: What is the relationship between the proposed physiological 

mechanisms of vocal effort and the self-perception of effort? 

Hypothesis 1a: Since previous research has revealed no single predictor of vocal effort, 

we hypothesized that a combination of physiological mechanisms would best reflect the 

self-perception of vocal effort.  

Hypothesis 1b: The physiological measures that significantly predicted vocal effort would 

be positively associated with the self-perception of effort, meaning that as the self-

perception of effort increased, the physiological measures would also increase.  

Research Question 2: How does vocal effort manifest in the acoustical? 

Hypothesis 2a: We hypothesized that self- and listener-perception of vocal effort would 
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be related to one another but would demonstrate a weak-to-moderate relationship due to 

self-perception of vocal effort being influenced by somatosensory feedback that only the 

speaker can access. 

Hypothesis 2b: We hypothesized that the acoustical measures that significantly predicted 

the self-perceptual ratings of vocal effort would be different than those that significantly 

predicted listener-perceptual ratings, since speakers and listeners may rely on different 

acoustical cues when rating vocal effort.
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CHAPTER TWO: The Relationship between Physiological Mechanisms and the 

Self-perception of Vocal Effort 

 

Abstract 

Purpose: The purpose of this study was to determine the relationship between 

hypothesized physiological mechanisms of vocal effort and the self-perception of vocal 

effort.  

Method: Twenty-six vocally-healthy adults modulated speech rate and vocal effort while 

repeating strings of the utterance /ifi/. Simultaneous recordings were made via high-speed 

flexible nasendoscopy, surface electromyography (sEMG), and neck-surface 

accelerometry. We evaluated four proposed physiological mechanisms previously 

associated with vocal effort: i) intrinsic laryngeal tension via kinematic stiffness ratios 

(maximum angular velocity of vocal fold adduction to the adductory distance) calculated 

during gross vocal fold adductory gestures; ii) extrinsic laryngeal tension via normalized 

percent activations and duration of activations (greater than a quiet rest level) from 

suprahyoid and infrahyoid sEMG sensor placements; iii) supraglottal compression via 

expert visual-perceptual ratings in the anterior-posterior and mediolateral (M-L) 

directions at the midpoint of each vowel; and iv) subglottal pressure via magnitude of 

neck-surface vibrations (NSVMag) during vowels from the accelerometer signal. 

Following each /ifi/ string, participants completed a self-rating of vocal effort on a 100 

mm visual analog scale. A mixed-effect backward stepwise regression model was 

calculated to analyze the relationship between the physiological measures and self-
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perceptual ratings of vocal effort. 

Results: NSVMag, M-L supraglottal compression, and the normalized percent activation 

of the suprahyoid muscles were significant predictors of the self-perception of vocal 

effort (adjusted R2 = .60). NSVMag and M-L compression had large and medium effect 

sizes, respectively, whereas the activation of the suprahyoid muscles had a small effect 

size. 

Conclusions: Vocal effort is a complex physiological process that is mediated by 

changes in NSVMag, M-L compression, and suprahyoid muscle activation. These may be 

strategies to increase the strength and quality of the voice, but could also be maladaptive 

in speakers with voice disorders. Further work is needed to determine how vocal effort 

manifest in speakers with dysphonia.  

 

Background 

Vocal effort is defined as an “exertion” of the voice (Baldner et al., 2015; Borg, 

1982) and is often associated with laryngeal pain and vocal fatigue (Chang & Karnell, 

2004; McCabe & Titze, 2002). Excessive vocal effort has been reported in approximately 

10% of older healthy adults (Merrill et al., 2013) and upwards of 50% of speakers with 

voice disorders (Merrill et al., 2013; Smith et al., 1998). As such, vocal effort is a 

pervasive symptom of individuals presenting to voice clinics and numerous investigations 

have sought to elucidate the underlying physiological mechanisms of vocal effort. 

Although previous research has been promising, studies have only evaluated one or two 

physiological mechanisms at a time, resulting in a lack of information on the 
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comprehensive physiological profile of vocal effort. Therefore, the aim of this study was 

to determine the relationship between four hypothesized physiological mechanisms of 

vocal effort with the self-perception of vocal effort.  

Physiological Mechanisms of Vocal Effort 

At present, a series of physiological mechanisms specific to the laryngeal and 

circumlaryngeal areas are reported to be associated with increased vocal effort. These 

physiological mechanisms include increased intrinsic laryngeal tension, extrinsic 

laryngeal tension, supraglottal compression, and subglottal pressure. Increases in each of 

these physiological mechanisms have been associated with vocal effort when vocally-

healthy speakers purposefully increase effort and strain (Lien et al., 2015; McKenna et 

al., 2016; Rosenthal et al., 2014; Smith et al., 2016), and speakers with voice disorders 

who have symptoms of excessive vocal effort. Specifically, increases in these four 

mechanisms have been reported in speakers with vocal hyperfunction (VH; Dastolfo, 

Gartner-Schmidt, Yu, Carnes, & Gillespie, 2016; Espinoza et al., 2017; Hillman et al., 

1989; Kuo, Holmberg, & Hillman, 1999; Redenbaugh & Reich, 1989; Stager et al., 

2000b; Stepp et al., 2010c, 2011c), spasmodic dysphonia (Ludlow, 2009, 2011; McCall et 

al., 1973), and glottal incompetence (Bach et al., 2005; Bielamowicz et al., 2004; 

Bielamowicz & Stager, 2006; Dastolfo et al., 2016; Stepp et al., 2010a). However, a 

comprehensive assessment of all four mechanisms has yet to be completed, limiting the 

utility of these reports when making clinical evaluations and therapeutic judgements. We 

hypothesized that self-reported increases in vocal effort would manifest as increases 

across multiple physiological mechanisms related to the laryngeal subsystem of voice. 
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Intrinsic Laryngeal Tension 

The intrinsic laryngeal muscles are directly responsible for the adductory and 

abductory gestures of voicing, as well as the length and tension of the vocal folds 

(Stemple et al., 2012). Although intrinsic laryngeal muscle activation and tension is 

necessary for the production of voice, it is suspected that excessive tension in the 

laryngeal muscles results in symptoms of vocal fatigue and vocal effort (McCabe & 

Titze, 2002; Titze, 1999).  

Prior work with intramuscular electromyography (EMG) has identified specific 

laryngeal muscle contributions to typical vocal behavior in healthy speakers (e.g., 

thyroarytenoid [TA], cricothyroid [CT]; Koike, 1967; Shipp, 1975), changes to intrinsic 

laryngeal muscle activation timing and amplitude during various voice onset types 

(Koike 1967; Hirano 1971, Hirose and Gay), and aberrant muscle behavior in speakers 

with voice disorders (McCall et al., 1973). Yet, direct quantification of intrinsic laryngeal 

muscle tension is difficult due to the challenges of measuring tension in vivo. 

Intramuscular EMG is invasive and requires medical supervision, making it infeasible for 

session-to-session monitoring during voice therapy by a speech-language pathologist 

(SLP). Furthermore, intramuscular EMG only assesses active contraction of muscles and 

does not provide information on passive tension from the mechanical force of stretching 

the intrinsic laryngeal muscles (Smith & Hunter, 2014). Therefore, indirect techniques 

have been developed to provide information on the laryngeal system as a whole and 

characterize intrinsic laryngeal muscle function.  

Kinematic estimates of laryngeal stiffness have been investigated as a correlate of 
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intrinsic laryngeal tension (Cooke et al., 1997; Dailey et al., 2005; McKenna et al., 2016; 

Munhall & Ostry, 1983; Stepp et al., 2010c). Although the stiffness estimates were first 

described in the exercise physiology literature to characterize tension during limb 

movements (e.g., elbow flexion; Cooke, 1980, 1982; Feldman, 1980; Kelso & Holt, 

1980), they have since been adopted to characterize tension during specific oral 

articulatory gestures (Hertrich & Ackermann, 2000; Kelso et al., 1985; Ostry et al., 1987; 

Ostry et al., 1983) and laryngeal abductory and adductory gestures (Cooke et al., 1997; 

Dailey et al., 2005; McKenna et al., 2016; Munhall & Ostry, 1983; Stepp et al., 2010c). 

The laryngeal estimate of stiffness, coined a kinematic stiffness ratio, is a ratio of the 

maximum velocity of vocal fold adduction at the onset of voicing to the maximum 

abductory angle prior to adduction, and is calculated from video images obtained during 

laryngoscopy.  

Kinematic stiffness ratios have been evaluated via a biomechanical model that 

increased stiffness in specific intrinsic laryngeal muscles: the TA, posterior 

cricoarytenoid, and lateral cricoarytenoid (Stepp et al., 2010c). The model showed that as 

stiffness parameters increased in these intrinsic laryngeal muscles, kinematic stiffness 

ratios also increased. Next, the researchers examined kinematic stiffness ratios in vocally-

healthy speakers and speakers with VH to determine how estimates of stiffness may 

change in speakers with a tension-based voice disorder. Participants produced an 

alternating adductory-abductory task (/i/-sniff) across variable speech rates, as previous 

research has shown that increased gesture rate increases vocal fold adductory velocities 

(Dailey et al., 2005) as well as stiffness during articulatory gestures (Hertrich & 
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Ackermann, 2000; Ostry & Munhall, 1985). Results indicated that speakers with VH did 

not exhibit changes to their kinematic stiffness ratios during modulations of gesture rate, 

whereas healthy speakers did. This difference was suspected to be due to higher levels of 

laryngeal tension at baseline in speakers with VH, resulting in a reduction in the amount 

of laryngeal tension used during changes in gesture rate. Further work examined healthy 

speakers purposefully increasing vocal strain, finding that moderate and maximal levels 

of vocal strain resulted in, on average, greater kinematic stiffness ratios compared to 

typical vocal productions (McKenna et al., 2016). Therefore, it is feasible that intrinsic 

laryngeal tension, quantified during adductory gestures for voicing, may be a primary 

mechanism of vocal effort. However, it is unknown whether speakers perceive these 

changes and use feedback from the intrinsic laryngeal muscles when making judgments 

of vocal effort. The present study sought to evaluate the relationship between intrinsic 

laryngeal tension, via kinematic stiffness ratios, and self-ratings of vocal effort to provide 

clarity on the contributions of intrinsic laryngeal tension to perceptual ratings. 

Extrinsic Laryngeal Tension 

Extrinsic laryngeal muscles are located at the anterior portion of the neck and are 

grouped into the suprahyoid muscles (those superior to the hyoid bone, also referred to as 

submandibular) and infrahyoid muscles, or muscles below the hyoid bone (Stemple et al., 

2012). The extrinsic laryngeal muscles contribute to overall laryngeal positioning 

(Lowell 2012), with the ability to elevate and depress the larynx (Boone et al., 2014), and 

facilitate pitch changes in healthy speakers (Shipp, 1975). Excessive extrinsic laryngeal 

tension, beyond the tension needed for typical voice productions, has long been thought 
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to contribute to overall dysphonia (Aronson, 1990), and has been suspected to play a role 

in symptoms of laryngeal pain (Roy et al., 1997), vocal fatigue (Nanjundeswaran et al., 

2017), and vocal effort (McCabe & Titze, 2002; Titze, 1999).  

Excessive extrinsic laryngeal muscle tension has been identified as a clinical 

marker of voice disorders (Angsuwarangsee & Morrison, 2002) and is targeted 

diagnostically and therapeutically (e.g., laryngeal palpation, circumlaryngeal massage; 

Roy et al., 1996; Roy & Leeper, 1993). Manual palpation of the circumlaryngeal area 

during voicing and rest is the most common clinical assessment of extrinsic laryngeal 

tension (Aronson, 1990; Morrison, 1997; Roy, 2008; Roy et al., 1997; Roy et al., 1996; 

Roy & Leeper, 1993). The benefit of the manual palpation technique, versus more 

quantitative measures like surface EMG (sEMG), is that both active and passive tension 

can be assessed. For example, during active contraction of suprahyoid muscles, the 

larynx may elevate and move anteriorly (Boone et al., 2014), resulting in a passive 

stretching of the infrahyoid muscles. Palpation could then be used to assess muscle 

tension in both muscle groups. However, due to problems with reliability (Stepp et al., 

2011a), it seems that manual palpation continues to require more investigation and 

standardization to improve uniformity across clinical settings (Khoddami, Ansari, & 

Jalaie, 2015).  

Studies quantitatively evaluating extrinsic laryngeal muscle activation patterns in 

vocally-healthy speakers and those with voice disorders have reported conflicting results. 

A study by Smith et al. (2016) reported that a combination of sEMG signal features could 

accurately distinguish between typical phonation and pressed phonation (i.e., reduced 
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airflow across the glottis) in vocally-healthy speakers. Similarly, Redenbaugh and Reich 

(1989) reported increased activation amplitudes of the extrinsic muscles in speakers with 

symptoms of VH when directly compared to healthy speakers. Contrary to those reports, 

Van Houtte et al. (2013) found no differences in extrinsic muscle activation amplitudes 

between healthy speakers and those with non-phonotraumatic VH (NP-VH), and Stepp et 

al. (2011b) reported that sEMG activation patterns could not distinguish between healthy 

speakers and speakers with vocal nodules (i.e., phonotraumatic VH; P-VH). A study by 

Stepp et al. (2010a) evaluated extrinsic laryngeal tension in speakers with glottal 

incompetence before and after injection laryngoplasty to assist in glottal closure. 

Although significant improvements in hyperfunctional behaviors were reported (e.g., 

reduced medial compression of false vocal folds; reduced perception of vocal strain), 

there were no significant changes in extrinsic laryngeal muscle activity. Due to these 

described discrepancies, it is unclear if extrinsic laryngeal tension is a universal feature of 

voice disorders and whether tension in these muscles are primary contributors to 

symptoms of vocal effort.  

Supraglottal Compression 

Increased constriction of the muscles superior to the glottis (e.g., ventricularis, 

aryepiglottic, thyroepiglottic; Kotby et al., 1991; Moon & Alipour, 2013; Reidenbach, 

1996, 1998; Sakakibara et al., 2004; Yanagisawa et al., 1989) is referred to as 

supraglottal compression. Supraglottal compression can occur in the mediolateral (M-L) 

direction, in which the false vocal folds act to compress medially and cover the true vocal 

folds, or in the anterior-to-posterior (A-P) direction, in which the distance between the 
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arytenoids and petiole of the epiglottis is shortened. M-L and A-P compression are 

reported to be moderately correlated (Behrman et al., 2003), yet, they can occur 

independently of one another due to different underlying muscular contributions.  

M-L and A-P compression are most frequently quantified using visual-perceptual 

rating scales to judge laryngoscopic images or videos (Parker, Kunduk, Fink, & 

McWhorter, 2017; Van Houtte et al., 2013). Some studies have focused on the incidence 

of compression, describing the presence or absence of compression during speech and 

singing (Pershall & Boone, 1987; Stager et al., 2000b), whereas others have been able to 

quantify the degree of compression via standardized rating scales (Poburka, 1999; 

Poburka et al., 2017). Objective analysis of supraglottal compression has been 

investigated with quantitative methods, such as pixel estimation (Behrman et al., 2003; 

Stager et al., 2001); however, direct comparisons between quantitative compression 

estimates and visual-perceptual compression ratings call into question the validity of such 

techniques. Stepp et al. (2010a)  reported a moderate negative correlation (r = -.50) 

between pixel estimated compression and visually-rated compression in their subjects. To 

date, quantitative methods have not been adopted for widespread clinical use.  

Supraglottal compression can be present during typical voice productions by 

vocally-healthy speakers. M-L compression occurs naturally during the production of 

specific phonemes (e.g., glottal stops; Pemberton et al., 1993; Stager et al., 2000b), and 

A-P compression can be used by trained speakers and singers to assist with resonance and 

vocal quality (Guzman et al., 2016; Pershall & Boone, 1987). Furthermore, supraglottal 

compression may actually be beneficial for individuals with glottal insufficiency, such as 
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unilateral vocal fold paresis in which medial compression may assist in vocal fold closure 

(Bielamowicz et al., 2004). The presence of supraglottal compression can be a normal or 

adaptive physiological event, making it difficult to discern between healthy degrees of 

supraglottal compression and potential excessive compression in speakers with voice 

disorders. 

Supraglottal compression has been postulated to be an indicator of VH, suspected 

to be due to excessive supralaryngeal muscle activation and tension (Lawrence, 1987; 

Morrison et al., 1983; Sama et al., 2001). Stager et al. (2000b) examined the incidence of 

supraglottal compression in healthy speakers, speakers with P-VH, and speakers with 

NP-VH. Results revealed that M-L compression was present in 45% of vocally-healthy 

speakers, 68% of individuals with P-VH, and 80% with NP-VH, whereas A-P 

compression was present in 74%, 78%, and 92%, respectively. Van Houtte et al. (2013) 

reported the presence and degree of compression amongst healthy speakers and speakers 

with NP-VH. Results were similar to previous reports since healthy speakers exhibited a 

lower incidence of compression (A-P = 43%, M-L = 22%) compared to speakers with 

NP-VH (A-P = 94%, M-L = 72%). Importantly, each speaker was rated on the severity of 

compression via Likert scale from 0  ̶  4, in which “0” represented “no constriction” and 

“4” represented “severe constriction.” The majority of healthy speakers with supraglottal 

compression received a score of 1, whereas the majority of speakers with NP-VH 

received a score of 2. Furthermore, scores of 3 were only assigned to speakers with NP-

VH, with scores of 3 in 28% of speakers in the A-P direction and 11% of speakers in the 

M-L direction. Thus, the degree of supraglottal compression may be a relevant objective 
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indicator of aberrant vocal behavior and associated with vocal effort.  

Subglottal Pressure 

Subglottal pressure is the pressure from the lungs that assists in initiating and 

maintaining vocal fold oscillation for phonation (Stemple et al., 2012). Although 

subglottal pressure can be directly measured via a tracheal puncture or intra-tracheal 

pressure transducer (Ladefoged & McKinney, 1963; Neumann et al., 2003; Van den 

Berg, 1956), other less invasive methods have been developed to estimate subglottal 

pressure. The airflow interruption (Jiang et al., 2006) and labial interruption (Lofqvist, 

Carlborg, & Kitzing, 1982) techniques are more commonly used in research and clinical 

settings and estimate subglottal pressure from a pressure transducer in the oral cavity. 

The labial interruption technique requires repetitions of a specific speech utterance (i.e., 

bilabial plosive–vowel combination; /pi/) at a consistent rate (Hertegard et al., 1995; 

Holmberg et al., 1984). The bilabial plosive production results in an equalization of 

pressure above and below the glottis for estimation of subglottal pressure from the oral 

cavity (Shipp, 1973). Training is required to produce the utterance and this method has 

been critiqued for a lack of ecological validity, as well as known issues with estimation 

accuracy in speakers with velopharyngeal insufficiency (D'Antonio, Muntz, Province, & 

Marsh, 1988) and spasmodic dysphonia (Plant & Hillel, 1998). 

Previous research has used intraoral estimation techniques to evaluate subglottal 

pressure during purposeful modulations of vocal effort in healthy speakers (Lien et al., 

2015; McKenna et al., 2017; Rosenthal et al., 2014). A study by Rosenthal et al. (2014) 

examined a series of aerodynamic measures across three voice conditions: comfortable 
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voice, minimal vocal effort, and maximal vocal effort. Subglottal pressure estimates were 

significantly different between all three voicing conditions, with the largest subglottal 

pressure measures during maximal vocal effort productions. Results also showed that 

subglottal pressure was the most salient measure of vocal effort compared to other 

aerodynamic measures in the study (e.g., translaryngeal airflow, maximum flow 

declination rate), with large effect size differences between the three effort conditions.  

Increased subglottal pressure estimates have been reported in speakers with NP-

VH (Dastolfo et al., 2016; Espinoza et al., 2017; Hillman et al., 1989; Zheng et al., 2012), 

P-VH (Dastolfo et al., 2016; Espinoza et al., 2017; Holmberg et al., 2003; Kuo et al., 

1999), and speakers with vocal fold lesions from glottic cancer (Friedman et al., 2013; 

Zietels et al., 2008). In speakers without vocal fold lesions (NP-VH), increased laryngeal 

tension is also suspected to increase subglottal pressure since higher pressure is required 

to initiate vocal fold oscillation (Hillman et al., 1989). In the same regard, speakers with 

vocal lesions (e.g., nodules, glottic cancer) are suspected to have heavier vocal folds, 

requiring greater pressure to initiate and maintain vocal fold vibration (Zhuang et al., 

2013). All of these speakers are noted to have lower vocal efficiency (a ratio of sound 

pressure level output to subglottal pressure; Mehta & Hillman, 2007). The imbalance of 

the effort needed to initiate and maintain voicing to the quality and strength of the 

acoustical output is suspected to contribute to the self-perception of vocal effort (Hamdan 

et al., 2017; McCabe & Titze, 2002). Increasing subglottal pressure may be a 

compensatory strategy to maintain voicing and may be associated with the perception of 

vocal effort.  
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Purpose and Research Question 

The purpose of this study was to examine proposed physiological mechanisms of 

vocal effort and determine their relationship with the self-perception of vocal effort. The 

specific physiological mechanisms examined in the present study included measures of 

intrinsic laryngeal tension, extrinsic laryngeal tension, supraglottal compression, and 

subglottal pressure. We hypothesized that a combination of physiological mechanisms 

would be related to the self-perception of vocal effort as no previous study has been able 

to definitively identify a single physiological predictor of vocal effort. In order to 

evaluate multiple measures concurrently, we examined each mechanism using indirect 

estimations techniques that may have direct translation to the voice clinic. 

  

Method 

Participants 

Twenty-six participants aged 18 – 29 years (16 female; M = 20.9 years, SD = 2.8 

years) were recruited to Boston University for completion of the study. We enrolled a 

greater number of women (~60% women) in this study, in order to be consistent with the 

estimates of the sex-distribution of voice disorders for men and women (Brinca et al., 

2015). All participants were healthy adult speakers of Standard American English with 

no history of speech, language, hearing, neurological, pulmonary, or voice disorders. 

Furthermore, participants did not have any trained singing experience beyond grade 

school and were non-smokers. The healthy speakers were all capable of producing a wide 

range of vocal effort productions. All participants were screened for healthy vocal 



 

 

65

function via auditory-perceptual assessment and flexible nasendoscopic laryngeal 

imaging by a certified SLP. Written consent, approved by the Boston University 

Institutional Review Board, was acquired from all participants before the start of the 

protocol.  

Participant Training 

Participants were trained to produce vowel-consonant-vowel utterances of /ifi/. 

An /ifi/ string was two sets of four /ifi/ productions, resulting in eight total /ifi/ 

productions per string (e.g., /ifi ifi ifi ifi/, pause, /ifi ifi ifi ifi/). The combination of 

phonemes in the utterance /ifi/ provided the abductory and adductory vocal fold gestures 

needed to calculate kinematic estimates of laryngeal stiffness and created an open 

pharyngeal configuration to better view the larynx during nasendoscopy (McKenna et al., 

2016). The participants were instructed to produce the /ifi/ strings at different speeds 

(slow, regular, and fast) and different levels of vocal effort (mild, moderate, and 

maximal) for a total of six voice conditions. A metronome was used to train vocal speeds 

at three levels: slow rate was at 50 beats-per-minute (bpm), regular rate was at 65 bpm, 

and fast rate was at 80 bpm. These targets were chosen because previous research has 

indicated that speed increases stiffness of articulatory (Hertrich & Ackermann, 2000; 

Ostry & Munhall, 1985) and intrinsic laryngeal (Stepp et al., 2010c) muscles. Next, 

participants received instructions to vary their vocal effort using the following script: 

“Now we would like you to increase your effort during your speech as if you are trying to 

create tension in your voice as if you are trying to push your air out. Try to maintain the 

same volume while increasing your effort.” They were instructed to maintain their 
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comfortable speaking rate and vocal volume. Mild effort was described as, “Mildly more 

effort than your regular speaking voice.” Moderate effort was described as, “More effort 

than your mild effort” and maximal effort was, “As much effort as you can, while still 

having a voice.” Participants practiced these productions for approximately ten minutes 

with a certified SLP to verify appropriate productions of rate and effort.  

Participants were trained to make self-perceptual ratings of vocal effort on a 100 

mm visual analog scale (VAS) after each /ifi/ string (Eadie et al., 2010; Eadie & Stepp, 

2013; Isetti et al., 2014; Stepp et al., 2012). The zero of the scale was anchored with “No 

effort at all” and the 100 of the scale was anchored with “The most effort you can 

imagine.” Labels of “No Effort” and “The Most Effort” were provided at each end. 

Participants were instructed to mark the scale with a single line to indicate the amount of 

vocal effort employed in each /ifi/ string. 

Experimental Set-up and Calibration  

The present study used a variety of instrumentation and recording techniques to 

capture data to calculate physiological measures. The instruments included a headset 

microphone, a neck-surface accelerometer, three separate sEMG sensors, and high-speed 

flexible nasendsocopy. Once participants completed the training described above, they 

were seated in a chair during equipment set-up, equipment calibration, and experimental 

voice recordings.  

First, three Delsys Bagnoli™ sEMG sensors (Delsys, Boston, MA) were placed 

on the anterior surface of the neck to record the electrical activity of extrinsic laryngeal 

muscles. Prior to sensor application, the skin on the anterior neck was slightly abraded 
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using 70% isopropyl alcohol swabs, then exfoliated with tape to reduce impedance 

between the electrode and the skin (Stepp, 2012). A conductive gel was placed on the 

silver electrodes of three sensors, followed by adhesive tape to affix the electrodes to the 

neck. Each sensor was then placed on a specific neck region to target an extrinsic 

laryngeal muscle group; the locations of these groups were identified and verified by a 

certified SLP via palpation during various tasks (e.g., hum, swallow). A single 

differential sensor (41×20×5 mm; two 10×1 mm silver bars, spaced 10 mm apart) was 

configured under the chin, just posterior to the mandible; this sensor captured suprahyoid 

muscle activation of the mylohyoid muscles (and less so, the geniohyoid and the anterior 

belly of the digastrics due to variation in these muscle fiber orientations). A single 

differential sensor was chosen in order to concurrently record electrical activity from the 

left and right suprahyoid muscles. The sensor was centered on the inferior side of the chin 

with the electrode bars placed at 45° to the mylohyoid muscle fibers due to fiber 

orientation and available surface space of the submandibular region. Then, two double-

differential sensors (41×20×5 mm; three 10×1 mm silver bars, spaced 10 mm apart) were 

placed approximately 1 cm to the right and left side of the thyroid prominence to target 

the following extrinsic infrahyoid muscles: thyrohyoids, omohyoids, and sternohyoids. A 

double-differential electrode was chosen to reduce conduction volume by minimizing 

cross-talk from the surface musculature common to all electrode contacts (Rutkove, 

2007). Each infrahyoid sensor was configured parallel to the muscle fibers with electrode 

bars perpendicular to the underlying fibers, in order to best capture muscle action 

potentials (Nishihara & Isho, 2012). Of note, the platysma muscle (a thin, superficial 
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muscle of the neck) overlies all of the suprahyoid and infrahyoid muscles targeted in this 

study, meaning that the signals gathered from the surface electrodes may have also 

included platysma activity. Figure 2.1 provides an example of sensor placement on the 

anterior neck. Finally, a ground electrode was placed on the acromion of the right 

shoulder. The voltage from the ground electrode was subtracted from each sensor to 

account for environmental and physiological noise (e.g., heartbeat). 

Figure 2.1. Example of sEMG sensor placement on the anterior neck and chin.  

 

Participants then completed a series of tasks to determine a maximal voluntary 

contraction (MVC) value for each sensor and to verify electrode placement over muscle 

groups. Participants completed three repetitions of each of the following tasks: saliva 

swallow, throat clear, neck flexion, and isometric contraction against resistance. The 

isometric contraction involved placing a dynamometer below the chin and countering the 

force of downward contractions. On average, participants produced a force of 14.2 lb/in2 

during the isometric contraction task. The maximal MVC was determined for each task 

for each of the three sensors via a sliding root-mean-square (RMS) window of 125 ms 

with 50% overlap (Stepp, 2012). The maximum MVC over all tasks were extracted for 

each sensor and used during data normalization of the neck sEMG signals. 
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Next, a BU series 21771 accelerometer (Knowles Electronic, Itasca, IL) was 

placed on the anterior neck with double-sided adhesive tape, superior to the thyroid notch 

and inferior to the cricoid cartilage. A directional headset microphone (Shure SM35 

XLR) was placed 45° from midline of the vermilion and 7 cm from the corner of the lips. 

The decision to use a directional microphone was driven by the need to minimize 

background noise emitted by the other electrical equipment in the study (e.g., light source 

from the flexible endoscopy). Noise was effectively minimized; voice recordings were 

later used for in-depth acoustical and perceptual analyses discussed in a separate study. In 

order to calculate sound pressure level (dB SPL) for all voice recordings, electrolaryngeal 

pulses were played at the lips while a sound pressure level meter measured dB SPL at the 

microphone. The known sound pressure levels were later used to calibrate the voice 

recordings from the microphone signal.  

Experimental Recordings 

Once the training, equipment set-up, and equipment calibration procedures were 

completed, a flexible pediatric endoscope (Pentax, Model FNL-7RP3, 2.4 mm) was 

passed transnasally over the soft palate into the hypopharynx to visualize the larynx. A 

numbing agent was not administered, so as not to affect laryngeal sensory feedback 

(Dworkin, Meleca, Simpson, & Garfield, 2000); however, a nasal decongestant was 

provided to decrease discomfort while the endoscope was passed through the nasal 

cavity.  

Participants completed a minimum of 2 recordings per condition (slow rate, 

regular rate, fast rate, mild effort, moderate effort, maximal effort), for a total of 12 
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recordings. If the endoscopist was unsure whether an adequate view of the vocal folds 

was appropriately captured, the condition was repeated. The need for repetition 

ultimately produced a total of seven extra recordings analyzed in the study (four slow 

rate, two regular rate, and one maximal effort). Immediately following each recording, 

participants completed a self-rating of their vocal effort on the 100 mm VAS. The total 

time of the laryngoscopy was approximately 5 – 10 minutes, while the time leading up to 

the experimental recordings (including consent, training, equipment set-up, and 

calibration) was approximately 1 hour. 

Data Acquisition 

Microphone and accelerometer signals were preamplified (Xenyx Behringer 802 

Preamplifier) and digitized at 30 kHz with a data acquisition board (DAQ; National 

Instruments 6312 USB). Signals were acquired with a custom MATLAB algorithm that 

enabled all recordings to be automatically time-aligned with the other recording devices 

used in the protocol. Neck sEMG signals were acquired using a 16-channel Delsys 

Bagnoli™ EMG System (DS-160) and analog bandpass filtered with roll-off frequencies 

of 20 Hz and 450 Hz and a gain of 1000. The signals were recorded at 30 kHz through 

the same DAQ as the microphone and accelerometer. 

High-Speed Video Imaging 

Compared to standard laryngoscopy, high-speed video imaging permits recording 

a higher sampling rate to assess vocal fold movement (Barkmeier-Kraemer & Patel, 

2016). In the present study, high-speed videoendoscopy was chosen to increase the 

number of frames available for analysis of vocal fold abductory and adductory gestures 
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during the offset and onset of voicing of the fricative production. The recommended rate 

to examine vibratory features of the vocal folds is upwards of 4000 frames-per-second 

(fps; Patel, Dixon, Richmond, & Donohue, 2012), but since gross adductory gestures are 

significantly slower than vocal fold vibrations, at 150 – 250 ms per gesture (Dailey et al., 

2005; McKenna et al., 2016; Stepp et al., 2010c) versus 5 ms for a single vibration, a 

lower sampling rate of 1000 fps was chosen.  

The pediatric endoscope was attached to a FASTCAM Mini AX100 camera 

(Model 540K-C-16GB) operating at a resolution of 256 × 256 pixels with a 40 mm 

optical lens adapter. A steady xenon light was used for imaging (300 W KayPentax 

Model 7162B). Video images were acquired with Photron Fastcam Viewer software (v. 

3.6.6), and recording was triggered via a custom MATLAB algorithm that time-aligned 

the video images with the signals from the accelerometer, microphone, and sEMG 

sensors at the time of acquisition. Due to the frame-rate and memory capacities of the 

camera system, each recording was limited to eight seconds in duration.  

Post-Recording Tasks 

Following the experimental recordings, the endoscope and sEMG sensors were 

removed, leaving the neck-accelerometer and headset microphone still in place. 

Participants then completed a corresponding subglottal pressure task with the Phonatory 

Aerodynamic System (PAS; Model 6600, PENTAX Medical, Montvale, New Jersey) to 

determine the relationship between intraoral estimates of subglottal pressure and 

measurements made from the accelerometer. During this task, participants were 

specifically instructed to increase and monitor subglottal pressure (via estimates of 
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intraoral pressure). Due to these instructions, the task needed to be completed after the 

experimental recordings, so as not to confound the strategies speakers used to increase 

vocal effort during the study.  

For this task, participants were trained to produce a series of /pi/ syllables at a 

slow, steady rate of approximately 1.5 syllables per second (Hertegard et al., 1995; 

Holmberg et al., 1984). A single /pi/ string began with an /i/ vowel, followed by five /pi/ 

productions (i.e., /i pi pi pi pi pi/). Two separate tasks were elicited: first, baseline 

productions at a comfortable pitch and speaking volume, and second, /pi/ strings with the 

addition of increasing levels of vocal effort. Productions with increasing vocal effort 

included incremental increases at each /pi/ string to the point of a personal maximal vocal 

effort. Speakers utilized the visual feedback provided by the PAS display to view their 

increases in intraoral pressure and to maintain the same amount of intraoral pressure 

within a /pi/ string. 

A semi-automated algorithm was developed to determine the maximum intraoral 

pressure during each /p/ production and the magnitude of the neck-surface vibration 

(NSVMag) from the accelerometer signal during the following /i/ (see Data Processing for 

specific information; Fryd et al., 2016; McKenna et al., 2017). These values were 

averaged over each /pi/ string and the relationship between the two variables was 

assessed via a Pearson product-moment correlation coefficient. A cut-off criterion of a 

moderate linear relationship (r ≥ .50) was used to verify that the NSVMag was related to 

the subglottal pressure estimates, as previous work has indicated that this criterion would 
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include approximately 75% of speakers varying vocal effort at a comfortable speaking 

volume (McKenna et al., 2017).  

Data Processing  

Due to the recording duration limitations of the high-speed imaging, an 8 second 

recording maximum was set prior to each speech recording. Because of these pre-set 

parameters, some of the /ifi/ productions at the end of the /ifi/ string were not captured in 

full. Incomplete /ifi/ productions occurred in 66 of the 319 recordings and those single 

/ifi/ productions were excluded during analysis.  

Microphone and Neck-Surface Accelerometer 

A semi-automated algorithm was used to extract the RMS of each vowel of the 

each individual /ifi/ production in the accelerometer signal. The accelerometer signal was 

first full-wave rectified and filtered using a first-order low-pass Butterworth filter at 12 

Hz. A threshold to distinguish voicing onset and offset was empirically determined 

during pilot testing as four times the mean amplitude of a 500 ms period of rest in the 

filtered signal. The RMS was calculated for the vowel segment between voicing onset 

and offset in the raw accelerometer signal, resulting in an NSVMag (VRMS) value for each 

/i/ production. NSVMag values were then averaged across each recording. The same 

segments were extracted from the vowel in the microphone signal and calibrated to the 

sound pressure level gathered at the microphone with the sound pressure level meter. 

Sound pressure level was also averaged across each recording, referred to as “mean 

SPL.”  

To calculate the relationship between intraoral estimates of subglottal pressure 
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and NSVMag during the corresponding subglottal pressure task, the accelerometer signal 

was processed with the same semi-automated algorithm noted above. The processing 

produced NSVMag values for each /i/ vowel in the /pi/ string. An additional algorithm 

identified the maximum intraoral pressure of the /p/ production preceding each vowel 

(i.e., /pi/). However, both of these calculations were only extracted for the middle three 

/pi/ productions in each string (i.e., /i pi pi pi pi pi/), due to known beginning and end 

utterance effects on intraoral subglottal pressure estimates (Holmberg et al., 1988). 

NSVMag and maximum intraoral pressure were each averaged for every /pi/ string. We 

assessed the relationship between NSVMag and intraoral estimations of subglottal pressure 

to determine if the speaker met the pre-specified cut-off criterion (r ≥ .50). 

Neck sEMG 

Although the sEMG system applied an analog bandpass filter to the recorded 

signals, a digital bandpass filter was applied during data processing to ensure substantial 

minimization of ambient noise. Specifically, all sEMG signals were digitally band-passed 

with a second-order Butterworth filter between 20 Hz and 500 Hz before further 

processing. Two target measures were then extracted for each recording: i) percent 

activation: the activation amplitude compared to each sensor MVC, and ii) percent 

duration: the percent of time the signal was “active” above a designated quiet rest level 

for each sensor. Activation and duration measures were targeted since previous research 

has demonstrated that the degree of muscle activation and the duration of muscle 

activation may be greater in speakers with voice disorders (McCall et al., 1973; 

Redenbaugh & Reich, 1989). 
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Figure 2.2. The upper panel shows a filtered accelerometer signal that was used to determine the 

onset and offset of voicing for each /ifi/ production, delineated by a solid dark line. The dashed line 

(green; --) represents a time period set to 250 ms prior to each phonation onset. Segment 1 and 

Segment 2 are the two /ifi/ segments that include the voicing segment plus the prephonatory segment. 

The lower panel is an example of the sEMG signal acquired from the sensor located at the left 

infrahyoid location. In this example, the analysis of Segment 1 and Segment 2 revealed a mean 

normalized activation amplitude of 3% and mean duration of activation of 100%. 

 

Individual /ifi/ productions were segmented from each /ifi/ string. The initiation 

and termination of voicing were determined from the accelerometer signal (see prior 

description of signal processing information). A 250 ms prephonatory time period was 

added at the initiation of voicing to account for muscle activity prior to the manifestation 

of voicing in the acoustic signal (Shipp, 1975; Stepp et al., 2011b). If there was less than 

250 ms between /ifi/ repetitions, the selected /ifi/ segment was only analyzed to the 

voicing offset of the previous /ifi/; this most often occurred during the fast rate 

productions. Figure 2.2 provides two examples of /ifi/ segmentations during a fast rate 

recording in which there were large enough time blocks to segment a full 250 ms 

prephonatory segment.  

1) Percent Activation 

The RMS of each individual /ifi/ segment was divided by the MVC value 
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determined for each sensor during the calibration procedure. The entire /ifi/ segment was 

chosen for analysis since muscle activation has been shown to increase at both the 

initiation and termination of voicing due to quick dynamic laryngeal movements for 

speech (Hirose & Gay, 1973; Sawashima, Kakita, & Hiki, 1973). The resulting activation 

value was a percentage of the possible maximum at each sensor for each /ifi/ segment. 

These were then averaged across each recording and are represented as a single percent 

activation per recording for each sensor placement. 

2) Percent Duration 

First, sEMG signals were rectified and low-pass filtered at 12 Hz with a first-

order Butterworth filter. A segment of quiet rest was extracted over 500 ms of recording 

during a slow rate production in which the participant was not voicing or swallowing 

(confirmed via the accelerometer signal). From the filtered rest signal, the mean and 

standard deviation of quiet rest were determined. We then empirically assessed a range of 

threshold values. The mean plus three standard deviations away from the mean was a 

sufficient threshold to minimize activation during quiet rest (i.e., in which no activity was 

occurring), yet still provide reasonable activation durations during /ifi/ segments that met 

a normal distribution without a ceiling effect. Finally, /ifi/ segments (also processed with 

the same specifications of the rest threshold) were directly compared to the rest 

thresholds for each speaker. This comparison resulted in a percent duration of each /ifi/ 

segment during which the sEMG signal was greater than the rest threshold. These percent 

durations were averaged over each recording for each sensor.  
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High-speed Video Imaging 

Kinematic Estimates of Laryngeal Stiffness 

Processing of high-speed videoendoscopic data was completed by trained 

technicians that met inter-rater reliability thresholds over the course of two training 

sessions prior to processing experimental data. First, the technicians underwent glottic 

angle identification training. This initial training was completed on flexible laryngoscopic 

images at a standard sampling rate (30 fps) and halogen light source that provided bright, 

unobstructed images of the vocal folds during /ifi/ utterances. Each technicians’ angle 

markings were directly evaluated against angle markings made by the author, meeting a 

two-way intraclass correlation coefficient (ICC) analysis for consistency ≥ .80. The 

technicians then completed training with a custom interactive algorithm. The interactive 

algorithm required the technician to center the glottis, identify the anterior commissure, 

identify pixels for shading differences, and then make judgements on the appropriateness 

of vocal fold edge detection, glottic angle tracking, and velocity curves. Once again, the 

technicians had to meet reliability standards of ICC(2,1) ≥ .80. After these two steps were 

completed, the technicians could proceed to processing experimental data. 

The user-assisted algorithm (see Appendix for an in-depth description of the 

algorithm) determined vocal fold glottic angles extending from the anterior commissure 

along the medial vocal fold edge to the vocal process (see Figure 2.3, Panel A). The 

glottic angle was extracted over a series of images during the gross abductory and 

adductory gestures surrounding the /f/ phoneme in each /ifi/ production. The raw angles 

were plotted over time (McKenna et al., 2016; Stepp et al., 2010c) and smoothed with a 
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zero-phase 15th-order Finite Impulse Response (FIR) lowpass filter at 25 Hz. The 

maximum angular velocity during the adductory gesture was determined from the 

smoothed data within a range of 20  ̶  80% of the maximum abductory angle (Dailey et 

al., 2005; Stepp et al., 2010c), in order to minimize the effect of vibratory artifacts in the 

signal. The maximum angular velocity was then divided by the maximum abductory 

angle during the /f/ and reported as the kinematic stiffness ratio for each /ifi/ instance. 

These ratios were then averaged for each recording. Figure 2.3, Panel B provides a 

schematic of the raw angle waveform, the smoothed data, and determination of the 

maximum abductory angle and angular velocity.  

Figure 2.3. Panel A) View of the vocal folds under flexible nasendoscopy. The glottic angle has been 

marked from the anterior commissure to the vocal processes. Panel B) Raw vocal fold angles with 

smoothed data overlay. Maximum angle (circle), maximum angular velocity (square), and the 20-

80% the maximum angle, identified. 

 

The technicians were also able to override the automated angle extraction in 

instances when they disagreed with the initial angle estimations. In 72% of cases, the 

technicians accepted the automated result. In 28% of all /ifi/ productions, the automated 

algorithm was unable to accurately extract glottic angles due to difficulty viewing the 

true vocal folds (e.g., images too dark; supraglottal structures impacting view). In these 
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cases, the trained technician was able to manually mark glottic angles during the /f/ 

phoneme at a downsampled rate of 50 Hz. These manual markings provided algorithmic 

restrictions for the anterior commissure, which were used to improve the ability of the 

algorithm to track glottic angles. Following the manual markings, the technicians 

accepted 75% of these /ifi/ productions (of the 28% that required manual marking). 

Finally, the technicians discarded any /ifi/ productions that could not be determined by 

the algorithm or by manual-assisted angle estimations, which accounted for only 7% of 

all individual /ifi/ productions in this study.  

This process was completed over approximately 2300 /ifi/ productions across all 

26 speakers. The initial data processing was re-checked by a second trained technician, 

with a total processing time of approximately 6 – 8 hours per participant. To determine 

the validity of the algorithm, we directly compared the smoothed angle data from the 

algorithm to two additional trained technicians who were blind to the data set. Two 

individual /ifi/ productions per participant were randomly extracted (one from a speed 

condition and one from an effort condition). These extractions were only in the 72% of 

the data that were automatically calculated via the algorithm. The glottic angles were 

manually identified by the additional technicians at a downsampled rate of 100 fps. Table 

2.1 provides a summary of ICC results for the technicians. A final two-way ICC analysis 

for consistency was calculated between the smoothed angle data and an average of the 

additional technicians’ manual makings resulting in an ICC(2,1) = .85 (95% CI = .81 – 

.89). 
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Table 2.1. Two-way intraclass correlation coefficients  (ICC) for consistency between each trained 

technician and the automated algorithm, as well as between the trained technicians.  

  

ICC(2,1) Reliability 

Technician 1 vs. Algorithm .82 (.77 – .86) 

Technician 2 vs Algorithm .84 (.80 – .88) 

Technician 1 vs. Technician 2 .89 (.86 – .91) 

Averaged Technicians vs. Algorithm .85 (.81 – .89) 

 

Supraglottal Compression Ratings 

Supraglottal compression was rated during the midpoint of each vowel. The 

midpoint of the vowel is suspected to represent a more static compression that is due to 

overall glottal positioning, instead of dynamic, quick supraglottic articulatory actions that 

could occur during phonemic changes in running speech (Stager et al., 2000b). To 

determine the midpoint of each vowel, the onset and offset of voicing was determined via 

the accelerometer signal. From the midpoint time, an image was viewed and extracted 

from the high-speed video recording. If the midpoint image did not reveal fully adducted 

membranous portions of the vocal folds (i.e., due to capturing vocal fold vibratory 

behavior), the next available image during the closed phase of a phonatory cycle was 

extracted within a range of 10 ms away from the vowel midpoint.  

A certified SLP, blinded to the participants and conditions in the study, was 

trained to complete supraglottal compression ratings with the Voice-Vibratory 

Assessment with Laryngeal Imaging (VALI; Poburka et al., 2017). The VALI uses a 0 – 

5 rating scale in both the M-L and A-P directions, and has been shown to have higher 

inter-rater reliability, ICC = .85 – .89, compared to other scales under standard 

stroboscopy. First, the author of this paper and the certified SLP completed M-L and A-P 
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ratings on 108 randomly extracted images, for a total of 216 ratings. These images were 

taken from the experimental data in order to provide relevant training examples. Any 

discrepancies greater than one point on the rating scale were discussed (n = 18 for M-L 

compression ratings, and n = 1 for A-P compression ratings). Discrepancies were most 

commonly due to variation in endoscope viewing angle or image quality, and were 

discussed to consensus.  

Once training was completed, the SLP rated supraglottal compression for each 

extracted experimental image. First, the SLP watched a muted video of the entire 

recording, to provide context into the relationship between the structures of the larynx. 

Then, separate ratings were made for A-P compression and M-L compression on the 

extracted images. Only one certified SLP was trained to complete compression ratings 

due to the large number of ratings (2280 /ifi/ productions × 2 /i/ vowels each × 2 

compression ratings = 9120 total ratings). Ratings took approximately 2 – 3 hours per 

participant. Inter and intra-rater reliability were completed on two randomly selected 

participants (i.e., 367 images, or 734 ratings) using a two-way ICC for consistency. The 

reliability was completed on averaged data for each recording as those were the data used 

in the experimental statistical analysis. The second rater was the author of this 

dissertation. Both raters were blinded to the participant, voice condition, and previous 

ratings. 
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Self-Ratings of Vocal Effort 

Every self-rating on the 100 mm VAS was manually measured with a ruler and 

reported to the nearest mm. The self-ratings were used as the outcome variable in this 

study. 

Statistical Analysis 

To be included in the final analysis, each physiological measure had to be 

calculated from at least three /ifi/ repetitions per recording. This number was chosen 

because the slow rate production often had only four /ifi/ repetitions in each recording. 

To determine which physiological measures were significantly related to the self-

perception of vocal effort, a mixed-effect backward stepwise regression model was 

completed. The model included the following physiological measures as predictors: 

NSVMag, percent activation (at each sEMG sensor), percent duration (at each sEMG 

sensor), kinematic stiffness ratios, and supraglottal compression ratings (A-P and M-L), 

resulting in a total of ten variables. The outcome variable was the self-perception of vocal 

effort as rated on the 100 mm VAS. Predictor variable significance was set to p < .05. 

The coefficient of determination (adjusted R2) was determined for each model iteration 

and variable effect sizes (ηp
2) were calculated for significant variables in the final model. 

Results 

 A total of 319 recordings were gathered from 26 participants. The number of 

individual /ifi/ repetitions per recording ranged from four repetitions during the slow rate 

condition to upwards of ten repetitions during the fast speaking rate condition. Across all 

recordings, there were 2280 /ifi/ productions analyzed with an average of 7.15 /ifi/ 
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productions per recording.  

Across all recordings, there were eight instances in which there were fewer than 

three usable kinematic stiffness ratios available for averaging, accounting for 

approximately 2% of missing data points for that measure. These missing data points 

occurred across five different participants in the conditions of slow rate, regular rate, mild 

effort, moderate effort, and maximal effort. There was also one instance in which M-L 

compression and A-P compression could not be rated for any vowel in the high-speed 

video recording due to an unclear image (i.e., mucous on the endoscope). Therefore, the 

only missing data points across all ten physiological measures were these ten instances, 

resulting in 3181 total data points for analysis (319 recordings × 10 measures - 10 

missing data points).  

Calibration and Normalization  

Subglottal Pressure 

The corresponding subglottal pressure task—which was used to determine 

correspondence to NSVMag—was completed as follows: Participants modulated vocal 

effort over a series of /pi/ strings while intraoral pressure was captured via a small oral 

catheter and NSV was captured simultaneously with the accelerometer. All participants 

met the predetermined cut-off criterion (r ≥ .50) for correlations between NSVMag and 

intraoral pressure. The range of correlations was r = .58  ̶  .97, with an average correlation 

of  r = .86. These findings exceeded previous work that has shown consistent linear 

relationships between NSVMag and intraoral pressure during modulations of effort in 

approximately 75% of healthy speakers (McKenna et al., 2017).  
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Previous studies have shown high correlations between sound pressure level and 

subglottal pressure estimates (Fryd et al., 2016; Holmberg et al., 1988; Lamarche & 

Ternstrom, 2008; Sundberg et al., 1993; Tanaka & Gould, 1983) and therefore, sound 

pressure levels have been used to correct subglottal pressure measures (Espinoza et al., 

2017). To ensure that sound pressure level was not a confounding variable with the 

indirect measure of subglottal pressure (i.e., NSVMag), we constructed a mixed effects 

regression model to examine the variance inflation factors (VIF) when predicting self-

ratings of vocal effort. Mean SPL from the microphone signal, NSVMag, and participant 

(random) were set as predictors, and self-ratings of vocal effort was the outcome variable. 

Results revealed VIF values of less than 10, indicating no violation of multicollinearity 

between NSVMag and mean SPL (Hair, Anderson, Tatham, & Black, 1995), and no need 

to correct for mean SPL in the statistical model.  

Extrinsic Laryngeal Tension 

Suprahyoid and infrahyoid muscle activation values were normalized to maximal 

voluntary contractions across a series of different tasks. The MVC was chosen from the 

task that produced the largest activation as measured via a sliding RMS window. Table 

2.2 provides the distribution of tasks that produced the largest MVCs for each sensor. In 

all sensor locations, most participants produced the largest MVC during the neck flexion 

task, with the isometric contraction as the task with the second largest number of 

participants. Both of these tasks recruit suprahyoid and infrahyoid musculature. To date, 

there is no universal MVC task that is employed across studies (Balata et al., 2013). The 

distribution reported here supports the use of multiple tasks to elicit MVC across 
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participants due to this variability.  

Table 2.2. Distribution of maximal voluntary contraction by sEMG sensor location. 

  

Number of Participants 

 

MVC Task 

 

Suprahyoid 

 

Right Infrahyoid 

 

Left Infrahyoid 

 

Saliva swallow 

 

 

6 

 

0 

 

0 

Throat clear 

 

0 1 0 

Neck flexion 

 

11 15 18 

Isometric 

contraction  

against resistance 

9 10 8 

Note. MVC = maximal voluntary contraction.  

 

The relationship between right and left infrahyoid percent activations was 

examined within each speaker, revealing a range of correlations from r = -.31  ̶  .98, (M = 

.65, Mdn = .75). Similarly, the correlation between percent duration of the left and right 

infrahyoid sensors ranged from r = .09  ̶  .90, with a mean correlation of r = .61. Via 

visual inspection, there appeared to be no relationship between the task that elicited the 

MVC and the strength of the correlation between right and left infrahyoid measures. 

Reliability of Supraglottal Compression Ratings 

Intra-and inter-rater reliability were calculated for two randomly selected 

participants. A two-way ICC analysis for consistency revealed inter-rater reliability of 

ICC(2,1) = .61 for M-L compression and ICC(2,1) = .78 for A-P compression. Intra-rater 

reliability analysis revealed an ICC(2,1) = .56 and .71 for M-L and A-P compression, 

respectively.  



 

 

86

Statistical Modeling 

All variables met the assumptions of the statistical model, except that the percent 

activation and percent duration measures of the left and right infrahyoid were too highly 

related to one another (VIF > 10; Hair et al., 1995). In order to reduce multicollinearity, 

the two sides were collapsed into a single measure by averaging the left and right values 

together. The measures are here forward referred to as averaged percent activation of 

infrahyoids and averaged percent duration of infrahyoids. Averaging these measures 

reduced the number of physiological predictors, from ten total measures to eight 

measures, for the statistical analysis. Table 2.3 provides summary information as the 

mean and 95% confidence interval (CI) for each of the eight measures for each speaking 

condition. Averaged within-speaker correlations and standard deviation (SD) for each 

physiological variable can be viewed in Table 2.4. 

A mixed-effects backward stepwise regression model was used to analyze the 

relationship between the eight physiological measures and self-ratings of vocal effort. 

During the analysis, the variable with the largest p-value was excluded in each iteration 

until all remaining variables met the criterion of  p < .05. Results indicated that NSVMag, 

M-L compression, and percent activation of the suprahyoids were significant predictors 

of the self-perception of vocal effort. NSVMag had a large effect size, M-L compression 

had a medium effect, and percent activation of the suprahyoids had a small effect (Witte 

& Witte, 2010). The model accounted for 60% of the variance in self-ratings of vocal 

effort (adjusted R2 = .60). The beta coefficients revealed that all three predictors 

increased as the self-perception of effort increased. A summary of significant findings 
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including p-values and effect sizes can be found in Table 2.5 and the order of variable 

elimination can be found in Table 2.6. 

 

Table 2.3. Mean and 95% confidence interval for each physiological measure for each condition. 

  

Condition 

 

Physiological 

Measure 

 

Slow 

Rate 

 

Regular  

Rate 

 

Fast 

Rate 

 

Mild 

Effort 

 

Moderate 

Effort 

 

Maximal 

Effort 

 

Kinematic Stiffness 

Ratios (1/s) 

 

14.4 
(13.5  ̶ 15.2) 

 

14.5 
(13.7  ̶  15.3) 

 

15.3 
(14.4   ̶16.2) 

 

14.6 
(13.8  ̶ 15.5) 

 

14.7 
(13.8  ̶ 15.6) 

 

15.0 
(14.1  ̶ 15.9) 

 

Percent Activation 

of Suprahyoids 

 

10 
(9  ̶ 11) 

 

10 
(9  ̶ 11) 

 

10 
(9  ̶ 12) 

 

10 
(9  ̶ 12) 

 

12 
(10  ̶ 13) 

 

14 
(12  ̶ 16) 

 

Percent Duration 

of Suprahyoids 

 

66 
(60  ̶ 77) 

 

68 
(61  ̶ 75) 

 

72 
(66  ̶ 79) 

 

68 
(60  ̶ 77) 

 

74 
(67  ̶ 82) 

 

82 
(75   ̶88) 

Average Percent 

Activation of 

Infrahyoids 

 

10 
(8  ̶ 11) 

 

10 
(8  ̶  12) 

 

10 
(8  ̶ 12) 

 

10 
(8  ̶ 12) 

 

11 
(9   ̶ 13) 

 

12 
(10  ̶ 14) 

Average Percent 

Duration of 

Infrahyoids 

 

68 
(62  ̶ 75) 

 

69 
(62  ̶ 76) 

 

72 
(65  ̶ 79) 

 

72 
(66  ̶ 79) 

 

74 
(67  ̶ 81) 

 

77 
(71  ̶ 84) 

 

A-P Compression 

(0 – 5 scale) 

 

2.20 
(1.97  ̶ 2.43) 

 

2.19 
(1.96  ̶ 2.42) 

 

2.25 
(2.01  ̶ 2.50) 

 

2.30 
(2.06  ̶ 2.50) 

 

2.43 
(2.20  ̶ 2.66) 

 

2.50 
(2.27  ̶ 2.73) 

 

M-L Compression 

(0 – 5 scale) 

 

1.57 
(1.40  ̶ 1.75) 

 

1.57 
(1.42  ̶ 1.73) 

 

1.71 
(1.52  ̶ 1.91) 

 

1.84 
(1.63  ̶ 2.05) 

 

1.95 
(1.75  ̶ 2.15) 

 

2.15 
(1.95  ̶ 2.35) 

 

NSVMag 

(VRMS) 

 

0.14 
(0.12  ̶ 0.15) 

 

0.14 
(0.12  ̶ 0.16) 

 

0.15 
(0.13  ̶ 0.17) 

 

0.16 
(0.14  ̶ 0.18) 

 

0.21 
(0.18  ̶ 0.23) 

 

0.27 
(0.23  ̶ 0.31) 

Note. A-P = anterior-to-posterior; M-L = mediolateral; NSVMag = magnitude of neck-surface vibration. 

 

  



 

 

88

Table 2.4. Averaged within-speaker correlations between physiological measures. Standard 

deviations (SD) are included.  

 Average Within-speaker Correlations (r) and SD 
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Kinematic Stiffness  

Ratios (1/s) 

 

1.00 

 

.04 

(.30) 

 

.10 

(.27) 

 

.04 

(.31) 

 

-.01 

(.35) 

 

.00 

(.36) 

 

-.04 

(.39) 

 

.10 

(.34) 

 

Percent Activation of 

Suprahyoids 

 

   -- 

 

1.00 

 

.76 

(.25) 

 

.46 

(.39) 

 

.48 

(.35) 

 

.20 

(.36) 

 

.04 

(.46) 

 

.40 

(.51) 

 

Percent Duration of 

Suprahyoids 

 

   -- 

 

   -- 

 

 

1.00 

 

.44 

(.37) 

 

.43 

(.37) 

 

.13 

(.37) 

 

.00 

(.44) 

 

.36 

(.47) 

 

Average Percent Activation 

of Infrahyoids 

 

   -- 

 

   -- 

 

 

   -- 

 

1.00 

 

.65 

(.33) 

 

.21 

(.42) 

 

.11 

(.40) 

 

.22 

(.54) 

 

Average Percent Duration 

of Infrahyoids 

 

   -- 

 

   -- 

 

 

   -- 

 

   -- 

 

1.00 

 

.31 

(.36) 

 

.14 

(.42) 

 

.19 

(.50) 

 

M-L Compression 

 

   -- 

 

   -- 

 

 

   -- 

 

   -- 

 

   -- 

 

1.00 

 

.57 

(.31) 

 

.25 

(.50) 

 

A-P Compression 

 

   -- 

 

   -- 

 

 

   -- 

 

   -- 

 

   -- 

 

-- 

 

1.00 

 

.11 

(.55) 

 

NSVMag (VRMS) 

 

   -- 

 

   -- 

 

 

   -- 

 

   -- 

 

   -- 

 

-- 

 

   -- 

 

1.00 

Note. A-P = anterior-to-posterior; M-L = mediolateral; NSVMag = magnitude of neck-surface vibration. 

 

Table 2.5. Summary of significant variables in the final statistical model. 

 

Physiological Measure  

 

F value 

 

p-value 

Effect Size 

(ηp
2) 

Effect Size 

Interpretation 

NSVMag 202.87 < .001 .41 Large 

M-L Compression 37.50 < .001 .11 Medium 

Percent Activation of Suprahyoids 9.90    .002 .03 Small 

Note. NSVMag = magnitude of neck-surface vibration; M-L = mediolateral. 
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Table 2.6. Order of variables removed during backward elimination analyses. 

Order of 

Removal 

 

Variable Removed 

 

p-value 

Model 

Adjusted R2 

1 Average Percent Activation of Infrahyoids .946 .61 

2 Percent Duration of Suprahyoids .889 .61 

3 A-P Compression .710 .61 

4 Average Percent Duration of Infrahyoids .171 .61 

5 Kinematic Stiffness Ratios .162 .61 

Note. A-P = Anterior-to-posterior.  

 

Discussion 

This study sought to evaluate physiological mechanisms of vocal effort specific to 

the larynx. Ten measures were examined across the four physiological mechanisms of 

intrinsic laryngeal tension, extrinsic laryngeal tension, supraglottal compression, and 

subglottal pressure. The results indicated that NSVMag, M-L compression, and percent 

activation of the suprahyoid musculature had significant positive relationships with self-

perceptual ratings of vocal effort (Figure 2.4). The results supported our hypothesis that 

vocal effort cannot be merely described as a single physiological process, but rather a 

combination of physiological mechanisms. Specifically, measures associated with 

extrinsic laryngeal tension, supraglottal compression, and subglottal pressure were 

associated with ratings of vocal effort, whereas the measure associated with intrinsic 

laryngeal tension was not.  

 

  



 

 

90

Figure 2.4. The means and 95% confidence intervals of suprahyoid muscle activation, mediolateral 

(M-L) supraglottal compression, the magnitude of neck-surface vibration (NSVMag) and self-

perceptual ratings of vocal effort. M-L supraglottal compression ratings were on a 0  ̶  5 scale 

(Poburka et al., 2017) and self-perceptual ratings of vocal effort were rated on a 100 mm visual 

analog scale.   

 

Physiological Measures of Vocal Effort 

Intrinsic Laryngeal Tension 

The kinematic stiffness ratio, the indirect measure of intrinsic laryngeal tension, 

was not significant predictors of vocal effort. Figure 2.5 provides a visualization of the 

mean and 95% CI of the stiffness ratios by condition. As expected, kinematic stiffness 

ratios tended to increase during increases in speech rate (Stepp et al., 2010c) and to 

increase during increases in vocal effort (McKenna et al., 2016). However, the self-

perceptual ratings of vocal effort did not appear to follow the same trends.  
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Figure 2.5. The means and 95% confidence intervals of kinematic stiffness ratios for each condition. 

 

The regular rate values were comparable to those previously reported in McKenna 

et al. (2016). In that study, regular productions of the word /ifi/ resulted in averaged 

kinematic stiffness ratios of 14.6 1/s, which was markedly similar to the average 

kinematic stiffness ratios in the present study (14.5 1/s). However, the kinematic stiffness 

ratios produced during maximal effort were lower than previously reported. The maximal 

effort condition resulted in an averaged kinematic stiffness ratio of 15.0 1/s, whereas an 

average value of 22.3 1/s was reported in the study by McKenna et al. (2016). One reason 

may be that new techniques were developed to capture and process the data in the current 

study; specifically, the present study employed high-speed videoendoscopy with a semi-

automated algorithm to determine glottic angles. Here, maximum angular velocity was 

calculated after raw angles were smoothed with an FIR function. Conversely, the study 

by McKenna et al. (2016) used a low-speed system at 30 fps, manual angle 

identifications, and velocities determined from a sigmoidal fit to the raw angle data. The 

differences in processing procedures may have affected the resulting angle values and 
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adductory velocity estimations. Further work is needed to evaluate the potential 

differences between high-speed and low-speed estimations.  

It is possible that speakers do not perceive vocal effort based on the amount of 

tension in the intrinsic laryngeal muscles. Historically, the presence of muscles spindles 

(stretch receptors within muscles) in intrinsic laryngeal muscles has been debated. More 

recent findings have reported that the intrinsic laryngeal muscles are partially composed 

of muscle spindles, but that there are far fewer spindles when compared to other skeletal 

muscles (Koike et al., 2016). Still, there is limited information available on the conscious 

perception of muscle tension via sensory feedback from these spindles (Ludlow, 2005). It 

is likely that muscle spindles have more of a role in the unconscious, reflexive responses 

to muscle stretch and tension, but few studies have evaluated reflexive responses in the 

intrinsic (and extrinsic) laryngeal muscles in human subjects (Loucks et al., 2005; Sapir 

et al., 2000). Further work is needed to determine how intrinsic laryngeal tension may be 

perceived by speakers during vocal productions.  

Extrinsic Laryngeal Tension 

 Percent activation and percent duration measures of suprahyoid and infrahyoid 

muscles were calculated for /ifi/ segments. The percentage of activation for both 

suprahyoid and infrahyoid sensor placements were, on average, approximately 10% of 

the MVC during the regular speaking rate condition. These values were quite similar to 

previous research reporting activation values normalized to MVC across suprahyoid and 

infrahyoid muscles in healthy speakers of roughly 4 – 12% (Redenbaugh & Reich, 1989; 

Stepp et al., 2011b; Van Houtte et al., 2013). However, other studies have not employed 
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the techniques described here to indicate the duration of activation over a rest signal. 

Rather, previous studies have examined the timing of muscle activity between healthy 

speakers and those with voice disorders. For example, Stepp et al. (2011b) examined 

trends in activation amplitudes during different segments of vowel productions (i.e., 

initiation, termination), and McCall et al. (1973) described the duration of muscle 

activation at the initiation and termination of consonant-vowel syllables in speakers with 

spasmodic dysphonia. Thus, neither of these methodologies allow for direct comparisons 

with the data in the present study. 

Figure 2.6. The mean and 95% confidence intervals for non-significant extrinsic laryngeal tension 

measures by voice condition. 

 

Measures of infrahyoid muscle activation (percent activation or percent duration) 

were not significantly predictive of self-perceptual ratings of vocal effort (see Figure 2.6). 
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These findings are consistent with a growing body of evidence that report no differences 

in infrahyoid muscle activation between healthy speakers and those with voice disorders 

(Khoddami, Talebian, Izadi, & Ansari, 2017; Stepp et al., 2011b; Van Houtte et al., 

2013). In contrast to those reports, percent activation of the suprahyoid muscles 

(mylohyoids, geniohyoids, anterior belly of the digastrics) showed a significant positive 

association with increasing vocal effort. The activation of these muscles may have 

elevated the larynx (Boone et al., 2014) and affected the overall glottal posture during 

phonation. It seems that laryngeal elevation and anterior hyoid movements facilitate 

changes in pitch (Honda et al., 1999) and that speakers with VH have elevated 

hyolaryngeal structures at rest (Lowell et al., 2012b). Hyolaryngeal elevation and 

elevated suprahyoid muscle activation may be maladaptive physical manifestations of 

vocal effort since these events are presumed to be contributing factors to vocal fatigue 

(Nanjundeswaran et al., 2017) and result in paralaryngeal tension and pain reported in 

speakers with voice disorders. More work is needed to determine whether hyolaryngeal 

elevation is compensatory or maladaptive by analyzing changes to the acoustical signal 

and symptoms of vocal fatigue and vocal effort. 

The positive association between self-ratings of vocal effort and suprahyoid 

muscle activation provides further support for current clinical practices that include the 

assessment of circumlaryngeal tension. Presently, manual laryngeal palpation techniques 

include the assessment of laryngeal and paralaryngeal tension, pain, elevation, and the 

amount of space between laryngeal structures (e.g., cricothyroid space) during rest and 

phonation (Aronson, 1990; Morrison, 1997; Roy, 2008; Roy et al., 1997; Roy et al., 
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1996; Roy & Leeper, 1993). Still, even fewer of these techniques have validated grading 

scales associated with them (for review, see Khoddami et al., 2015). It is then 

unsurprising that the relationship between sEMG measures of extrinsic laryngeal tension 

and manual laryngeal palpation ratings, remains ambiguous. A study by Stepp et al. 

(2011a) analyzed the relationship between manual laryngeal palpation ratings (across two 

separate rating scales) and extrinsic laryngeal muscle activation measured via sEMG in 

speakers with VH. Results showed that the group of speakers as a whole (N = 16) showed 

poor correlations between manual palpation ratings and sEMG measures. Yet, a smaller 

group of subjects (n = 8) with higher between-clinician palpation reliability exhibited 

stronger correlations between manual palpation ratings and sEMG measures, indicating a 

potential lack of validity of laryngeal palpation ratings. The strongest correlations were 

reported between ratings of suprahyoid tension and supralaryngeal activation with 

activation measures from infrahyoid sEMG placement over the thyrohyoid, omohyoid, 

and sternothyroid muscles. These results highlight the need to evaluate suprahyoid 

activation measures gathered with sEMG against manual palpation ratings of the same 

area. Furthermore, the present study identified suprahyoid activation as a significant 

predictor of vocal effort, but only with a small effect size, indicating that future work 

should also evaluate whether manual palpation methods are sensitive enough to identify 

these changes.  Finally, it is known that sEMG is only able to capture active muscle 

contraction and has limited utility in assessing passive tension of extrinsic laryngeal 

muscles. Thus, it remains possible that information from manual palpation and sEMG in 

conjunction would provide the most accurate information on active and passive tension in 



 

 

96

the extrinsic laryngeal muscles.   

Supraglottal Compression 

Supraglottal compression reported during regular speaking rates were comparable 

to previous studies with vocally-healthy speakers. Supraglottal compression has been 

reported in 10  ̶  74% of healthy speakers (Sama et al., 2001; Solomon et al., 2003; Stager 

et al., 2000b; Stager et al., 2003), with the degree of compression anywhere from 25  ̶  

50% of coverage over the true vocal folds (Van Houtte et al., 2013). In the present study, 

the average M-L compression was 1.57 and A-P was 2.19, in which a value of 1 is 

representative of approximately 20% of vocal fold coverage and a value of 2 indicates 

40% of vocal fold coverage. Thus, our findings are comparable to previous findings on 

the presence and degree of compression noted during typical voice productions. 

Figure 2.7. The mean and 95% confidence intervals for anterior-to-posterior (A-P) supraglottal 

compression ratings by condition. Ratings were made on a 0 – 5 scale (Poburka et al., 2017).  

 

 A-P supraglottal compression was not a significant predictor of vocal effort and 

did not appear to change across voice conditions (see Figure 2.7). This is contrary to 
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previous hypotheses linking  hyolaryngeal elevation (e.g., increased suprahyoid muscle 

activation) to A-P compression of the supraglottic structures (Angsuwarangsee & 

Morrison, 2002). It is suspected that hyoid elevation acts to passively tip the epiglottis 

horizontally (i.e., similar to the epiglottic movement noted during deglutition; Garon et 

al., 2002; Vandaele et al., 1995), reducing the supraglottic space. Although suprahyoid 

muscle activation was elevated in the present study, A-P compression showed no 

significant changes, and average within-speaker correlation between these two measures 

was considered poor (r = .04; refer to Table 2.4). This may indicate that passive epiglottic 

deflection is not great enough to reduce the supraglottic space, but rather that 

aryepiglottic and thyroepiglottic muscle activation are needed to constrict the supraglottic 

structures in the A-P direction (Ekberg & Sigurjonsson, 1982). Studies directly 

measuring the activation of these muscles may shed light on their contributions to 

epiglottic deflection and the interaction with hyolaryngeal movements noted so 

frequently in speakers with voice disorders.  

M-L compression was a significant predictor of vocal effort with a medium effect 

size. M-L compression can be due to activation of the ventricularis muscle (Reidenbach, 

1998) or from passive forces of TA fibers that can lie lateral to the false vocal folds 

(Bielamowicz et al., 2004; Persky et al., 2017; Reidenbach, 1996). It is suspected that one 

or both of these physiological responses are a compensatory strategy to increase glottal 

closure in speakers with glottal insufficiency (Bielamowicz et al., 2004; Inagi et al., 

1997). M-L compression in the present study was most likely due to the activation of the 

ventricularis instead of the TA. The measure of intrinsic laryngeal tension (i.e., kinematic 
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stiffness ratios) has been evaluated with a biomechanical model in which TA stiffness 

acted to simultaneously increase kinematic stiffness ratios (Stepp et al., 2010c). Since 

kinematic stiffness ratios were not significant predictors of vocal effort in the present 

study, we think it unlikely that the TA muscle activation was heightened, and less likely 

that it was a primary contributor to M-L compression of the false vocal folds. 

M-L compression may be a strategy to improve glottic closure during voicing. 

The effects of glottal opening on aerodynamics and acoustics have been investigated via 

computational models (Zanartu et al., 2014) and canine models (Alipour & Karnell, 

2014). A study with excised canine larynges showed a strong association between 

lateralization of the false folds and a reduction in subglottal pressure and glottal 

resistance (Alipour & Karnell, 2014). As such, M-L compression may act to increase 

subglottal pressure and glottal resistance, and subsequently increase the amplitude of the 

speech signal. Therefore, we suspect that M-L compression is a strategy to improve the 

strength of the acoustical output during increasing vocal effort. 

In the present study, the standardized VALI scale (Poburka et al., 2017) was used 

to judge the degree of A-P and M-L compression. Table 2.7 provides compression 

reliability values for studies that used high-speed videoendoscopy. The study by Poburka 

et al. (2017) was the initial validation of the VALI scale, whereas the study by Parker et 

al. (2017) used a slightly different scale with fewer intervals. The reliability values 

reported in the present study were more similar to those reported by Parker et al. (2017); 

however, intra-rater reliability of M-L compression ratings were considerably lower than 

both studies. This discrepancy could be due to the type of laryngoscopes used during 
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video capture. The studies by Parker et al. (2017) Parker and Poburka et al. (2017) 

employed 70° rigid endoscopes. Rigid endoscopes are known to provide greater amounts 

of light to the larynx and reduce barreling effects on the obtained images when directly 

compared to flexible endoscopes (Eller et al., 2008). However, rigid laryngoscopy 

requires a specific oral posture, with tongue held anteriorly, and can only capture 

laryngeal images during the production of sustained vowels. Conversely, the present 

study used a pediatric flexible endoscope (2.4 mm diameter) during high-speed imaging 

of dynamic speech movements. These differences could have affected the reliability 

findings reported here. 

Even with increased variability in the M-L compression measure, M-L 

compression was a significant predictor of vocal effort with a medium effect size. This 

suggests that the degree of M-L compression may be an even more robust physiological 

indicator of vocal effort when ratings are made under more ideal visual inspection of the 

larynx. Therefore, we suggest continued clinical assessment of M-L compression, with 

specific focus on degrees of compression as a possible indication of vocal effort. 

Table 2.7. Supraglottal compression reliability findings in studies using high-speed video imaging. 

  

 

Compression 

Direction 

Present Study 
Method: VALI, 0  ̶  5 

scale 

Flexible Scope 

Poburka et al. (2017) 
Method: VALI,  

0  ̶  5 scale, 

70° Rigid Scope 

Parker et al. (2017) 
Method:  

0  ̶  3 scale 

70° Rigid Scope 

Inter-rater M-L 
 

ICC = .61 ICC = .89 κ = .66 

 A-P 
 

ICC = .78 ICC = .85 κ = .77 

Intra-rater M-L 
 

ICC = .56 ρ = .84 ρ = .75 – .84 

 A-P 
 

ICC = .71 ρ = .28 ρ = .70 – .76 

Note. VALI = Voice-Vibratory Assessment with Laryngeal Imaging; M-L = mediolateral; A-P = 

anterior-to-posterior; ICC = intraclass correlation coefficient. κ = Cohen’s kappa. ρ = Spearman’s 

rho.  
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Subglottal Pressure 

Recent investigations reported that NSVMag was moderately-to-strongly related to 

intraoral subglottal pressure estimates (Fryd et al., 2016; McKenna et al., 2017). In the 

previous work of McKenna et al. (2017), only 75% of speakers exhibited as strong a 

relationship during modulations of vocal effort at comfortable speaking volumes. 

Unexpectedly, all 26 speakers in the present study met the pre-specified cut-off criterion 

with strong, positive correlations during the corresponding subglottal pressure task 

(average r = .86). These findings provide more evidence of the strength of the 

relationship between NSVMag and intraoral subglottal pressure estimates. Although a 

neck-surface accelerometer is an exciting new prospect for estimation of specific 

aerodynamic parameters during more natural speech contexts (Mehta et al., 2015), 

NSVMag has yet to be fully vetted against direct subglottal pressure estimates. Therefore, 

more work is needed on the accuracy of this measurement technique as an indirect 

indicator of subglottal pressure across various vocal qualities.  

On average, the NSVMag values doubled from the regular rate voice condition 

(0.14 VRMS) to the maximal effort voice condition (0.27 VRMS). This range is somewhat 

smaller than what was reported previously in McKenna et al. (2017), in which NSVMag 

values doubled, or even tripled, when increasing vocal effort to that of a maximal effort 

condition. However, it should be noted that NSVMag values cannot be directly compared 

across speakers due to participant specific factors (e.g., anatomy, sensor placement) as 

well as acquisition settings (i.e., pre-processing gain) that impact raw voltage values. 

Although Table 2.2 and Figure 2.3 report means and 95% CI for NSVMag values by 
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condition, these values should not be generalized to other populations of speakers or 

directly compared to one another without consideration of speaker and acquisition 

variability.  

The statistical analysis revealed that NSVMag was a significant predictor of the 

self-perception of vocal effort with a large effect size. Elevated subglottal pressure has 

been documented in speakers with vocal fold lesions such as P-VH (Dastolfo et al., 2016; 

Espinoza et al., 2017; Holmberg et al., 2003; Kuo et al., 1999) and glottic cancer 

(Friedman et al., 2013; Zietels et al., 2008) as well as in speakers without lesions, such as 

NP-VH (Dastolfo et al., 2016; Espinoza et al., 2017; Hillman et al., 1989) and glottal 

incompetence (e.g., unilateral vocal fold paralysis, vocal fold atrophy; Dastolfo et al., 

2016). Elevated subglottal pressure may be a strategy to increase the amplitude of vocal 

fold vibration in the presence of vocal fold tension or additional weight from lesions, and 

therefore, increase sound pressure level. The modeling work of Zanartu et al. (2014) 

further supports this claim that increasing subglottal pressure impacts the speech signal. 

The authors modeled changes in posterior glottal gap size, revealing that larger gap size 

results in a reduction in energy transfer to the vocal folds and a reduction in sound 

pressure level. When the authors created a “compensatory model” that increased 

subglottal pressure, there was also an increase in sound pressure level. Therefore, we 

hypothesize that subglottal pressure is a compensatory strategy to increase the strength of 

the speech signal, and that furthermore, increased subglottal pressure provides direct 

feedback to the speakers that vocal effort is increasing. 
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Participant Variability 

In order to evaluate individual variability of the speakers in this study, per-

participant Pearson product-moment correlations were calculated for all physiological 

variables. Table 2.8 provides a list of all individual correlations as well as the percentage 

of speakers who revealed strong relationships, per a cut-off criterion of r ≥ .70. Based on 

this criterion, 65% of participants had a strong relationship between NSVMag and self-

ratings of vocal effort, while 46% had a strong relationship between percent activation of 

the suprahyoid muscles and self-ratings, and 42% had a strong relationship between M-L 

compression and self-ratings of vocal effort. Only 2 of the 26 participants (~8%) had 

strong correlations across all three physiological measures with their self-ratings of vocal 

effort. This provides evidence that these physiological events can act in isolation of one 

another, and furthermore, that the likelihood of an individual incorporating all three 

physiological strategies while increasing vocal effort is quite low.  

Participant variability could be due to individual physiological preferences that 

result in a primary or “dominant” mechanism to increase effort. In a simple comparison 

of correlations within each speaker, 16 of the 26 participants (~62%) exhibited the 

highest correlations between ratings and NSVMag, 4 speakers (~15%) showed dominant 

M-L compression, and 2 speakers (~8%) had the strongest relationship with percent 

activation of the suprahyoid muscles and self-perceptual ratings. One participant (4% of 

the sample) had the same correlation value for NSVMag and percent activation of 

suprahyoid muscles to self-perceptual ratings. Furthermore, one speaker had the strongest 

relationships between A-P compression and self-perceptual ratings, one other had the 
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Table 2.8. Individual correlations (r) between the physiological measures and self-perceptual ratings 

of vocal effort. Correlations that met the criterion of r ≥ .70 are bolded. 

 Correlations (r) with Self-ratings of Vocal Effort 
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P1 .83 .01 .78 .73 .81 .55 .51 .26 

P2 .92 .72 .88 .53 .75 .63 .04 -.48 

P3 .67 -.17 .87 .67 .83 .75 -.19 -.35 

P4 .97 -.13 -.46 -.71 -.01 -.11 .85 .80 

P5 .94 .01 .80 .67 .77 .03 -.30 -.60 

P6 .02 .26 .95 .74 .82 .72 .47 .07 

P7 .71 .33 .60 .54 .67 .47 .37 .26 

P8 .63 .22 .71 .38 .21 .66 .72 -.84 

P9 .67 .57 .07 .26 -.53 -.41 -.12 .19 

P10 -.70 .35 .28 -.03 -.53 .02 .74 .69 

P11 .86 -.16 .05 .10 .58 .76 .77 .64 

P12 .96 .69 -.45 .62 .33 -.70 -.24 -.60 

P13 .49 .40 .24 .42 .38 .63 .45 .18 

P14 .86 -.17 -.78 -.86 -.43 -.81 .18 .32 

P15 .94 -.34 .94 .80 -.47 .80 .10 .57 

P16 .93 -.18 .44 .05 .87 .42 .74 .29 

P17 .93 -.32 .59 .39 -.55 -.63 -.48 .38 

P18 .94 .34 .86 .86 .65 .42 .88 .96 
P19 .96 .01 .90 .76 -.57 -.40 .30 -.50 

P20 .96 .02 .88 .70 .61 .83 .10 .11 

P21 -.66 -.72 .71 .35 .48 .77 .87 .79 

P22 .62 .22 .42 .18 .66 .66 .75 .71 

P23 .96 .57 -.25 -.29 -.77 -.65 .92 .82 

P24 .97 -.25 .94 .86 .54 .39 .82 .79 
P25 .95 -.12 .52 .67 .05 .63 .85 .77 

P26 -.02 .62 .48 .06 .39 .04 .61 .34 

Number 

of 

speakers 

with 

r ≥ .70 

 

17 

(65%) 

 

1 

(4%) 

 

12 

(46%) 

 

7 

(27%) 

 

6 

(23%) 

 

6 

(23%) 

 

11 

(42%) 

 

7 

(27%) 

Note. NSVMag = magnitude of neck surface vibration; M-L = mediolateral; A-P = 

anterior-to-posterior. 
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strongest between averaged percent duration of infrahyoids and ratings, and a last 

participant had the strongest relationship between kinematic stiffness ratios and self-

perceptual ratings. Thus, the physiological profiles of the majority of speakers would fall 

into a category of subglottal-pressure-dominant as their primary contributor to vocal 

effort. Based on the findings of participant variability, we recommend that clinicians 

continue to investigate all three of the significant physiological predictors identified in 

this study (i.e., subglottal pressure, M-L compression, suprahyoid activation), as these 

were the dominant physiological mechanisms in approximately 88% of the speakers 

enrolled in the study. Furthermore, we recommend that clinicians proceed with the 

expectation that speakers may prefer to rely on a single physiological mechanism over 

another, due to physiological preferences during voice production. 

Limitations and Future Directions 

 The present study was based on the supposition that speakers are accurate raters 

of their own vocal effort due to their ability to access information from different sensory 

modalities. The self-perception of voice relies on sensory feedback, suspected to be a 

combination of somatosensation from the structures of the speech system (e.g., larynx, 

supralaryngeal structures), and audition through air and bone conduction. Prior work has 

shown that speakers are able to respond to sudden, unexpected mechanical perturbations 

to the larynx (Loucks et al., 2005; Sapir et al., 2000) as well as auditory perturbations to 

pitch and loudness (Bauer et al., 2006; Behroozmand et al., 2012; Burnett et al., 1998). 

However, these studies have focused on reflexive changes that are not necessarily 

perceived by speakers. Thus, we recommend that future work should focus on evaluating 
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the contribution of these feedback systems to the self-perception of voice during changes 

in vocal quality that can be perceived by the speaker. 

The present study employed indirect estimation techniques for all physiological 

measures. It is widely believed that direct estimates may provide more accurate 

measurements of the mechanisms that underlie different physiological systems; however, 

direct physiological measures of the larynx often require techniques that are invasive 

(e.g., intramuscular EMG, tracheal puncture). The measures described in this paper are 

less invasive and more clinically feasible, providing benefits for translation of the present 

work to the clinical setting. Still, it is possible that these indirect measures may be more 

variable or less related to direct measurements taken during aberrant voice productions, 

as has been noted in comparisons between direct and indirect subglottal pressure 

estimates in speakers with spasmodic dysphonia (Plant & Hillel, 1998). The methods 

described in this work require further investigation.  

Finally, further work is needed to examine physiological manifestations of vocal 

effort in speakers with voice disorders. Although the physiological mechanisms reported 

in this study have been shown to be elevated in speakers with primary symptoms of vocal 

effort, it is not clear if vocal effort in those speakers would use manifest as the same 

mechanisms reported here. It remains unknown whether modulations of vocal effort in 

healthy speakers are applicable to those with structural changes (e.g., nodules), 

neurological based voice disorders (e.g., spasmodic dysphonia), or functional-based 

dysphonia.  
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Conclusion 

 Vocal effort manifests as a combination of physiological mechanisms, including 

increases in indirect measurements of subglottal pressure, M-L supraglottal compression, 

and activation of extrinsic suprahyoid muscles. These mechanisms could be 

compensatory strategies to improve vocal fold vibration amplitude and improve the 

acoustical signal; however, exactly how these mechanisms play a role in individuals with 

voice disorders is currently unknown and warrants further investigation. A better 

understanding of the physiological mechanisms driving clinical presentations of voice 

disorders would improve diagnostic and therapeutic approaches to individuals with 

primary symptoms of vocal effort.  
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CHAPTER THREE: The Relationship between Acoustical and Perceptual 

Measures of Vocal Effort 

 

Abstract 

Purpose: The aim of this study was to determine how the speech signal relates to self- 

and listener-perception of vocal effort.  

Method: Twenty-six vocally-healthy adults increased vocal effort during the production 

of the utterance /ifi/ and completed self-ratings of effort on a 100 mm visual analog scale. 

Twenty inexperienced listeners assessed the speakers’ vocal effort using the visual sort-

and-rate method. Per-speaker Pearson product-moment correlations were calculated to 

determine the relationships between speaker and listener ratings of vocal effort. Mean 

sound pressure level (SPL), mean fundamental frequency (fo), relative fundamental 

frequency (RFF) offset cycle 10 and onset cycle 1, harmonic-to-noise ratio (HNR), 

cepstral peak prominence (CPP) and its standard deviation (SD), low-to-high (L/H) 

spectral ratio and its SD, were calculated for all speech recordings. Two separate mixed 

effects regression models analyzed the relationships between the acoustical measures and 

speaker and listener ratings.  

Results: Speaker and listener ratings of vocal effort were highly correlated (r = .86). The 

mixed effects regression models determined that mean SPL, L/H ratio, and HNR were 

significant predictors of both speaker and listener ratings of vocal effort. RFF offset cycle 

10 and mean fo were significant predictors of listener ratings only. The predictors 

accounted for 72% and 82% of the variance for speaker and listener ratings, respectively. 
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Conclusions: Speaker- and listener-perceptual ratings of vocal effort were strongly 

related to one another. The significant acoustical predictors included amplitude-, time-, 

and spectral-based measures for both speaker and listener ratings of vocal effort. 

Listeners also incorporated other time-based cues when making judgments of vocal 

effort. Further work is needed to determine how vocal effort manifests in the acoustic 

signal in speakers with voice disorders.  

 

Background 

 Excessive vocal effort, described as an “exertion of the voice” (Baldner et al., 

2015), is frequently reported in speakers with high occupational voice demands (de 

Alvear et al., 2011) and speakers with voice disorders (Altman et al., 2005; Bach et al., 

2005; Roy et al., 2005; Smith et al., 1998). Multiple acoustical measures have been 

identified as potential indicators to vocal effort and strain (a correlate of vocal effort; 

Kempster et al., 2009), however there has yet to be a comprehensive analysis of these 

measures to determine which are most salient to the perception of vocal effort. 

Furthermore, there is a lack of understanding of how speakers and listeners may be 

attending to different acoustical cues when making perceptual judgments of vocal effort. 

Therefore, the purpose of this study was to evaluate the relationship between a large set 

of previously hypothesized acoustical predictors of vocal effort to speaker and listener 

perception of vocal effort. 
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Perceptual Measures of Vocal Effort 

Auditory-perceptual ratings are considered the gold-standard for evaluating voice 

disorders and assessing treatment progress (Oates, 2009; Selby et al., 2003). Perceptual 

ratings include self-reports by speakers, as well as listener ratings completed by clinical 

staff (e.g., speech-language pathologist; SLP) and familiar listeners (e.g., family 

members, caregivers). These perceptual ratings provide insight into the voice impairment 

and can be used to help define therapeutic goals in voice therapy. 

 Two types of speaker self-perceptual ratings are employed clinically. The first 

type of rating provides estimates of the frequency, severity, and duration of vocal 

symptoms, as well as the impact voice problems have on the quality of life of the speaker 

(Hogikyan & Sethuraman, 1999). Many psychosocial questionnaires employ this first 

type of rating to explore the incidence of vocal effort and the extent to which vocal effort 

affects daily life (e.g., Vocal Handicap Index, Glottal Function Index; Bach et al., 2005; 

Jacobson et al., 1997). The second type of self-perceptual rating is reported immediately 

following a specific voice task to provide an instantaneous rating of current voice 

symptoms. An example of this is the Inability to Produce a Soft Voice (IPSV), which 

immediately evaluates how difficult it is to vary pitch and loudness. High levels of 

difficulty with IPSV tasks are associated with physical changes in the vocal folds, such as 

vocal fold swelling (Bastian, Keidar, & Verdolini-Marston, 1990), whereas 

improvements in ISPV ratings are predictive of vocal recovery following vocal fatigue 

(Hunter & Titze, 2009). Scales such as the Borg Category Ratio 10 (Borg CR10; Borg, 

1982; Neely et al., 1992) and the 100 mm visual analog scale (VAS) are used to assess 
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the instantaneous sensation of vocal effort severity at the time of the rating (e.g., 

Sundarrajan et al., 2017). Both are versatile scales that can be used during self- and 

listener-perceptual ratings of vocal effort, allowing for a direct comparison between the 

two measures (Eadie et al., 2010; Eadie & Stepp, 2013; Isetti et al., 2014; Stepp et al., 

2012).  

Many clinical tools have been developed to quantify listeners’ perception of voice 

as well. Common clinical tools include the Consensus Auditory-Perceptual Evaluation of 

Voice (CAPE-V; Kempster et al., 2009) and the Grade, Roughness, Breathiness, 

Asthenia, Strain (GRBAS; Hirano, 1981) scale, which both assess the perception of pitch, 

loudness, and quality of the voice. Listener-perceptual ratings provide information on the 

impact that the voice has on the communication partner and provide another perspective 

on the speaker’s vocal impairment (Eadie, Day, Sawin, Lamvik, & Doyle, 2013; Isetti et 

al., 2014). Listener-perceptual ratings are especially important for speakers who may not 

have an accurate perception of their own voices or when speakers have become 

accustomed to their own voices. For example, speakers with Parkinson’s disease can 

exhibit reduced vocal loudness and reduced pitch variation, but often report no problems 

in their speech and voice (Kwan & Whitehill, 2011). 

Investigations into the relationships between self- and listener-perceptual ratings 

of voice have reported mixed findings. Previous studies have reported that the 

relationship between self- and listener-perceptual ratings of vocal effort have been, at 

best, only moderately related to one another (Eadie et al., 2010; Eadie et al., 2007; 

Johnson, 2012). In a study by Lee et al. (2005), the relationships between speaker and 
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expert listener ratings of vocal strain, defined as the perception of excessive vocal effort, 

were considered weak with a correlation of r = .19. Results showed that the speakers with 

dysphonia rated their amount of vocal strain consistently higher than the expert clinical 

judgments.  

Researchers have proposed different hypotheses to try to explain the discrepancies 

between self- and listener-perceptual ratings of voice. One hypothesis is that speakers use 

both somatosensory and auditory feedback when making ratings, whereas listeners only 

have auditory information of which to make judgments. This hypothesis is supported by 

the results of a study that examined self- and listener-perceptual ratings of vocal effort 

when speakers had unaffected auditory feedback, and then altered auditory feedback via 

masking noise (Lane et al., 1961). Results indicated that in both experiments, speakers 

rated their own vocal effort consistently greater than listener ratings of the same stimuli. 

The authors hypothesized that speakers may have used somatosensory feedback and bone 

conduction (both speaker-specific sensory information) when making their own self-

ratings of vocal effort. Furthermore, studies have investigated how altered laryngeal 

sensory feedback may impact vocal control. Investigations have shown that speakers 

have a reduced ability to control pitch when a numbing agent was applied to the vocal 

fold mucosa (Kleber et al., 2013; Sundberg et al., 1995). These results provide evidence 

that speakers use somatosensory feedback from sensory receptors (e.g., 

mechanoreceptors) in the larynx during fine-tuned adjustments of voice, even when 

auditory feedback is unaffected. Thus, it is hypothesized that speakers have more reliable 

estimates of their own vocal effort compared to listeners since they have access to both 



 

 

112

sensory modalities during their self-perceptual ratings (Lee et al., 2005).  

In order to assess the differences between speaker- and listener-perceptual ratings, 

researchers have turned to acoustical analysis of the speech signal. With the advent of 

clinically accessible software and algorithms, acoustical measures are now a standard of 

clinical care (Awan et al., 2014a) and are comparable across clinical settings. 

Understanding the acoustical manifestation of vocal effort would provide more 

information to clinicians when attempting to identify and remediate vocal effort in the 

clinical setting.  

Acoustical Measures of Vocal Effort 

Acoustical measures may provide a quantitative way to examine the discrepancy 

between self- and listener-perceptual ratings of vocal effort. At present, multiple 

acoustical measures have been associated with the perception of vocal effort, including 

amplitude-, time-, spectral-, and cepstral-based measures. However, there seems to be no 

single acoustical measure predictive of perceptual ratings of vocal effort (speaker or 

listener), indicating that the perception of effort is likely related to multiple acoustical 

changes in the speech signal.  

Amplitude-based 

The amplitude of the speech signal can be quantified in sound pressure level (dB 

SPL) and is perceived as loudness. A study by Rosenthal et al. (2014) examined a series 

of acoustical and aerodynamic measures during modulations of vocal effort in healthy 

speakers. The authors reported a positive association between mean SPL and vocal effort, 

with an increase of 3 dB SPL from comfortable speaking effort to a maximal vocal effort. 
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It has been suggested that increased subglottal pressure, the pressure that is crucial to 

initiating and maintaining vocal fold oscillation (Stemple et al., 2012), is a physiological 

manifestation of vocal effort (Verdolini et al., 1994), which simultaneously acts to 

increase mean SPL. Therefore, the perception of vocal effort may be related to an 

increase in the amplitude of the speech signal; however, some speakers with voice 

disorders exhibit elevated subglottal pressure without the same degree of change in mean 

SPL (Espinoza et al., 2017; Friedman et al., 2013). Importantly, listeners are still able to 

perceive vocal effort in patient populations that have these symptoms (e.g., vocal 

hyperfunction; Stepp et al., 2012). Thus, it is unlikely that speakers and listeners depend 

on the amplitude of the speech signal alone. Rather, it is more likely that the perception 

of vocal effort is a combination of changes in mean SPL and other acoustical parameters 

in the speech signal.  

Time-based 

Time-based measures include mean fundamental frequency (fo), harmonics-to-

noise-ratio (HNR), and relative fundamental frequency (RFF). These acoustical measures 

have been shown to be correlated with auditory-perceptual judgments of vocal effort in 

speakers with voice disorders (Eadie & Stepp, 2013; Stepp et al., 2012) and to change 

when vocally-healthy speakers purposefully increase vocal effort and strain (Lien et al., 

2015; McKenna et al., 2016). 

Increases in mean fo are attributed to increased tension of the intrinsic laryngeal 

muscles, such as the cricothyroid (Lofqvist et al., 1989; Shipp, 1975). Increased mean fo 

has been reported during instances of vocal fatigue (Rantala, Lindholm, & Vilkman, 
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1998; Vilkman, Lauri, Alku, Sala, & Sihvo, 1999), which is hypothesized to be due to 

compensatory increases in laryngeal tension and vocal effort. For example, Ghassemi et 

al. (2014) monitored mean fo in healthy speakers and in speakers with vocal 

hyperfunction. Results showed that only speakers with vocal hyperfunction exhibited an 

increase in mean fo over the duration of the day, which the authors related to increased 

vocal effort and increased laryngeal tension from vocal fatigue. Thus, it is possible that 

vocal effort may manifest as increased mean fo due to increased laryngeal tension. 

HNR is an acoustical measure that characterizes the periodicity of the speech 

signal (Murphy et al., 2008). Although HNR can be calculated in the frequency domain 

(Qi & Hillman, 1997), we are referring to HNR as a time-based acoustical measure in the 

present study due to our calculation of the measure in the time domain. HNR is a ratio of 

periodic energy to aperiodic noise in the signal (Boone et al., 2014), and is affected by 

aperiodic vocal fold vibration. As such, HNR can be reduced in speakers with dysphonia, 

possibly due to vocal fold lesions, such as those with glottic cancer (Friedman et al., 

2013) and vocal fold nodules (Schindler et al., 2009). In these cases, HNR values are 

lower due to an increase in aperiodic vocal fold vibration. Speakers with vocal fold 

nodules frequently report increased vocal effort, which may be related to vocal fold 

vibratory function. To date, there seems to have been no specific study that directly 

examines the relationship between HNR and perceptual ratings of vocal effort. The 

evidence that HNR is affected in speakers with voice disorders who have primary 

symptoms of vocal effort, makes it a promising acoustical indicator of vocal effort. 

Unlike mean fo and HNR, which are determined from steady-state voicing 
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segments, RFF is calculated during voicing transitions surrounding a voiceless consonant 

(e.g., /ifi/). The offset of voicing and re-onset of voicing in these vowel segments are 

referred to as RFF offset cycles and RFF onset cycles, respectively. Specific offset and 

onset cycles are reported to be related to listener-perceptual ratings of vocal effort (Eadie 

& Stepp, 2013; Stepp et al., 2012). Furthermore, RFF values are reported to be reduced 

when healthy speakers purposefully increase vocal effort and strain (Lien et al., 2015; 

McKenna et al., 2016) and when speakers have voice disorders, such as spasmodic 

dysphonia and vocal hyperfunction (Eadie & Stepp, 2013; Heller Murray et al., 2017). 

The hypothesized mechanisms underlying changes to RFF values include aerodynamic 

forces, vocal fold abduction, and intrinsic laryngeal tension (Heller Murray et al., 2017; 

McKenna et al., 2016; Stepp et al., 2011d). Thus, RFF values may be related to tension in 

the vocal mechanism and subsequent sensations of vocal effort. 

Spectral- and Cepstral-based 

Unlike time-based measures, spectral- and cepstral-based measures do not require 

calculation of specific time-based information (e.g., periods, periodicity) of the voicing 

segments of the speech signal. Thus, spectral- and cepstral-based measures may be more 

appropriate for speakers with severe dysphonia when aperiodic voice signals preclude 

estimation of time-based measures.  

The spectrum is determined via calculation of the fast Fourier transform (FFT) of 

the time-based signal, and provides information on the strength of energy across different 

frequencies. The proportion of low (below 4000 Hz) to high (above 4000 Hz) frequency 

information is referred to as the low-to-high (L/H) ratio and has been shown to be 
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reduced in speakers with dysphonia (Awan et al., 2010; Lowell et al., 2013). Spectral 

energy above 4000 Hz can be due to increased aspiration noise, which is associated with 

larger posterior glottal gap sizes (Klatt & Klatt, 1990; Zanartu et al., 2014) and the 

perception of breathiness (Hillenbrand & Houde, 1996). Although vocal effort has also 

been associated with the percept of breathiness in speakers with phonotraumatic vocal 

hyperfunction (e.g., vocal nodules; Holmberg et al., 2003), it is uncertain if breathiness 

causes a compensatory effortful vocal response, or conversely, if excessive vocal effort 

has a breathy perceptual quality to it.  

A cepstrum is calculated as the FFT of the logarithm of the power spectrum 

(Bogert et al., 1963; Noll, 1964, 1967). Cepstral peak prominence (CPP) is the magnitude 

of the dominant rahmonic, thought to be equivalent to fo, when compared to the predicted 

cepstral energy (Awan & Roy, 2005). A study by Rosenthal et al. (2014) evaluated CPP 

in healthy speakers across three levels of vocal effort: comfortable, minimal, and 

maximal. A significant difference was found between the comfortable and the maximal 

effort conditions, with greater CPP values reported during increased vocal effort. The 

authors suggested that CPP may have increased due to simultaneous increases in mean 

SPL. This is consistent with prior research that showed a positive association between 

CPP and SPL (Awan et al., 2012). Although it seems promising that a cepstral-based 

measure may be sensitive to changes in vocal effort, further information is needed to 

determine the how SPL may change or influence that prediction. Thus, a comprehensive 

analysis of multiple acoustical measures at the same time would provide information on 

which acoustical changes are contributing to the perception of vocal effort. 
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Aim and Hypotheses 

The purpose of this study was to further understand how vocal effort manifests in 

the speech signal and how it is interpreted perceptually. We proposed to evaluate the 

relationship between perceptual ratings of vocal effort with a set of acoustical measures 

previously correlated with vocal effort. The acoustical measures examined in this study 

included amplitude-, time-, spectral- and cepstral-based measures. Furthermore, we 

sought to explore the relationship between speaker and listener ratings of vocal effort, to 

provide additional information on the relationship between the two ratings. We devised 

the following hypotheses: 

Hypothesis 1: We hypothesized that the acoustical measures that significantly 

predicted the self-perceptual ratings of vocal effort would be different than those that 

significantly predicted listener-perceptual ratings. We suspected the speaker and listeners 

would attend to distinct auditory cues when making perceptual judgements.   

Hypothesis 2: We hypothesized that self- and listener-perceptual ratings would be 

weakly-to-moderately associated with one another. This hypothesis was based on 

previous studies reporting weak-to-moderate relationships between the two ratings (Eadie 

et al., 2010; Eadie et al., 2007).  

 

Method 

Speaker Recordings  

We enrolled 26 healthy young adults (18 – 29 years, M = 20.9 years, SD = 2.8 

years) who were speakers of Standard American English. Participants had no history of 
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speech, language, hearing, neurological, pulmonary, or voice disorders, and were non-

smokers. We enrolled 10 men and 16 women (~60% women), which is consistent with 

the estimates of the distribution of voice disorders between men and women (Brinca et 

al., 2015). Participants were screened for normal vocal function by a certified SLP via 

auditory-perceptual screening and flexible laryngoscopy. Speakers provided informed 

consent with approval of the Boston University Institutional Review Board prior to 

beginning the study. 

Participants were trained to produce iterations of the utterance /ifi/. Each /ifi/ set 

consisted of eight consecutive /ifi/ productions, with a pause in the middle (e.g., /ifi ifi ifi 

ifi/, pause, /ifi ifi ifi ifi/). The combination of the phonemes in the utterance /ifi/ provided 

a stimulus that met all criteria for the acoustical processing planned in this study.  

Four different voice conditions were elicited across speakers: typical speaking 

voice, mild effort, moderate effort, and maximal effort. Effort was elicited via the 

following instructions: “Increase your effort during your speech by trying to create 

tension in your voice as if you are trying to push your air out. Try to maintain the same 

volume while increasing your effort.” Mild effort was described as, “Mildly more effort 

than your regular speaking voice.” Moderate effort was described as, “More effort than 

your mild effort” and maximal effort was, “As much effort as you can, while still having 

a voice.” Each condition was recorded two times and had a range of 6  ̶  10 /ifi/ 

productions, with the target of eight productions. 

Following each recording, speakers completed ratings of their self-perceived 

vocal effort on a 100 mm VAS. The VAS has the benefits of being a continuous scale 
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that allows for explicit anchors (Gerratt et al., 1993). Zero was anchored as “No Effort” 

and 100 was anchored as “The Most Effort.” Figure 3.1 provides an example of the scale 

used for self-perceptual ratings.  

Speaker recordings were made with a directional head-set microphone (Shure 

SM35 XLR) placed 45 degrees from midline of the vermilion of the lips and 7 cm from 

the corner of the mouth. A neck-surface accelerometer (BU series 21771; Knowles 

Electronic, Itasca, IL) was placed with double sided adhesive at midline of the anterior 

neck, superior to the sternal notch and inferior to the cricoid cartilage. In order to 

determine mean SPL during processing of the speech signal, a calibration procedure was 

performed. The calibration included three electrolaryngeal pulses at the midline of the 

lips and readings of known dB SPLs from a sound pressure level meter held at the 

microphone, directed towards the mouth. The known dB SPLs of the electrolaryngeal 

pulses were later used to calibrate speech recordings to mean SPL. The microphone and 

accelerometer signals were pre-amplified (Xenyx Behringer 802 Preamplifier) and then 

digitized at 30 kHz with a data acquisition board (National Instruments 6312 USB). The 

signals were acquired via a MATLAB algorithm and converted to wave files for further 

processing.  

Figure 3.1. Visual analog scale used to measure self-perceptual ratings of vocal effort. Speakers were 

asked to rate their vocal effort by placing a line on the scale, as seen by the dashed (--) line pictured 

here.  
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The recordings in this study were made with concurrent high-speed flexible 

nasendoscopic recordings, which are discussed in a separate study. No laryngeal numbing 

agent was provided so as not to affect laryngeal feedback or sensitivity (Dworkin et al., 

2000). Due to the recording limitations of the high-speed flexible nasendoscopic 

equipment, each speech recording was only eight seconds in duration. Inadvertently, 

some of the final /ifi/ productions in a recording were cut-off in the middle of the 

production. These incomplete /ifi/ productions were discarded during acoustical and 

perceptual processing. 

Perceptual Stimuli Preparation  

 Stimuli sets were created for the visual sort-and-rate (VSR) method (Granqvist, 

2003). The VSR method provides multiple voice samples in a single listening set for 

direct comparison against one another. The VSR method has been shown to have higher 

intra- and inter-rater reliability when compared to listener-perceptual ratings using the 

VAS technique (Granqvist, 2003). In the present study, the number of voice samples 

chosen within a stimuli set, as well as the number of total sets for auditory-perceptual 

ratings, were comparable to previous studies using the VSR method to rate vocal effort 

(Heller Murray et al., 2016; Lien et al., 2015).  

Different stimuli sets were generated for each listener. Each set consisted of nine 

different voice recordings from nine different speakers. Within the nine recordings, eight 

of the positions were filled with two recordings from each voice condition (i.e., two 

typical, two mild, two moderate, two maximal, for a total of eight recordings). Since 

three speakers had extra voice recordings, these three instances were then placed into the 
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ninth position of the set. Finally, the remaining position in each set was filled with a 

randomly selected recording, which was later used for intra-rater reliability calculations. 

This randomization scheme resulted in 26 randomized stimuli sets, each with nine 

recordings. Twenty-three recordings (approximately 10% of the sample) were repeated 

for reliability. The randomization was completed for every listener, resulting in different 

stimuli sets for each listener.  

Participants (Listeners)  

Twenty adults (11 female; M = 20.7 years, SD = 2.8 years) were recruited as 

inexperienced listeners for the study. Inexperienced listeners were chosen since previous 

studies reported no effect of listener experience on ratings of vocal effort when training is 

provided (Eadie et al., 2010). Listeners were speakers of Standard American English with 

no reported history of speech, language, hearing, or voice disorders, as well as no prior 

experience with voice disorders. All listeners passed a hearing screening of pulsed pure 

tones (Burk & Wiley, 2004) at 25 dB HL at frequencies of 125, 250, 500, 1000, 2000, 

4000, and 8000 Hz (Schlow, 1991) with over-the-ear headphones. With the approval of 

the Boston University Institutional Review Board, informed consent was obtained from 

each participant prior to participation in the study.  

Listener Training and Protocol 

Listeners were seated in a sound-treated room for the duration of the study. Prior 

to the experimental auditory-perceptual ratings, listeners were provided with a definition 

of vocal effort via the script: “You are going to hear a series of voice samples. Some will 
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be of typical speaking voices and some will have increased vocal effort. Vocal effort is 

considered an exertion of the voice. It may sound like the speakers are trying to push 

their air out and strain to produce voice.” Next, listeners were provided with familiarity 

samples of two different speakers (one male, one female) reading the second sentence of 

the Rainbow Passage. The familiarity samples included a voice recording at a typical 

speaking voice, and then the same speaker repeating the sentence in an effortful voice. 

The voice samples were not anchored to an effort scale, as their sole purpose was to 

provide an auditory example of vocal effort. 

Participants completed a single VSR training module with /ifi/ recordings of 

various vocal effort levels, recorded separately from the experimental data set. The 

training module allowed the listeners to familiarize themselves with the interactive 

computer program as well as rating vocal effort on non-word productions (e.g., /ifi/). The 

listeners were trained to interact with a custom MATLAB VSR interface. The interface 

had nine voice samples located at the same horizontal level on the screen and a vertical 

axis to rate vocal effort. The top of the vertical axis was anchored at “100” and described 

as “The Most Effort” while the bottom of the axis was anchored at “0” and described as 

“No Effort” (see Figure 3.2). Participants were instructed first to listen to the voice 

stimuli and sort the stimuli vertically so that stimuli of similar vocal effort were near the 

same vertical level. Finally, participants were instructed to re-listen to the stimuli and rate 

the stimuli against each other to make small adjustments to the amount of vocal effort 

perceived in each recording. 
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Figure 3.2. The listeners were presented with an interface that had nine different voice recordings 

(circles) at the midpoint of the screen, designated here as the dotted line. After listening to the 

stimuli, listeners moved each stimulus up or down (arrows) from the midline of the screen to sort 

them, and then made ratings against stimuli in the same area of the screen. The dotted line and 

arrows were not seen by the listeners, but are used in this image to depict the range of movement on 

the screen. 

 

Following the familiarity samples and VSR interface training, listeners progressed 

to the experimental VSR paradigm. Each participant wore over-the-ear headphones 

(Sennheiser HD 280 Pro) and the set-up was calibrated to a presentation level of an 

average of 76 dB SPL. The calibration procedure did not eliminate variation in dB SPL 

within or between samples, but set an average listening level. Listeners were allowed to 

listen to each recording as many times as they wished. Rest breaks were built into each 

session at 20 minute increments. In general, participants were able to complete 8 – 10 

sets every 20 minutes. The entire session, including consent, hearing screening, training, 

and auditory-perceptual ratings, lasted approximately 1.5 hours.  

Acoustical Data Processing 

Mean SPL 

The onset and offset of each vowel was determined via an algorithm developed 

for the neck-surface accelerometer signal captured concurrently with the microphone 
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signal. The accelerometer signal was full-wave rectified and filtered using a first-order 

low-pass Butterworth filter at 12 Hz. Then, to establish voicing onset and offset, a 

threshold was determined as four times the mean of 500 ms of quiet rest in the filtered 

signal for each recording. The threshold was determined empirically and verified via 

visual inspection of all waveforms. The root-mean-square (RMS) was calculated in the 

time-aligned segments of the microphone signal that corresponded to the vowel segments 

in the accelerometer signal. The RMS of the microphone vowel segment was converted 

to dB SPL based on the reference calibration (“ref”) from known dB SPL previously 

measured at the microphone (see Equation 3.1).  

Equation 3.1 Mean SPL (dB SPL) = Sloperef × (20 log10(RMSmic)) + Interceptref 

Mean fo 

An autocorrelation function in Praat (v.5.4.04; Boersma, 2001) was used to 

determine the mean fo for each vowel (Boersma, 1993). Prior to analysis the pitch range 

was adjusted to 60 – 300 Hz for male speakers and 90 – 500 Hz for female speakers 

(Vogel, Maruff, Snyder, & Mundt, 2009). Mean fo values were verified by visually 

examining the autocorrelation pulses provided in the acoustic waveforms in Praat. Each 

of these values were averaged for each voice recording. The mean fo during the typical 

speaking conditions were averaged together as a reference for each speaker. Then, each 

mean fo (measured in Hz) for each condition was converted to ST relative to the speaker’s 

average from the typical condition. This final mean fo was considered representative of a 

change in ST from each speaker’s typical vocal production.  
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HNR 

HNR (dB) was determined for each vowel via an algorithm implemented in Praat 

(Boersma, 1993; Severin, Bozkurt, & Dutoit, 2005). HNR was calculated from the 

harmonicity function, which is a forward cross correlation that uses the time-domain to 

determine the strength of the energy in the first harmonic (H1) relative the energy in the 

rest of the signal (see Equation 3.2). HNR values were averaged over each voice 

recording. Of note, the choice to use the entire vowel segment during HNR calculations 

could increase variability in the HNR measure, due to inclusion of the onset and offset 

voicing cycles (instead of just vowel steady-state). This decision was made due to the 

relatively short vowel segments in the /ifi/ utterance (compared to that of a sustained 

vowel which allows for identification of longer durations of the steady-state portion of 

the signal). The analysis was implemented consistently across all speakers in the study, 

making the measurements directly comparable to one another.  

Equation 3.2 
HNR	(dB) = 10× log

10
� Energy in H1

1- Energy in H1
� 

RFF  

RFF was calculated from the instantaneous fo of the last ten cycles from an initial 

vowel, known as offset cycles, and then for the first ten voicing cycles of the following 

voiced segment, referred to as onset cycles (see Figure 3.3). The cycles are converted to 

ST in relation to a reference cycle that is closest to the midpoint of each vowel (see 

Equation 3.3). The conversion to ST allows for comparison across speakers who may 

have different mean fo values. 
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Figure 3.3. An example of a single /ifi/ utterance with the ten offset cycles and ten onset cycles 

identified. The dashed (--) vertical lines indicate where the offset and onset cycles begin and end.  

 

Equation 3.3  
RFF (ST) = 39.86 × log

10
 � f

o

reference f
o

� 

 

 

RFF offset and onset values were calculated for each /ifi/ production via a custom 

MATLAB algorithm (Lien et al., 2017). RFF offset cycle 10 and onset cycle 1 were 

targeted for further analysis due to their hypothesized relevance to laryngeal tension and 

vocal effort (Eadie & Stepp, 2013; Heller Murray et al., 2017; Lien et al., 2015; 

McKenna et al., 2016; Stepp et al., 2011d). RFF values cannot be calculated during 

instances of excessive glottalization or when there are fewer than ten vocal cycles in the 

vowel segment (Lien & Stepp, 2014). The present study required a minimum of two RFF 

values for averaging across each recording for further inclusion in the statistical analysis. 

RFF offset cycle 10 and onset cycle 1 were individually averaged across the productions 

in each voice recording. 
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CPP and CPP SD 

Cepstral analyses were completed using Analysis of Dysphonia in Speech and 

Voice (ADSV) software (Model 5109, V. 3.4.2). Prior to analysis, each /ifi/ production 

was cropped to eliminate any non-speech segments in the sample by visual inspection of 

the acoustical signal. The program further used vocalic detection to eliminate voiceless /f/ 

segments (Awan, 2011). The software downsamples the acoustic signal to 25 kHz and 

determines the cepstrum of the signal (i.e., the FFT of the logarithm power spectrum) 

using a series of Hamming windows with a window length of 1024 samples and 75% 

overlap. CPP and CPP SD were then calculated from a smoothed cepstrum (averaged 

over 7 frames) with peak extraction ranges pre-specified to quefrency ranges that 

corresponded with 60 – 300 Hz for male speakers and 90 – 500 Hz for female speakers. 

CPP was calculated as the amplitude of the highest rahmonic peak (dB) compared to the 

amplitude of the quefrency point on the regression line of the averaged power cepstrum 

(Awan & Roy, 2005; Awan et al., 2010). In order to verify that CPP extraction was 

within a quefrency range that corresponded to a reasonable mean fo, the mean CPP fo was 

compared to the mean fo values determined in Praat. For any instances in which CPP fo 

varied more than 10% of the mean fo from Praat, the sample was re-checked and excluded 

if suspected to be inaccurate. CPP and CPP SD were each averaged for every voice 

recording.  
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L/H Ratio and L/H SD 

The L/H ratio and L/H SD were calculated for each /ifi/ production using ADSV 

software. The software downsamples the time-domain signal to 25 kHz, creates a series 

of Hamming windows (1024 samples, 75% overlap), and uses the FFT to convert the  

original signal to the frequency domain (Awan, 2011). The L/H ratio was calculated from 

the spectrum (Awan et al., 2010) with a ratio cut-off of 4000 Hz (Hillenbrand & Houde, 

1996; Lowell et al., 2013). L/H ratio and L/H SD were averaged for each participant for 

each speaking condition. Figure 3.4 provides a visual example of a spectrum and 

cepstrum of a single /ifi/ production. 

Figure 3.4. Left: Example of a spectrum of a single /ifi/ production with 4000 Hz cut-off (dashed line) 

identified. Right: A cepstral analysis of a single /ifi/ production with the cepstral peak prominence 

identified (circle) above the linear regression (line) of the averaged power cepstrum. 

 

Statistical Analysis 

Listener Reliability 

Intra-rater reliability was calculated from the repeated stimuli (10% randomly 

selected) using a two-way intraclass correlation coefficient (ICC). Inter-rater reliability 
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was analyzed on all samples across all listeners with an ICC two-way analysis for 

consistency, as well as an analysis of means for the group of listeners. Reliability 

analyses were completed with the statistical package R (ver. 3.2.2). Following reliability 

analyses, raw values (0 – 100) were averaged across listeners, resulting in a single 

averaged value for each voice recording.  

Statistical Models 

Statistical analyses were completed in Minitab statistical software (ver. 18). Per-

speaker Pearson product-moment correlation coefficients (r) were determined between 

self-ratings of vocal effort and the averaged listener ratings. To compare the findings of 

the present study to previous studies that analyzed individual acoustical predictors to 

ratings of vocal effort, a series of mixed effect regression models were analyzed for each 

acoustical variable separately against speaker and averaged listener ratings (see Equation 

3.4). The coefficient of determination (adjusted R2) was calculated for each model to 

provide information on the amount of variance each acoustical measure contributed to the 

ratings on an individual basis. 

Equation 3.4 Acoustical measure + Speaker(random) = Perceptual Rating 

 

A comprehensive analysis of all acoustical predictors was completed using two 

separate mixed-effect linear regression models. The predictor variables were the acoustic 

measures and “speaker” (random factor). The outcome measure of the first model was the 

self-perception of vocal effort as rated on the 100 mm VAS. The outcome of the second 

model was the averaged listener-perceptual ratings completed during the VSR task. The 
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significance level was first set to p < .05, but because the same acoustical measures were 

used as predictors in both models, the p-value was reduced to p < .025 to minimize type I 

error. The coefficient of determination (adjusted R2) was calculated for each model, the 

beta coefficients were examined, and the effect sizes (ηp
2) of significant variables were 

determined. 

Results 

Speakers produced a total of 211 voice recordings for analysis. Across the nine 

acoustical measures, only data points from RFF offset cycle 10 and onset cycle 1 were 

missing from the data set (when less than two values were available for averaging). The 

missing data points accounted for 12% of the possible RFF values and were evenly 

distributed between offset and onset values. In total, 1846 acoustical data points were 

analyzed (211 recordings × 9 variables – 53 missing RFF values). Table 3.1 provides the 

mean and SD of the acoustical measures across each speaking condition. Table 3.2. 

provides within-speaker (mean and SD) correlation coefficients between the acoustical 

predictors. 

Listener Reliability 

The average intra-rater reliability across all twenty listeners was ICC(2,1) = .82 

(SD = .08) and range of ICC = .62  ̶  .93. Inter-rater reliability analysis resulted in 

ICC(2,1) = .73 (95% CI = .69  ̶  .77). When calculating an ICC(2,20) for means, the inter-

rater increased to a coefficient of .98 (95% CI = .98  ̶  .99). These reliability findings are 

remarkably similar to previous reports on the inter- and intra-rater reliability of 

inexperienced listeners rating vocal effort, with intra-rater reliability or r = .84, and 
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interrater agreement of 77% (Eadie et al., 2010).  

Table 3.1. Summary of mean and standard deviation for acoustical measures during all conditions. 

 

Acoustical Measure 

 

Typical 

Mild 

Effort 

Moderate 

Effort 

Maximal 

Effort 

 

Mean SPL (dB SPL) 

 

80.27 (3.15) 

 

81.24 (3.16) 

 

83.03 (3.42) 

 

85.05 (4.13) 

 

RFF Offset 10 (ST) 

 

-0.51 (0.99) 

 

-0.64 (1.08) 

 

-1.07 (0.91) 

 

-1.50 (1.29) 

 

RFF Onset 1 (ST) 

 

2.45 (0.81) 

 

2.21 (0.60) 

 

2.23 (0.86) 

 

2.00 (0.77) 

 

CPP (dB) 

 

5.48 (1.18) 

 

5.39 (0.92) 

 

5.70 (0.83) 

 

5.76 (0.83) 

 

CPP SD (dB) 

 

1.38 (0.49) 

 

1.44 (0.45) 

 

1.62 (0.42)  

 

1.72 (0.37) 

 

L/H Ratio (dB) 

 

38.72 (2.42) 

 

37.22 (2.93) 

 

35.69 (3.22) 

 

34.47 (3.78) 

 

L/H SD (dB) 

 

9.78 (1.94) 

 

10.13 (2.00) 

 

10.80 (2.07) 

 

10.73 (2.17) 

 

HNR (dB) 

 

16.35 (3.78) 

 

15.39 (3.96) 

 

15.81 (3.99) 

 

15.34 (4.02) 

 
Mean  fo (ST)      

 

0.00 (0.00) 

 

0.33 (1.66) 

 

1.20 (1.53) 

 

2.32 (2.41) 

Note. SPL = sound pressure level; RFF = relative fundamental frequency; ST = semitone; CPP = 

cepstral peak prominence; SD = standard deviation; L/H = low-to-high; HNR = harmonics-to-noise- 

ratio; fo = fundamental frequency. 

 

Self- vs. Listener-Perceptual Ratings 

Pearson product-moment correlations were calculated for each speaker to 

determine the relationship between self- and listener-perceptual ratings. The average 

correlation across speakers was r = .86 (Mdn = .92, range = .20  ̶  .99). Twenty of the 

speakers appeared to follow roughly the same linear trend with strong correlation across 

the subset of speakers (r = .85; Panel D of Figure 3.5). Figure 3.5 provides a visualization 

of the distribution and relationships between speaker and averaged listener ratings. 
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Table 3.2. Averaged within-speaker correlations (r) and standard deviation (SD) between acoustical 

measures. 

  

Averaged Within-Speaker Correlations (r) 

 

 

M
ea

n
 S

P
L

 (
d

B
 S

P
L

) 

R
F

F
 O

ff
se

t 
1

0
 (

S
T

) 

R
F

F
 O

n
se

t 
1

 (
S

T
) 

C
P

P
 (

d
B

) 

C
P

P
 S

D
 (

d
B

) 

L
/H

 R
a

ti
o

 (
d

B
) 

L
/H

 S
D

 (
d

B
) 

H
N

R
 (

d
B

) 

M
ea

n
 f

o
 (

S
T

) 

Mean SPL 

(dB SPL) 

 

1.00 -.47 

(.49) 

-.10 

(.53) 

.39 

(.49) 

.57 

(.38) 

-.51 

(.54) 

.27 

(.54) 

.14 

(.54) 

.66 

(.38) 

RFF Offset 

10 (ST) 

 

-- 1.00 -.01 

(.49) 

-.13 

(.57) 

-.31 

(.48) 

.28 

(.43) 

-.12 

(.51) 

.01 

(.46) 

-.43 

(.49) 

RFF Onset 1 

(ST) 

 

-- -- 1.00 .11 

(.47) 

-.01 

(.47) 

.13 

(.47) 

-.21 

(.37) 

.01 

(.41) 

-.25 

(.47) 

CPP (dB) 

 

 

-- -- -- 1.00 .70 

(.29) 

-.12 

(.47) 

.13 

(.40) 

.17 

(.42) 

.19 

(.49) 

CPP SD (dB) 

 

 

-- -- -- -- 1.00 -.29 

(.46) 

.28 

(.37) 

.09 

(.45) 

.29 

(.40) 

L/H Ratio 

(dB) 

 

-- -- -- -- -- 1.00 -.40 

(.48) 

.08 

(.54) 

-.33 

(.55) 

L/H SD (dB) 

 

 

-- -- -- -- -- -- 1.00 .10 

(.43) 

.14 

(.56) 

HNR (dB) 

 

 

-- -- -- -- -- -- -- 1.00 .36 

(.54) 

Mean fo (ST) 

 

 

-- -- -- -- -- -- -- -- 1.00 

Note. SPL = sound pressure level; RFF = relative fundamental frequency; ST = semitone; CPP = 

cepstral peak prominence; SD = standard deviation; L/H = low-to-high; HNR = harmonics-to-

noise-ratio; fo = fundamental frequency. 
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Figure 3.5. Scatterplot of speaker self-perceptual ratings to averaged listener ratings of vocal effort. 

Plot A provides a visualization of all the raw data, color coded by speaking condition. Plot B provides 

the raw data with lines of best fit for each speaker, colorized by each speaker. Plot C provides a 

separate visualization of six participants, colorized by speaker, who do not follow the same linear 

trends as the main group of speakers. Plot D provides a visualization of 20 speakers who appear to all 

follow a similar linear trend between the two ratings, color coded by speaking condition.  
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Mixed-Effects Regression Models  

 Mixed-effect regression models were analyzed for each acoustical measure and 

the two ratings of vocal effort. Table 3.3 provides a table of adjusted R2 for each model to 

the separate outcome variables of speaker rating and averaged listener rating.  

Table 3.3. Coefficient of determination (R2) for models between each acoustical predictor and ratings 

of vocal effort. 

  

Adjusted R2 

 

Acoustical Measure 

Speaker 

Rating 

Listener 

Rating 

 

Mean SPL (dB SPL) 

 

.64 

 

.70 

 

L/H Ratio (dB) 

 

.42 

 

.57 

 

Mean  fo (ST)      

 

.39 

 

.54 

 

CPP SD (dB) 

 

.30 

 

.39 

 

RFF Offset 10 (ST) 

 

.27 

 

.46 

 

RFF Onset 1 (ST) 

 

.13 

 

.29 

 

L/H SD (dB) 

 

.11 

 

.28 

 

CPP (dB) 

 

.11 

 

.23 

 

HNR (dB) 

 

.08 

 

.25 

Note. SPL = sound pressure level; L/H = low-to-high; fo = 

fundamental frequency; ST = semitone; CPP = cepstral peak 

prominence; SD = standard deviation; RFF = relative 

fundamental frequency; HNR = harmonics-to-noise-ratio.  

 

 Two separate mixed-effects regression models were calculated to analyze the 

relationship of the acoustical measures with the speaker and listener ratings of vocal 

effort. All acoustical variables were normally distributed. Each was determined to be 

linearly related to the outcome variables, via visual inspection of the distribution of the 

residuals in the individual mixed-effects models described above. CPP SD, however, 
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revealed a high variance inflation factor, indicating a violation of multicollinearity (Hair 

et al., 1995). Therefore, CPP SD was removed from the models, resulting in a reduction 

of acoustical predictors to eight acoustical measures, instead of the original nine. 

The first mixed-effects regression model determined the relationship between the 

eight acoustical measures and the self-perceptual ratings of vocal effort. Results revealed 

that mean SPL, L/H ratio, and HNR were significant predictors of vocal effort. The 

acoustical measures accounted for 72% variance in the model (adjusted R2 = .72). Mean 

SPL had a large effect size of ηp
2 = .36, whereas L/H ratio and HNR both had medium 

effect sizes (Witte & Witte, 2010). Examination of the beta coefficients revealed that 

mean SPL increased as the self-perception of effort increased, whereas L/H ratio and 

HNR decreased with increased ratings of the self-perception of vocal effort.  

Table 3.4. Statistical outcomes for each mixed-effects regression model. Effect sizes and 

interpretations are placed for significant predictors only. 

 

Model 

 

Acoustic Measure  

 

F-value 

 

p-value 

Effect Size 

(ηp
2) 

Effect Size 

Interpretation 

Speaker Mean SPL 73.75 < .001 .36 Large 

L/H Ratio 13.22 < .001 .09 Medium 

HNR 12.53    .001 .08 Medium 

L/H SD 5.05    .026 -- -- 

 RFF Offset Cycle 1 1.75    .188 -- -- 

 Mean fo 1.45    .231 -- -- 

 CPP 1.24    .267 -- -- 

 RFF Offset Cycle 10 0.86    .355 -- -- 

      

Listener Mean SPL 58.31 < .001 .31 Large 

HNR 22.36 < .001 .15 Medium 

L/H Ratio 14.12 < .001 .09 Medium 

Mean fo 6.20    .014 .05 Small 

RFF Offset Cycle 10 5.97    .016 .04 Small 

 L/H SD 3.99    .048 -- -- 

 CPP 3.63    .059 -- -- 

 RFF Onset Cycle 1 0.96    .330 -- -- 

      

Note. SPL = sound pressure level; L/H = low-to-high; HNR = harmonics-to-noise-ratio; SD = 

standard deviation; RFF = relative fundamental frequency;  fo = fundamental frequency; CPP = 

cepstral peak prominence.  
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The second model determined the relationship between averaged listener-

perceptual ratings of vocal effort and the same eight acoustical predictors. Mean SPL, 

HNR, L/H ratio, mean fo, and RFF offset cycle 10 were significant predictors of listener 

ratings of vocal effort and accounted for 82% of the variance in the model (adjusted R2 = 

.82). Mean SPL and mean fo had positive relationships with listener ratings, while L/H 

ratio, HNR, and RFF offset cycle 10 all decreased as vocal effort increased. Table 3.4 

provides a list of statistical values with effect sizes calculated for the significant 

acoustical predictors. 

Discussion 

The aim of the present study was to examine the acoustical manifestation of vocal 

effort and the relationship between the speech signal and perceptual ratings of vocal 

effort. We hypothesized that speakers and listeners would focus on distinct acoustical 

cues in the speech signal, resulting in separate acoustical predictors for each statistical 

model. Our hypothesis was supported when there were different acoustical predictors for 

listener ratings (mean fo and RFF offset cycle 10) that were not significant predictors of 

speaker ratings.  

Acoustical Correlates of Vocal Effort 

The acoustical measures of mean SPL, L/H ratio, and HNR were significant 

predictors of both self- and listener-perceptual ratings of vocal effort. The speakers in this 

study were instructed to increase vocal effort while maintaining the same vocal volume, 

in order to simulate increased vocal effort in a comfortable speaking environment. 

Despite this instruction, the speakers increased their vocal intensity by an average of 5 dB 



 

 

137

SPL across all vocal conditions. This is slightly higher than prior report of an increase of 

3 dB SPL during modulations of vocal effort in the study by Rosenthal et al. (2014). 

However a typical speaking voice can easily produce a vocal intensity range of up to 6  ̶  

7 dB SPL (Schmidt, Gelfer, & Andrews, 1990). Thus, the speakers in the present study 

appeared to use a functional range of mean SPL comparable to that of conversational 

speech. Results show that mean SPL is a strong acoustical cue to indicate vocal effort for 

both speakers and listeners, even when kept within a relatively small intensity range. We 

suspect that these increases in mean SPL were perceived in combination with other 

changes to the acoustical signal, assisting in cueing the speakers and listeners to the 

perception of vocal effort.  

L/H ratio and HNR were significant predictors of vocal effort for both models. 

The L/H ratio is reflective of an overall proportion of low-to-high frequency information, 

but the ratio does not provide information about the periodicity of the energy in the 

signal. It is generally assumed that increased high frequency energy is due to aspiration 

noise, supported by prior studies examining the energy in different frequency bands and 

simultaneous changes to glottal configuration (Klatt & Klatt, 1990). If the changes in 

high-frequency energy were due to aperiodic noise, the L/H ratio would decrease and 

there would be a concurrent reduction in HNR values as well. Thus, we suspect that vocal 

effort acts to increase aperiodic high-frequency energy in the acoustical signal. The 

physiological basis of this change may be due to adjustments to glottal configuration 

and/or reduced periodicity of vocal fold vibration (Boone et al., 2014). These could be 

due to increased or imbalanced laryngeal muscle activity, which has been reported in 
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specific patient populations with vocal effort (Hillman et al., 1989). It is somewhat 

surprising that HNR was a significant predictor in each of the final models. When 

examined alone as the only acoustical predictor, the relationships reported between HNR 

and self- and listener-perceptual ratings were weak (i.e., R2 = .08, and .25, respectively). 

HNR most likely provides separate information not accounted for by any of the other 

predictors, resulting in the medium effect size reported here.  

Although the results of the two statistical models revealed similar significant 

acoustical predictors, two time-based measures (mean fo and RFF offset cycle 10) were 

significant predictors of only listener ratings. Mean fo increased as listener ratings of 

vocal effort increased, with a small effect size. Previous work on pitch discrimination has 

shown that listeners are able to distinguish a change between two presented tones (just 

noticeable difference task) at about 0.5 ST (Nikjeh, Lister, & Frisch, 2009). It is likely 

that the change in mean fo, although relatively small, was still perceptible to the listeners 

and provided an additional acoustical cue for judgments of vocal effort.  

The findings that mean fo was significant to listener ratings, but not speaker 

ratings, could be due to a shared acoustical representation between vocal effort and vocal 

fatigue. Researchers have proposed that vocal effort is proportional to vocal fatigue, in 

which increasing fatigue produces simultaneous changes in vocal effort (Chang & 

Karnell, 2004; Somodi et al., 1995). As such, it follows that the acoustical representation 

of vocal effort and fatigue may be similar. Evidence shows that mean fo increases 

following vocal loading and vocally fatiguing tasks (Laukkanen et al., 2008; Rantala et 

al., 1998; Stemple, Stanley, & Lee, 1995; Vilkman et al., 1999). We propose that listeners 
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may have focused on increases in mean fo due to this relationship. Since the speakers in 

the present study were not likely to be experiencing vocal fatigue, as they were healthy 

speakers and had not completed a vocal loading task, we suspect the speakers did not use 

this acoustical cue when rating their own perception of vocal effort. This may have led to 

a discrepancy between the acoustical predictors in each model.  

RFF offset cycle 10 was also a significant predictor of listener ratings of vocal 

effort, albeit with a small effect. These results are consistent with previous reports of 

weak-to-moderate relationships between RFF offset 10 and listener-perceptual ratings of 

vocal effort (Lien et al., 2015). Likewise, Stepp et al. (2012) found that RFF offset cycle 

10 is more sensitive and specific to discriminating between healthy speakers and those 

with voice disorders, indicating the RFF offset cycle 10 may provide evidence of 

physiological changes occurring in the laryngeal mechanism. RFF offset cycles are 

thought to be affected by abduction of the vocal folds and intrinsic laryngeal tension 

during the offset of voicing. A study by Heller Murray et al. (2017) proposed that 

increased intrinsic laryngeal tension results in a reduction of abductory behavior, causing 

longer vocal fold contact time at the offset of voicing. This results in slower vibrational 

cycles and lower RFF offset 10 values. In that study, speakers with non-phonotraumatic 

vocal hyperfunction (i.e., muscle tension dysphonia) had RFF offset cycle 10 values 

equal to -1.35 ST and those with phonotraumatic vocal hyperfunction had slightly lower 

RFF offset cycles 10 values of -1.76 ST. In the present study, the maximal effort 

condition had an average RFF offset cycle 10 values of -1.5 ST, which is markedly 

similar to the results of Heller Murray and colleagues. Thus, it is possible that the 
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reduction of RFF offset cycle 10 values in the present study are due to similar 

mechanisms between vocally healthy speakers that are purposefully increasing vocal 

effort and speakers with vocal hyperfunction. 

The other acoustical measures were not significant predictors of vocal effort in 

either model. For example, CPP was not predictive of changes in vocal effort for speakers 

or listeners. Previous studies are equivocal in whether instances of dysphonia and vocal 

effort act to increase, or decrease, CPP values. Numerous studies have found associations 

between CPP and overall dysphonia, with decreases in the relative strength of the first 

rahmonic in dysphonic voices (Awan et al., 2014b; Awan et al., 2010; Lowell et al., 2012a). 

When a study by Rosenthal et al. (2014) specifically examined the impact of vocal effort 

on CPP, the results determined that CPP values increased during effortful voice 

productions. Other work has determined that increased mean SPL may result in a stronger, 

more steady rahmonic energy (Awan et al., 2012). Examination of CPP values in the 

present study did not reveal any trends across vocal effort conditions and furthermore, 

average CPP values did not meet the cut-off criterion indicating a dysphonic vocal quality 

(e.g., 4 dB; Heman-Ackah et al., 2014). These findings have significant implications for 

future work as CPP has been the focus of many studies investigating the relationship 

between speech acoustics and vocal effort following vocal loading tasks (Fujiki, Chapleau, 

Sundarrajan, McKenna, & Sivasankar, 2017; Sundarrajan et al., 2017). The findings here 

would indicate that CPP is not an acoustical variable salient to the perception of vocal effort 

for speakers or listeners.  
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Listener Ratings of Vocal Effort 

Previous research has shown that listener-perceptual ratings have lower reliability 

when rating vocal strain compared to other percepts of voice (Kelchner et al., 2010; 

Schaeffer & Sidavi, 2011; Wuyts et al., 1999). In the present study, listener intra-rater 

reliability measures were considered moderate-to-excellent (ICC = .62  ̶  .93) and inter-

rater reliability was deemed moderate as well (Koo & Li, 2016). We suspect that the VSR 

technique may have improved reliability by allowing the listeners to directly compare 

voice samples, instead of only rating a single voice sample at a time (e.g., VAS tasks). 

Furthermore, the listeners in the present study were provided familiarity samples of vocal 

effort, which could have assisted in cueing the listeners to the perceptual qualities of 

vocal effort. The samples may have also acted to confirm a previously established 

internal auditory representation of vocal effort, improving listener reliability and 

confidence.  

Researchers have also reported concerns that listeners may have difficulty 

distinguishing vocal effort from overall dysphonia severity (Stepp et al., 2012). The 

findings in the present study do not appear to support that hypothesis. CPP, a strong 

correlate to overall dysphonia (Awan et al., 2014b; Awan et al., 2010; Lowell et al., 

2012a), was not a significant predictor of listener ratings of vocal effort. When evaluated 

on an individual acoustical basis, CPP only accounted for a small amount of variance in 

the model (R2 = .23). These results provide evidence that the listeners were able to 

distinguish vocal effort from overall dysphonia severity.  
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Self- vs. Listener-perceptual Ratings 

This study also sought to explore the relationship between self- and listener-

perceptual ratings of vocal effort. We hypothesized that speaker- and listener-perceptual 

ratings would be weakly-to-moderately correlated, based on previous correlations 

reported between these two ratings of vocal effort (Eadie et al., 2010; Eadie et al., 2007).  

Our hypothesis was not supported: the average Pearson product-moment correlation 

coefficients between self- and listener-perceptual ratings was very strong (mean r = .86, 

median r = .92).  

Previous studies have reported that speakers report greater degrees of vocal effort 

and vocal strain when directly compared to listener ratings (Lane et al., 1961; Lee et al., 

2005). In the present study, this was not the case, as there was no consistent trend for 

speakers to rate their vocal effort as greater than the listeners. This may have been due to 

the speakers and listeners in the study having the same directions given to them, whereas 

previous work has been with speakers with voice disorders who have not been 

purposefully increasing vocal effort.  

Inspection of the relationship between the speaker and listener ratings revealed 

that 20 of the 26 speakers had a similar linear trend with a slope of β = 0.79 and a 

correlation of r = .85 (refer to panel D of Figure 3.5). The other six speakers did not 

appear to display the same relationship between self- and listener-perceptual ratings. Four 

speakers reported changes in self-perception of vocal effort that were not reflected in the 

listener-ratings. These speakers exhibited much shallower slopes (β = 0.04  ̶  0.14) 

compared to the larger group of 20 speakers. Review of their data revealed that two of 
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these participants showed a trend to decrease mean fo while increasing vocal effort, 

another exhibited almost no change in mean SPL across all productions (range = 2 dB), 

and the last exhibited positive RFF offset cycle 10 values. All of these acoustical 

differences could have influenced listener-perceptual ratings of these speakers and led to 

the discrepancy between ratings. 

Conversely, two speakers reported lower variation in their vocal effort, whereas 

the listeners perceived the speakers’ vocal effort as much greater (β = 3.36 and 5.12). 

Review of these participants’ data did not reveal any trends in their acoustical measures 

that may have contributed to perceptual ratings. Thus, based on the evidence in this 

study, we hypothesize that these speakers may have relied more on somatosensory 

feedback than auditory feedback during their self-ratings, which may not have been 

captured in the acoustical signal.  

Prior work in articulatory motor control has identified sensory preferences for 

different speakers. A study by Lametti et al. (2012) evaluated the degree of compensatory 

response to simultaneous perturbations in sensory (jaw) and auditory (first formant) 

feedback during speech. Results showed that speakers who compensated more for 

perturbations in auditory feedback responded less to perturbations in sensory feedback. A 

review of speaker sensory preferences revealed an uneven distribution in which 53% 

responded only to auditory perturbations, 26% responded to both auditory and 

somatosensory perturbations, and 21% responded only to somatosensory perturbations. It 

is currently unknown how many speakers may rely solely on auditory feedback, solely on 

somatosensory feedback, or both, when making judgments of vocal effort. Auditory 
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perturbation paradigms have identified individuals who are reliant on auditory feedback, 

by responding to perturbations of pitch and intensity (Bauer et al., 2006; Behroozmand et 

al., 2012; Burnett et al., 1998). Still, there continues to be a small proportion of speakers 

who show no vocal compensation to changes in auditory feedback (Larson, Sun, & Hain, 

2007). A few studies have evaluated the impact of direct sensory perturbations to the 

larynx (Loucks et al., 2005; Sapir et al., 2000), yet no study has evaluated concurrent 

sensory and auditory feedback perturbations to determine sensory preference in vocal 

control. Our results indicated that 6 of the 26 speakers (approximately 23%) reported 

self-perceptual ratings of vocal effort that were not consistent with listener-perceptual 

ratings. This proportion is similar to the 21% of speakers in the study by Lametti et al. 

(2012) who preferred to only respond to somatosensory feedback perturbations. We 

suspect that vocal motor control may be driven by similar feedback systems as speech 

motor control in which speakers have sensory preferences affecting their vocal behavior 

and self-perception.  

Limitations and Future Directions 

This study analyzed acoustical recordings from healthy speakers who were 

purposefully increasing vocal effort. Although healthy speakers, especially individuals 

with high voice use, have reported increased vocal effort during daily tasks, these are not 

speakers with diagnosed voice disorders. It is possible that speakers who exhibit vocal 

fatigue and vocal effort to the point of dysphonic voice changes may exhibit different 

acoustical manifestations of vocal effort. However, we do not think that the results 

described in the present study are completely irrelevant to those with voice disorders. 
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Prior work comparing modulations in vocal quality in healthy speakers to those with 

voice disorders, have reported similarities between acoustical measures. For example, 

Hillenbrand et al. (1994) completed a preliminary study in healthy speakers purposefully 

producing a breathy vocal quality. The researchers then completed a follow-up study on 

speakers with voice disorders and found strikingly similar acoustical manifestations of 

breathiness between the healthy speakers modulating vocal quality and those with voice 

disorders (Hillenbrand & Houde, 1996). Therefore, it is possible that the findings in the 

present study may overlap with the acoustical manifestations of vocal effort in some 

speakers with voice disorders; specifically, we suggest future work first investigate 

speakers with high voice use, non-phonotraumatic vocal hyperfunction, and glottal 

incompetence, as these speakers do not have structural changes to the vocal folds. The 

direct translation of these findings to speakers with vocal fold lesions (e.g., nodules, 

polyps) or neurologically-based voice disorders (e.g., spasmodic dysphonia) is less likely 

and also requires more investigation. 

Researchers have determined that the length and type of stimuli can affect 

perceptual ratings (Barsties & Maryn, 2017; Bele, 2005; de Krom, 1994). The acoustical 

stimuli analyzed in this study were repetitions of the non-word utterance /ifi/. 

Importantly, the inter- and intra-rater reliability reported here were highly similar to 

previous reports of vocal effort ratings by inexperienced listeners rating full sentences 

(Eadie et al., 2010). Still, it may be possible that vocal effort is more difficult to judge in 

non-word contexts, or possibly, easier to judge in this case as the listeners know what 

stimuli to expect. Further work is needed to determine what kind of stimuli result in 
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consistent inter- and intra-rater reliability during perceptual ratings of vocal effort.  

All speaker recordings were completed in the same order: typical voice, mild 

effort, moderate effort, and then maximal effort. Preferably, a randomized elicitation 

technique would have mitigated the possibility of an order effect; however, we think it is 

unlikely that the elicitation order impacted the results of the study. For the listening task, 

the stimuli were randomized within each set and between all listeners, limiting the 

possibility of an order effect for these ratings. The statistical results revealed a strong 

relationship between speaker and listener ratings of vocal effort and the overlap in the 

acoustical representations of vocal effort between the two groups. Thus, we suspect that 

the consistent order during elicitation of the speech tasks did not affect the study.  

Finally, the acoustical recordings were collected under flexible laryngoscopy. It is 

possible that the laryngoscopy procedure may interfere with typical speaking patterns and 

induce stress and tension during recordings. The certified SLP who verified normal 

perceptual vocal quality also made judgments during the typical speaking condition under 

laryngoscopy as well as other recordings made without laryngoscopy. The SLP 

determined that all typical recordings were within normal limits and had no concerns that 

the laryngoscopy procedure changed vocal quality. Thus, although possible, we think it 

unlikely that the laryngoscopy procedure affected the vocal recordings in this study. 

Conclusion 

Vocal effort manifests as a series of changes to the speech signal, including those 

that can be quantified by amplitude-, time-, and spectral-based measures. Unexpectedly, 

there was a strong relationship between inexperienced listener-perceptual ratings, and 
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speaker self-perceptual ratings of vocal effort, with an average correlation of r = .86. 

Likewise, there were similar acoustical predictors of self- and listener-perceptual ratings, 

which included mean SPL, L/H ratio, and HNR.  However, listeners also used time-based 

acoustical cues when rating vocal effort (mean fo and RFF offset cycle 10). The reason 

for the discrepancy between acoustical predictors in self- and listener-perception warrants 

further investigation and should be investigated in speakers with voice disorders.  
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CHAPTER FOUR: Discussion 

 

Abstract 

This work sought to evaluate the physiological, acoustical, and perceptual 

manifestations of vocal effort. The first study (Study 1, Chapter Two) evaluated proposed 

physiological mechanisms of vocal effort against self-ratings of vocal effort. The second 

study (Study 2, Chapter Three) evaluated acoustical manifestations of vocal effort and 

the relationship between the acoustical measures and self- and listener-perceptual ratings 

of vocal effort. The purpose of this final chapter is to link these two studies together, 

examine participant variation that may be explained by physiological or acoustical 

measures, and provide future recommendations for research on vocal effort.  

 

Manifestations of Vocal Effort 

The work described in this dissertation was driven by the supposition that 

increased vocal effort is a complex physiological process that manifests as multiple 

acoustical changes that may be interpreted differently by speakers and listeners. To that 

end, we evaluated four proposed physiological mechanisms of vocal effort: intrinsic 

laryngeal tension, extrinsic laryngeal tension, supraglottal compression, and subglottal 

pressure. The measures of subglottal pressure (indirectly estimated via NSVMag), extrinsic 

laryngeal tension (suprahyoid), and medial supraglottal compression of the false vocal 

folds were found to be significantly related to self-perceptual ratings of vocal effort. 

Furthermore, we determined that amplitude-based (mean SPL), time-based (HNR), and 

spectral-based (L/H ratio) acoustical measures were significant predictors of self-reported 
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effort as well. Of interest, two time-based measures (mean fo, RFF offset cycle 10) were 

also predictive of listener-perceptual ratings, with a small effect size. Our hypotheses 

were supported: vocal effort is a complex physiological process that affects the acoustical 

signal. Additionally, the acoustical cues contributing to the perception of vocal effort are 

different between speakers and listeners, although some acoustical measures are 

significant predictors of both perceptual ratings. The final aim of this dissertation was to 

synthesize the physiological, acoustical, and perceptual findings in order to provide more 

information on vocal effort.  

Physiological and Acoustical Manifestations of Vocal Effort 

This dissertation demonstrates clear links between the physiological and 

acoustical manifestations of the vocal effort. First, our results support previous work 

reporting that an intraoral subglottal pressure estimate and mean SPL both significantly 

increase when healthy speakers increase vocal effort (Rosenthal et al., 2014). The results 

of our studies revealed that the indirect estimate of subglottal pressure (NSVMag) and 

mean SPL were the strongest predictors of self-ratings of vocal effort, both with large 

effect sizes. These findings were expected, since a strong, positive relationship has been 

documented between subglottal pressure and mean SPL in healthy speakers (Fryd et al., 

2016; Holmberg et al., 1988; Lamarche & Ternstrom, 2008; Sundberg et al., 1993; 

Tanaka & Gould, 1983). Furthermore, the computational modeling work of Zanartu et al. 

(2014) indicated that increased subglottal pressure increased the energy transfer to the 

vocal folds and subsequently increased mean SPL. Therefore, our results add to a strong 

body of evidence suggesting increased levels of vocal effort act to simultaneously 
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increase subglottal pressure, the amplitude of vocal fold vibration (Sataloff, 2015), and 

thus, mean SPL.  

Mediolateral (M-L) supraglottal compression was a significant predictor of the 

self-perception of increased vocal effort with a medium effect size. Increased M-L 

compression of the false vocal folds leads to a reduction in glottal gap size ((as has been 

noted with vocal fold paresis and paralysis; Bielamowicz et al., 2004) and is likely a 

strategy to increase vocal fold contact and increase the amplitude of the speech signal. 

Furthermore, false vocal fold compression over the membranous portions of the vocal 

folds could affect airflow across the glottis and lead to an increase in high-frequency 

noise in the acoustical signal. The modeling work of Titze (2008) reports an interaction 

between the source (i.e., vocal folds) and filter (i.e., epiglottic tube) that affects formant 

frequencies and thus, the distribution of spectral energy. If M-L compression were to 

directly impact airflow, the results may be evidenced in the acoustical L/H ratio, a simple 

ratio of low (below 4000 Hz) to high (above 4000 Hz) energy. In order to determine if 

there was any relationship between M-L compression and L/H ratio, we calculated per-

speaker Pearson-product moment correlations coefficients. The average correlation 

between the two measures was poor, with r = -.27 (see Table 4.1). However, closer 

examination of the four speakers with the greatest M-L compression (deemed a score of 3 

or greater in any voice condition), showed stronger negative correlations between M-L 

compression and L/H ratios with values of r = -.38, -.73, -.81, and -.84. Although it 

appears that M-L compression may not be related to L/H ratio across all speakers, those 

with higher degrees of M-L compression also showed decreases in L/H ratio, indicating 
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an increase in high-frequency energy. This is a promising link between physiology and 

acoustics that warrants further investigation. 

Table 4.1. Averaged Pearson-product moment correlation coefficients calculated for each speaker for 

all physiological and acoustical predictors.  

  

Averaged within-speaker correlations (r) and SD 
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Mean SPL (dB SPL) 

 

.90 

(.12) 

.14 

(.43) 

 

.44 

(.46) 

.43 

(.50) 

.25 

(.58) 

.24 

(.56) 

.18 

(.51) 

.31 

(.41) 

RFF Offset 10 (ST) -.48 

(.42) 

.02 

(.53) 

-.25 

(.40) 

 

-.23 

(.43) 

-.25 

(.52) 

-.16 

(.51) 

.01 

(.42) 

-.13 

(.43) 

RFF Onset 1 (ST) -.09 

(.51) 

.15 

(.51) 

-.13 

(.47) 

 

-.05 

(.53) 

-.13 

(.45) 

-.12 

(.41) 

-.14 

(.41) 

-.19 

(.42) 

CPP (dB) .37 

(.46) 

-.03 

(.50) 

.19 

(.48) 

 

.23 

(.51) 

 

.14 

(.49) 

.06 

(.47) 

-.06 

(.50) 

.08 

(.46) 

CPP SD (dB) .49 

(.40) 

.04 

(.46) 

.29 

(.45) 

 

.32 

(.45) 

.16 

(.49) 

.09 

(.43) 

.04 

(.50) 

.21 

(.45) 

L/H Ratio (dB) -.48 

(.45) 

-.13 

(.45) 

-.46 

(.41) 

 

-.39 

(.45) 

-.34 

(.45) 

-.33 

(.39) 

-.19 

(.48) 

-.27 

(.43) 

L/H SD (dB) .21 

(.55) 

.06 

(.45) 

.10 

(.47) 

 

.22 

(.45) 

.08 

(.49) 

.12 

(.44) 

.16 

(.46) 

.18 

(.48) 

HNR (dB) .16 

(.58) 

.05 

(.37) 

-.02 

(.56) 

 

.01 

(.50) 

-.04 

(.46) 

.03 

(.47) 

-.13 

(.46) 

-.10 

(.43) 

Mean fo (ST)      .68 

(.37) 

.06 

(.41) 

.27 

(.54) 

 

.24 

(.52) 

.18 

(.51) 

.16 

(.49) 

.03 

(.53) 

.20 

(.47) 

Note. NSVMag = magnitude of neck surface vibration; M-L = mediolateral; A-P = anterior-to-posterior; 

SPL= sound pressure level; RFF = relative fundamental frequency; CPP = cepstral peak prominence; SD 

= standard deviation; L/H = low-to-high; HNR = harmonics-to-noise ratio; fo = fundamental frequency; 

ST = semitone.        
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Increased extrinsic laryngeal muscle activation of the suprahyoid muscles was a 

significant predictor of self-perceptual ratings of vocal effort, with a small effect size. We 

suspect that the increase in suprahyoid muscle activation elevated the position of the 

larynx, which in turn had an effect on time-based acoustical measures of mean fo and RFF 

offset cycle 10. This is consistent with previous work in which hyolaryngeal elevation 

was related to greater pitch in healthy speakers (Shipp, 1975). Specifically, hyolaryngeal 

elevation is caused by the elevation and anterior movement of the hyoid bone, which 

subsequently rotates the thyroid cartilage (Honda et al., 1999). The anterior rotation of 

the thyroid cartilage increases the length of the vocal folds and raises the mean fo due to 

increased longitudinal tension. Since we found that mean fo increased an average of 2.3 

ST during productions of increasing vocal effort, it is possible that increased activation of 

suprahyoid muscles assisted in increasing mean fo in these speakers. Direct correlations 

between percent activation of the suprahyoids and mean fo was on average, a value of .27, 

indicating a relatively weak relationship between these two variables; however, the large 

SD (.54) most likely indicates that this relationship was stronger in some speakers than 

others.  

Laryngeal tension is hypothesized to be a regulating physiological factor affecting 

RFF values (Heller Murray et al., 2017; McKenna et al., 2016; Stepp et al., 2011d). 

Heller Murray et al. (2017) proposed that speakers with non-phonotraumatic vocal 

hyperfunction (NP-VH) and phonotraumatic vocal hyperfunction (P-VH) have increased 

longitudinal tension of the vocal folds, which results in lower RFF offset cycle 10 values. 

Speakers with NP-VH had a mean RFF offset cycle 10 of -1.35 ST, whereas speakers 
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with P-VH had slightly lower RFF offset cycles 10 values of -1.76 ST. The results of the 

present study reported a mean value of -1.5 ST for RFF offset cycle 10 during 

productions of maximal vocal effort. These RFF values are markedly similar to one 

another, and point to a common laryngeal mechanism for increased vocal effort in 

healthy speakers and in speakers with VH. Therefore, we propose that increased activity 

of suprahyoid muscles acted to increase tension of the vocal folds, affecting acoustical 

measures related to vocal fold vibration. These time-based changes provided cues to 

listeners of increased vocal effort, and as a result, led to greater perceptual ratings.  

Physiological and Perceptual Manifestations of Vocal Effort 

We noted a strong relationship between speaker and listener ratings of vocal 

effort. For most speakers (n = 20), these relationships followed a similar linear pattern (r 

= .85) and slope (β) = 0.79. However, the slopes of the relationships between speaker and 

listener ratings were quite different for six speakers in the study (β = 0.04 – 5.12). This 

led to the following questions: i) what were the underlying physiological processes of 

these speakers?, and ii) do the physiological measures provide an explanation for the 

discrepancies between speaker and listener ratings in these speakers?  

In order to address these questions, we cross-referenced the physiological 

measures gathered in Study 1 to the six outlying speakers in Study 2. Figure 4.1 provides 

the original Panel C of Figure 3.5 in Study 2 with participant identification markers. The 

physiological information from this subset can be found in Table 4.2. From these data, it 

seems that there are no clear trends in the physiological profiles of the speakers and the 

subsequent relationships between self- and listener-perceptual ratings. Three of the six 
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speakers are subglottal-pressure-dominant, with the greatest correlation values reported 

between NSVMag and self-perceptual ratings of vocal effort. One participant had strong 

relationships between self-perceptual ratings and NSVMag and between self-perceptual 

ratings and percent activation of suprahyoid activations. The remaining two speakers 

showed the strongest relationships between M-L compression and self-perceptual ratings 

of vocal effort, and average percent duration of infrahyoids and self-perceptual ratings. 

Three of the six speakers also had strong relationships between self-perceptual ratings of 

vocal effort and increased suprahyoid activation, which could have manifested as time-

based changes to the acoustical signal that were salient to listener perceptions; however, 

this finding is not consistent with the slopes of the speaker-listener relationships. Overall, 

the physiological profiles of these speakers are similar to the entire sample and do not 

provide any explanation for the discrepancy between speaker and listener ratings. 

As hypothesized in Study 2, these speakers may be using sensory feedback from 

physiological events not captured in this study. The physiological measures accounted for 

60% of the variance in self-perceptual ratings of vocal effort, suggesting a strong 

likelihood that there are other physiological contributions to the self-perception of vocal 

effort (e.g., respiratory, articulatory). It is also possible that speakers may attend to 

sensory feedback differently during perceptual judgments, with emphasis on one 

underlying sensation over another. This type of “sensory preference” has been reported 

during speech perturbation paradigms (Lametti et al., 2012), in which some speakers only 

rely on somatosensory information, some only rely on auditory information, while other 

speakers use a mix of the two. For example, speakers P13 and P15 perceived their own 
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Table 4.2. Participants from Chapter Three who exhibited steeper or shallower slopes between self- 

and listener-perceptual ratings, when compared to the whole group. Slope (β) values are placed in 

the second column for each speaker. Correlations are reported between each physiological variable 

and self-perceptual ratings of vocal effort. Strong correlations (r ≥ .70) are bolded.  
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P1 0.04 .83 .01 .78 .73 .81 .55 .51 .26 

P8 0.14 .63 .22 .71 .38 .21 .66 .72 -.84 

P9 0.13 .67 .57 .07 .26 -.53 -.41 -.12 .19 

P13 3.26 .49 .40 .24 .42 .38 .63 .45 .18 

P15 5.12 .94 -.34 .94 .80 -.47 .80 .10 .57 

P17 0.14 .93 -.32 .59 .39 -.55 -.63 -.48 .38 

Note. NSVMag = magnitude of neck surface vibration; M-L = mediolateral; A-P = 

anterior-posterior. 

 

Figure 4.1. Panel C from Figure 3.5 in Chapter Three. The six participants correspond to the same 

speakers in Table 4.2 and show the relationship between speaker self-perceptual ratings of vocal 

effort and averaged listener-perceptual ratings.  
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effort as increasing over their voice productions, but listeners rated all samples as having 

low vocal effort. Using the “sensory preference” view as a theoretical framework, 

perhaps P13 and P15 had elevated self-perception of vocal effort via somatosensory 

feedback that did not substantially affect the acoustical signal. Similarly, P1, P8, P9, and 

P17 successfully modulated the acoustical properties of their voices, but rated their own 

vocal effort as lower than what was perceived by the listeners. The discrepancy between 

speaker- and listener-perceptual ratings identified in these special cases highlights the 

need for further investigation into sensory preference and additional physiological 

measures impacting the perception of vocal effort.  

 

Clinical Applications 

Individual speakers exhibited different physiological effort profiles to produce 

vocal effort. This could be due to participant-specific preferences during phonation. 

However, approximately 62% of speakers were classified as subglottal-pressure-

dominant, meaning that individual correlation calculations revealed the strongest 

relationships between NSVMag and self-perceptual ratings of vocal effort in most 

speakers. This is complementary to prior reports indicating that increased subglottal 

pressure seems to be a clear physiological manifestation of increased vocal effort 

(Verdolini et al., 1994). Therefore, we recommend that subglottal pressure continue to be 

gathered during clinical assessment and treatment of voice disorders. We posit that many 

speakers may present with elevated subglottal pressure values and simultaneous reports 

of increased vocal effort.  
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The majority of speakers who were not subglottal-pressure-dominant were 

classified as M-L supraglottal-compression-dominant or suprahyoid-activation-dominant. 

We also recommend that these other two physiological measures continue to be captured 

during voice evaluations of speakers with reports of excessive vocal effort. However, it 

should be noted that clinical evaluation of these two measures are usually completed with 

subjective rating scales, such as ratings of the amount of vocal fold obstruction due to 

supraglottal compression on laryngoscopic images (Poburka, 1999; Poburka et al., 2017) 

and manual palpation of the hyolaryngeal mechanism of the anterior neck 

(Angsuwarangsee & Morrison, 2002; Roy, 2008). Although ratings scales have many 

benefits, including the ease of application in a clinical setting, they can lead to problems 

with between- and within-clinician reliability and may make it difficult to compare the 

degree of patient symptoms across clinics (Khoddami et al., 2015). Although these 

ratings scales are important for continuing to assess and treat patients, we recommend 

that clinicians and researchers work towards a more standardized, objective approach for 

these measurements. 

Our results further indicated that mean SPL, L/H ratio, and HNR were 

significantly predictive of speaker and listener ratings of vocal effort. Yet, speakers with 

voice disorders often do not have elevated mean SPL (Van Stan et al., 2015). These 

speakers have lower overall vocal efficiency (a ratio of mean SPL to the amount of 

subglottal pressure; Mehta & Hillman, 2007), which means that subglottal pressure is 

elevated, but mean SPL is comparable to that of typical speech (Friedman et al., 2013; 

Zietels et al., 2008). As such, mean SPL may not be predictive of vocal effort in clinical 
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populations, making the L/H ratio a more promising acoustical correlate of vocal effort. 

The L/H ratio has been shown to be lower in speakers with dysphonia (Awan et al., 2010; 

Lowell et al., 2013) and is moderately related to the perception of breathiness in speakers 

with voice disorders (Hillenbrand & Houde, 1996). Prior results, combined with the 

findings here, make L/H ratio a reasonable acoustical target for future investigations.  

One important premise of these studies is that the self-perception of vocal effort 

in healthy speakers is a reasonably accurate estimation of vocal effort; as such, self-

perceptual ratings of vocal effort was a primary outcome in both studies. This premise 

was supported when strong correlations between speaker and listener ratings of vocal 

effort (average r = .86) were reported. Furthermore, speakers and listeners shared many 

of the same acoustical predictors (i.e., mean SPL, L/H ratio, and HNR), indicating that 

self- and listener-ratings were relying on similar acoustical information during 

judgments. However, in patient populations that may not have accurate reports of their 

voice behavior (i.e., speakers with Parkinson’s disease), listener ratings become 

increasingly important to determine the degree of the voice disorder. Based on the 

findings in this study, we suspect that listeners have representations of vocal effort that 

are moderately reliable with one another (via interrater reliability analysis) and highly 

related to the speaker ratings of vocal effort in speakers who have otherwise unaffected 

sensory and auditory integration (unlike some speakers with voice disorders). We 

recommend the continued use of auditory-perceptual scales in clinical settings. Listener-

perceptual ratings are likely an acceptable, reliable alternative to speaker ratings in cases 

in which speakers may not be able to accurately report their own vocal effort. 
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Clinical Populations 

In order to study a large sample of speakers who could increase their vocal effort 

and did not present with other conflating vocal percepts, we chose to enroll only healthy 

speakers. Although this was necessary for the aims of this project, we cannot assume that 

all results of these studies are directly analogous to results in speakers with voice 

disorders. Based on the physiological and acoustical measures that significantly predicted 

increases in vocal effort, we propose that the present findings may be most reasonably 

generalized to speakers with high voice use, NP-VH, and glottal incompetence. These 

speakers do not have pathological changes to the laryngeal structures, as is noted so 

frequently in speakers with voice disorders (e.g., nodules, polyps, glottic cancer). 

Many of the findings in the present study overlap with these etiological groups in 

part or in full. For example, speakers with glottal insufficiency are reported to have 

elevated subglottal pressure, increased M-L compression, and reduced L/H ratios 

(Bielamowicz et al., 2004; Hillenbrand & Houde, 1996; Persky et al., 2017; Stager & 

Bielamowicz, 2014; Stepp et al., 2010a; Zanartu et al., 2014). Furthermore, speakers with 

NP-VH can exhibit increases in all three physiological mechanisms identified here 

(Espinoza et al., 2017; Hillman et al., 1989; Redenbaugh & Reich, 1989; Roy et al., 1996; 

Roy & Leeper, 1993; Stager, Bielamowicz, Regnell, Gupta, & Barkmeier, 2000a), as well 

as reduced RFF offset cycle 10 values (Heller Murray et al., 2017; Stepp et al., 2010b) 

and L/H ratios (Hillenbrand & Houde, 1996; Lowell et al., 2012a). Finally, speakers with 

high voice demands who exhibit vocal fatigue and report vocal effort do not necessarily 

have large changes in their ratings of overall dysphonia. The results of the present study 
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are also consistent with these speakers since cepstral peak prominence (CPP), a strong 

correlate to overall dysphonia (Awan et al., 2014b; Awan et al., 2010; Lowell et al., 

2012a), was not a significant predictor of vocal effort. As this was an initial evaluation of 

the physiological, acoustical, and perceptual measures of vocal effort, we now have 

information regarding the most pertinent measures reflective of vocal effort. We 

recommend that significant measures from each study be further evaluated in these 

clinical populations (i.e., speakers with vocal fatigue and effort, NP-VH, glottal 

incompetence) as the next step for direct clinical application. 

 

Future Research on Vocal Effort 

Methodological Advances 

High-Speed Video Imaging 

Kinematic estimates of laryngeal stiffness, gathered from high-speed video 

imaging of the larynx, require further investigation. Previously, kinematic stiffness ratios 

were calculated from laryngoscopic videos from low-speed video systems (i.e., standard 

halogen light source at 30 fps). Prior work reported that increased strain (McKenna et al., 

2016) and increased speech rate (Stepp et al., 2010c) resulted in increased kinematic 

stiffness ratios. Although the findings of the present study showed a trend for kinematic 

stiffness ratios to increase during increases of speech rate and vocal effort, direct 

comparisons of the values between maximal vocal effort and maximal vocal strain in the 

study by McKenna et al. (2016) were not similar. The reason for this discrepancy may be 

that kinematic stiffness ratios are affected by acquisition frame-rate. We recommend 
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analyzing differences between low- and high-speed systems to provide information on 

the discrepancy between the two and on whether kinematic stiffness ratios should 

continue to be investigated as a correlate of vocal effort.  

Neck-surface Accelerometry 

Neck-surface accelerometry captures radiated acoustic and aerodynamic 

information (Svec et al., 2005). For the purposes of this dissertation, NSVMag was used as 

an indirect indicator of subglottal pressure since NSVMag is reported to be highly 

correlated with intraoral estimations of subglottal pressure (Fryd et al., 2016; McKenna et 

al., 2017). Yet, validation of NSVMag has not been completed against direct measures of 

subglottal pressure (e.g., tracheal puncture, intratracheal pressure transducer; Ladefoged 

& McKinney, 1963; Neumann et al., 2003; Van den Berg, 1956). This is especially 

concerning since previous work has questioned the relationship between intraoral 

estimations of subglottal pressure and the correspondence to subglottal pressure during 

vowel productions in speakers with voice disorders (Plant & Hillel, 1998). Future work 

should consider direct validation of the measure for continued implementation in possible 

clinical applications of accelerometer signals, like ambulatory monitoring (Llico et al., 

2015; Mehta et al., 2015). 

Supraglottal Compression 

 Supraglottal compression ratings were made using the Voice-Vibratory 

Assessment with Laryngeal Imaging (Poburka et al., 2017) scale. Combined, there were 

over 9000 ratings made in the study; acquiring these ratings were not only time-

consuming, but also only revealed moderate intra and inter-rater reliability. Incorporating 
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these ratings into the clinic is unlikely due to the amount of time to identify vowel 

midpoints and complete ratings (i.e., 2 – 3 hours per participant). Furthermore, it is not 

clear how many samples are needed to provide an accurate representation of supraglottal 

compression. In the present study, ratings were averaged across a range of 8 – 16 vowels 

for each recording. It is possible that a smaller number of repetitions could be 

representative of overall compression, but to date, has not yet been examined. 

Furthermore, steps have been taken to develop a pixel-based estimation technique that 

can provide an estimate of supraglottal compression based on standard length, width, and 

visual vocal fold area (Behrman et al., 2003; Stager et al., 2001). However, these are also 

not available for clinical use and require validation across multiple speakers who may 

have anatomical differences from healthy speakers (e.g., vocal fold paralysis, vocal fold 

nodules). We recommend future work consider semi-automated algorithmic processing of 

vocal fold area that could be used to objectively indicate degrees of supraglottal 

compression. 

Additional Physiological and Acoustical Measures  

Researchers and clinicians frequently focus on the physiological events at the 

level of the larynx, as it is assumed that the primary symptoms of voice disorders 

originate in these structures (e.g., laryngeal tension). However, voice production requires 

synchronization between respiratory, laryngeal, and articulatory subsystems, all of which 

can affect the resulting speech signal. Since the present study only evaluated 

physiological and acoustical measures specific to the larynx, there are additional 

measures that may be correlated to vocal effort that were not described here. Thus, we 
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suggest future work include other aerodynamic, respiratory kinematic, articulatory 

kinematic, and articulatory acoustic measures when evaluating the manifestation of vocal 

effort. 

Phonation threshold pressure (PTP), the minimum amount of subglottal pressure 

needed to initiate and maintain vocal fold oscillation, has been shown to be sensitive to 

vocal fatigue and vocal effort (Chang & Karnell, 2004; Solomon & DiMattia, 2000; 

Solomon et al., 2003). A study by Chang and Karnell (2004) calculated PTP before, 

during, and after a vocally-fatiguing task with subsequent reports that PTP was highly 

correlated with the self-perception of vocal effort (r = .82 – .91). Furthermore, a 

significant reduction has been noted in PTP values following laryngeal surgery for vocal 

fold polyps (Wang, Shau, & Hsiao, 2010; Zhuang et al., 2013). The authors hypothesized 

that vocal fold polyps affected the glottal configurations as well as the weight of the 

vocal folds, thereby impacting the closure pattern and the amount of subglottal pressure 

needed to initiate oscillation. These studies provide promising evidence of PTP as a 

measure that is salient to vocal effort.  

Respiratory kinematics may also relate to the perception of vocal effort. In a prior 

study by McKenna et al. (2017), increased vocal effort was associated with larger total 

lung excursions (the measure of lung volume for a speech utterance), greater mean SPL 

values, and higher subglottal pressure estimates. Recent studies have examined the 

effects of vocal loading on respiratory kinematics, with preliminary findings indicating a 

relationship between elevated vocal effort and changes to respiratory and aerodynamic 

measures (Herndon, Sundarrajan, Sivasankar, & Huber, 2017; Sundarrajan et al., 2017). 
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These types of studies are congruent with prior reports of changes in speech breathing 

and respiratory kinematics in speakers with vocal fold nodules (Sapienza, Stathopoulos, 

& Brown, 1997) and speakers with Parkinson’s disease (Baumgartner, Sapir, & Ramig, 

2001). Incorporating respiratory kinematics into the study of vocal effort may provide 

additional insight into the driving forces contributing to changes in subglottal pressure 

and aerodynamics across the laryngeal structures.  

Increased vocal effort may also manifest as changes in articulatory kinematics and 

articulatory speech acoustics. For example, in the present study there was a relationship 

between increased vocal effort and increased perception of vocal loudness. Increased 

loudness is also associated with larger lip and jaw openings (Schulman, 1989; Tasko & 

McClean, 2004) and acoustical changes to specific signal features (e.g., formants; Huber, 

Stathopoulos, Curione, Ash, & Johnson, 1999), making loudness a primary therapeutic 

strategy to improve speech intelligibility in specific patient populations (e.g., Parkinson’s 

disease; hypokinetic dysarthria; Ramig et al., 2001; Sapir, Spielman, Ramig, Story, & 

Fox, 2007). It is then assumed that speakers with voice disorders may exhibit larger lip 

and jaw movements and furthermore, changes to articulatory-based acoustic measures 

(e.g., formants, vowel space) when increasing vocal effort. Yet, recent research findings 

do not seem to support that supposition. Studies have  indicated that speakers with 

tension-based voice disorders (e.g., muscle tension dysphonia) may have reduced vowel 

space (Roy, Nissen, Dromey, & Sapir, 2009) and increased F3 (Roy & Ferguson, 2001), 

possibly due to shortening of the vocal tract from elevated hyolaryngeal structures and 

tension. These findings are in direct conflict with previous work on the relationship 
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between vocal intensity and articulatory kinematics and acoustics. It is possible that 

increased vocal effort does not result in the same articulatory changes in all speakers. It is 

also quite possible that listeners may use additional acoustical cues specific to 

articulatory information when making perceptual judgments of voice disorders, and of 

vocal effort. Thus, more work is needed to determine how vocal effort manifests across 

the subsystems of voice.   

Vocal Effort Rating Scales 

In the present work, a 100 mm visual analog scale (VAS) and a visual sort-and-

rate (VSR) scale (0 – 100) were used to assess the perception of vocal effort. Although 

the VAS and VSR have been used previously in multiple studies to rate vocal effort 

(Eadie et al., 2010; Eadie & Stepp, 2013; Heller Murray et al., 2016; Isetti et al., 2014; 

Lien et al., 2015; Stepp et al., 2012), it is not known if these scales are the most 

appropriate scales to capture changes in the perception of vocal effort. Perceptual scales 

fall into two classes: i) prothetic, a quantitative dimension with unequal intervals, and ii) 

metathetic, a qualitative dimension that has equal intervals between ratings. Prothetic 

qualities must be assessed by non-linear scaling measures, such as direct magnitude 

estimation, and have been shown to be most appropriate for specific voice percepts such 

as loudness. Metathetic percepts can be assessed with any rating scale, including VAS, 

VSR, or equal-appearing-interval (e.g., Likert) scales. By using VAS and VSR rating 

scales in the present studies, we have assumed that the perception of vocal effort lies on a 

continuum with equal intervals and fixed end points. However, previous work has 

indicated that different percepts of voice (e.g., loudness) are not perceived by the listener 
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linearly and therefore, cannot be measured using VAS, VSR, or Likert scales (Eadie & 

Doyle, 2002; Zraick & Liss, 2000). Investigations into the construct validity of different 

scales of vocal effort are needed to ensure clinical measures of vocal effort are most 

representative of the perception of vocal effort.  

 

Conclusion 

Vocal effort is a complex physiological process that is mediated by changes in 

laryngeal configuration and subglottal pressure. The self-perception of vocal effort is 

related to the acoustical properties underlying these physiological changes, including 

increased mean SPL, and reduced L/H ratio and HNR. Listeners appear to rely on the 

some of the same acoustical cues as speakers do when making judgments of vocal effort; 

Yet, listeners also incorporate additional time-based cues of mean fo and RFF offset cycle 

10 during perceptual judgments. Although we suspect that the present findings will also 

be applicable to speakers with high voice use, glottal incompetence, and NP-VH, the 

same physiological and acoustical measures identified in this study should be examined 

in speakers with voice disorders. Further work is needed to fully understanding the 

physiological, acoustical, and perceptual manifestation vocal effort across different 

etiologic groups of speakers with voice disorders.  
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APPENDIX 

This appendix describes the process with which kinematic estimations of stiffness 

were determined using a semi-automated algorithm. First, a trained user identified the 

midline of the glottis, from the anterior commissure to the bilateral vocal processes 

(Figure A.1., Panel A). The points along the line assisted in creating a restriction window 

for the possible locations of the anterior commissure during glottic angle tracking. Next, 

the user identified the space within the glottis (Figure A.1., Panel B) to provide 

representative pixel shades for differentiating the glottis from the vocal fold edge. From 

this information (i.e., the location of the anterior commissure and the edge points 

determined from the shading differences), two regression lines were fit to the vocal fold 

edge via a least squares regression model. Perpendicular error was minimized in order to 

yield more accurate vocal fold edge tracking. The intersection of the two lines created an 

angle that could be measured and used as the raw glottic angle for tracking glottic angle 

over time. 

Figure A.1. Panel A) Laryngoscopy image with glottic midpoint identified. Panel B) Laryngoscopy 

image with glottic space identified (circles) for algorithm pixel differentiation. Panel C) Regression 

lines (--) placed along the vocal fold edges to determine the glottic angle.  

 

The raw glottic angles were plotted over time from the vibration during the initial 

/i/ vowel, through the abduction and adduction behavior of the /f/, and finally through the 



 

 

168

oscillations of the following /i/. In order to filter out vocal fold vibration prior to and after 

the /f/ segment, upper and lower envelopes were generated from the vocal fold data. A 

custom function tracked the local maximum and minimum angles related to the opening 

and closing behavior of vocal fold vibration. The raw vocal fold angles were kept for 

further analysis at the point in time at which the low and high envelopes converged, 

which indicated onset and offset of the /f/ segment. Outside of the /f/ segment, raw values 

of the lower envelope (the minimum angle during vocal fold vibration), were used for 

further analysis and are referred to as “pruned angles.” Figure A.2 provides an example 

of raw angles as well as low and high envelopes with arrows pointing to the convergence 

zones.  

Figure A.2. Left: Raw vocal fold angles over time for a single /ifi/ production. Right: Raw vocal fold 

angles with low and high envelopes. Arrows indicate point of convergence of envelopes. The raw 

angles were used within the space between the arrows and the low angles were used outside of the 

arrows for further processing.  

 

The pruned vocal fold angles (during the vibration) and the raw vocal fold angles 

during the /f/ phoneme were then zero-phase filtered using a low-pass LIR filter of order 

n = 15, with a cutoff frequency of 25 Hz. Adduction was then determined as the time 

from the maximum angle (from the low-pass filtered data) to the point where vocal fold 

angle dropped to less than 20% of the maximum vocal fold angle. To account for the 
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quick drop in vocal fold angles at the onset of vocal fold vibration, an empirically-

derived filter window was applied to the data. This window precludes large velocities 

associated with vocal fold vibrations at the onset of voicing from being extracted in the 

final determination of gross vocal fold adductory velocity. Thus, the maximum angle 

velocity was identified as the minimum derivative value (i.e. the most negative slope) of 

the low-passed vocal fold angles within the adduction window. This same process was 

repeated for every /ifi/ production, resulting in kinematic stiffness ratios that could be 

averaged across a single voice recording. Figure A.3 provides the smoothed data and the 

range of points from which the maximum angular velocity was determined. 

Figure A.3. Image of the smoothed data. The maximum abductory angle and the maximum angular 

velocity has been determined between 20 - 80% range with consideration of the filter window.  

 

 

In approximately 28% of samples, the algorithm failed to track vocal fold edges 

due to the images being too dark or because supraglottic structures were covering the 

view of the true vocal folds (e.g., epiglottis, false vocal folds). In these cases, the user 

was able to manually mark glottic angles at a reduced sampling rate of 50 frames-per-

second; the algorithm then incorporated the new anterior commissure information to 

create new restrictions for solving the vocal fold edge detection. From here, the angles 
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are plotted, pruned, and analyzed with the same methodology as with the algorithm-

generated angles. Following, the user was able to decide if he or she agreed with the final 

angle tracking and accepted, or rejected, the new estimations. 

This same process was repeated for every /ifi/ production, resulting in kinematic 

stiffness ratios that could be averaged across a single voice recording. Users were able to 

see the results of the automated algorithm, and intervene if they suspected the algorithm 

did not track vocal fold edges accurately. The visual screen they used to determine this 

incorporated the raw video information, the microphone and accelerometer signals, the 

raw glottic angles over time, and the angular velocity estimations (see Figure A.4).  

Figure A.4. Schematic of the interactive screen during data processing. The user was able to see the 

videoendoscopic image, microphone and accelerometer signals, raw angle waveform (here, the angles 

have been smoothed during the /f/ segment), and the angular velocity waveform derived from the 

processed angle data.  
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