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ABSTRACT 

Modulation of voice is a result of physiologic oscillation within one or more 

components of the vocal system including the breathing apparatus (i.e., pressure supply), 

the larynx (i.e. sound source), and the vocal tract (i.e., sound filter).  These oscillations 

may be caused by pathological tremor associated with neurological disorders like 

essential tremor or by volitional production of vibrato in singers.  Because the acoustical 

characteristics of voice modulation specific to each component of the vocal system and 

the effect of these characteristics on perception are not well-understood, it is difficult to 

assess individuals with vocal tremor and to determine the most effective interventions for 

reducing the perceptual severity of the disorder.   

The purpose of the present studies was to determine how the acoustical characteristics 

associated with laryngeal-based vocal tremor affect the perception of the magnitude of 

voice modulation, and to determine if adjustments could be made to the voice source and 

vocal tract filter to alter the acoustic output and reduce the perception of modulation. This 

research was carried out using both a computational model of speech production and 

trained singers producing vibrato to simulate laryngeal-based vocal tremor with different 

voice source characteristics (i.e., vocal fold length and degree of vocal fold adduction) 

and different vocal tract filter characteristics (i.e., vowel shapes).  It was expected that, by 

making adjustments to the voice source and vocal tract filter that reduce the amplitude of 

the higher harmonics, the perception of magnitude of voice modulation would be 

reduced.   
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The results of this study revealed that listeners’ perception of the magnitude of 

modulation of voice was affected by the degree of vocal fold adduction and the vocal 

tract shape with the computational model, but only by the vocal quality (corresponding to 

the degree of vocal fold adduction) with the female singer.  Based on regression analyses, 

listeners’ judgments were predicted by modulation information in both low and high 

frequency bands.  The findings from these studies indicate that production of a breathy 

vocal quality might be a useful compensatory strategy for reducing the perceptual 

severity of modulation of voice for individuals with tremor affecting the larynx. 
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CHAPTER 1: BACKGROUND AND LITERATURE REVIEW 

Introduction 

Modulation of voice is a result of physiologic oscillation within one or more 

components of the vocal system including the breathing apparatus, the larynx, and the 

vocal tract.  These oscillations may be caused by pathological tremor associated with 

neurological disorders like essential tremor or by volitional production of vibrato in 

singers.  Because of the complex interaction of the breathing apparatus (i.e. pressure 

supply), the larynx (i.e., sound source), and the vocal tract (i.e., sound filter) during 

phonation, it has been difficult to characterize how involvement of each component 

contributes to acoustic modulations during speech production.  Furthermore, it is unclear 

how the acoustical characteristics contribute to the perception of the magnitude of 

modulation, which is important for the judging the severity of vocal tremor. 

Without having a clear understanding of the acoustical characteristics of voice 

modulation specific to each component of the vocal system and the influence of these 

characteristics on perception, it is difficult to assess individuals with vocal tremor and to 

determine the most effective interventions for reducing the perceptual severity of the 

disorder.  As a result, many individuals with vocal tremor remain with a voice disorder 

that can be professionally, socially, and emotionally debilitating.  This problem 

potentially affects individuals with neurological disorders including essential tremor, 

Parkinson disease, cerebellar dysfunction, and dystonia (Deuschl, Bain, & Brin, 1998).  

Of the 10 million Americans diagnosed with essential tremor, the most common 
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movement disorder associated with tremor, it is estimated that 18-30% of individuals 

develop vocal tremor (Koller, Busenbark, & Miner, 1994; Lou & Jankovic, 1991; Louis, 

2005).  

The purpose of the present studies was to determine how the acoustical characteristics 

associated with laryngeal-based vocal tremor affect the perception of the magnitude of 

modulation of voice, and to determine if adjustments could be made to the voice source 

and vocal tract filter to alter the acoustic output and reduce the perception of modulation. 

This research was carried out using both a computational model of speech production and 

trained singers producing vibrato to simulate laryngeal-based vocal tremor.  A kinematic 

model of the vocal folds (Titze, 1984, 2006) coupled to a wave-reflection model of the 

trachea and vocal tract (Liljencrants, 1985; Story, 1995, 2005) was used to simulate 

laryngeal-based vocal tremor with different voice source characteristics (i.e., vocal fold 

length and degree of vocal fold adduction) and different vocal tract filter characteristics 

(i.e., vowel shapes). It was expected that, by making adjustments to the voice source and 

vocal tract filter that reduce the amplitude of the higher harmonics, the characteristics of 

the acoustic output would be altered and the perception of magnitude of voice modulation 

would be reduced.  In addition, trained singers were asked to make similar adjustments to 

the voice source and vocal tract filter to investigate whether individuals could volitionally 

modify these characteristics to alter the acoustic output and reduce the perception of the 

magnitude of voice modulation.   
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The remainder of Chapter 1 will present the background and literature review of 

normal voice production, vocal tremor, and vocal vibrato.  The underlying neural control, 

physiological features, acoustical characteristics, and perceptual patterns are discussed in 

each area.  This chapter concludes with the motivation for the current research and the 

specific aims of this dissertation.  Chapter 2 presents a description of the computational 

model of speech production that was used for the first study on the acoustical bases for 

the perception of simulated laryngeal vocal tremor, which is presented in Chapter 3.  The 

second study on the acoustical bases for the perception of vocal vibrato as a model of 

vocal tremor is presented in Chapter 4.  A summary of the conclusions for the current 

studies and the directions for future studies are presented in Chapter 5.   

Normal Voice Production 

Voice is created through interactions between the respiratory system, the larynx, and 

the vocal tract.  The respiratory system provides the power for voice in the form of air 

pressure, which is supplied to the larynx.  Within the larynx, the sound source for voice is 

created by the vibration of the vocal folds.  This process, known as phonation, is 

controlled by a complex neural network that involves cortical, subcortical, and peripheral 

components.  Not only are the characteristics of the voice output affected by neurological 

functioning, but also by the biomechanical properties of the vocal fold tissues, the glottal 

aerodynamics, and the coupling of the glottis to the vocal tract.  This section will provide 

an explanation of these mechanisms and how they are involved in phonation. 
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Neural Control of Normal Voice 

Laryngeal motor control overview.  Voice production is controlled through two 

distinct neural pathways:  the motorcortical vocal control pathway and the limbic vocal 

control pathway (see review by Jürgens [2009] and [Ludlow, 2005]).  The motorcortical 

vocal control pathway is involved in learned volitional voice production for speaking and 

singing.  The limbic vocal control pathway is involved in innate production of 

vocalizations for pain cries, etc.  Neural structures that are involved in these pathways 

communicate with subcortical structures that also contribute to motor control of voice.  In 

addition, sensory input interacts with motor input and influences voice production. 

Vocal control pathways.  The motorcortical vocal control pathway begins in the 

primary motor cortex (Jürgens, 2009).  Upper motor neurons in this region send axons via 

the corticobulbar and corticospinal pathways to the brainstem and spinal cord, 

respectively.  Within these regions reside the cranial and spinal nerve nuclei that contain 

the cell bodies of the lower motor neurons.  The nuclei associated with the intrinsic 

laryngeal muscles are located in the medulla, with the extrinsic laryngeal muscles in the 

cervical spinal cord, with the respiratory muscles from the cervical spinal cord through 

the thoracic spinal cord, and with the articulatory muscles from the pons through the 

cervical spinal cord.  The nucleus ambiguous, the motor nucleus associated with the 

intrinsic laryngeal muscles, receives bilateral cortical input via the reticular formation.  

The reticular formation is located within the lower brainstem and is thought to be the 

region involved in integrating the laryngeal, respiratory, and articulatory functions for 
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voice production.  From the lower motor neurons in the nucleus ambiguous, the signal is 

sent out via cranial nerve X (i.e., the vagus nerve) to the intrinsic laryngeal muscles.   

The region of the motor cortex that is involved in laryngeal motor control also has 

numerous connections with subcortical structures including the basal ganglia (putamen, 

caudate nucleus), pontine gray, and thalamus (ventrolateral, ventral posteromedial, 

mediodorsal, central lateral, pulvinar nuclei) (Jürgens, 2009).  The upper motor neurons 

in the motor cortex region project to the putamen, the putamen projects to the globus 

pallidus, and the globus pallidus projects back to the motor cortex via the ventrolateral 

thalamus.  Activation of this basal ganglia circuitry results in inhibition of thalamic 

activity, which results in reduced cortical excitation (Nolte, 2009).  As such, basal 

ganglia activation affects cortical control of volitional movements.  The upper motor 

neurons also project to the pontine gray, which projects to the cerebellum, and the 

cerebellum projects to the motor cortex via the ventrolateral thalamus.  This cerebellar 

circuitry provides the motor cortex with information to correct future motor commands 

and fine-tune subsequent movements. 

The limbic vocal control pathway begins in the anterior cingulate cortex within the 

medial frontal lobe (Jürgens, 2009).  This region is involved in controlling the readiness 

and desire to vocalize.  Upper motor neurons in the anterior cingulate cortex project to 

the periaqueductal gray in the midbrain, where initiation of phonation and scaling of the 

intensity of vocalizations is controlled.  The periaqueductal gray projects to the reticular 
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formation, which then communicates with the lower motor neuron nuclei and sends 

information via the vagus nerve to activate the laryngeal muscles. 

Sensorimotor control of voice.  Laryngeal sensory function is also mediated by the 

vagus nerve, primarily by the internal branch of the superior laryngeal nerve in the 

supraglottic and glottic regions and by the recurrent laryngeal nerve in the subglottic 

region.  A variety of sensory receptors are present within the larynx that send sensory 

information to these two branches of the vagus nerve (Bradley, 2000). This information is 

then transmitted to the brainstem and eventually to the somatosensory cortex via the 

thalamus (Nolte, 2009). 

Mechanoreceptors are present in the supraglottal, glottal, and subglottal mucosa, as 

well as in the laryngeal muscles and joints (Sampson & Eyzaguirre, 1964).  

Chemoreceptors are also found in the larynx, specifically on the laryngeal surface of the 

epiglottis and the aryepiglottic folds (Travers & Nicklas, 1990).  These are similar to the 

lingual taste buds and are used primarily to detect abnormalities in swallowing function 

rather than voice production.  Nociceptors that detect heat are present in the laryngeal 

epithelium and lamina propria of the vocal folds, and those that detect noxious chemical 

materials are present on the laryngeal surface of the epiglottis (Uno, Koike, Bamba, 

Hirota, & Hisa, 2004).  These receptors would also likely be stimulated during abnormal 

swallowing rather than voice production.  Input from all of these sensory receptors is sent 

to the sensory nucleus of the vagus nerve called the solitary nucleus.  From this region in 
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the medulla, sensory information is sent to the thalamus and then to the somatosensory 

cortex within the parietal lobe (Nolte, 2009). 

It might be assumed that a variety of sensory responses would be triggered within the 

larynx during voice production due to subglottal, glottal, and supraglottal stimulation.  

Studies of a possible stretch reflex in the larynx have been conducted using mechanical 

perturbation of the larynx (i.e., application of pressure to the anterior surface of a 

laryngeal cartilage during phonation) (Sapir, Baker, Larson, & Ramig, 2000; Titze, Story, 

Smith, & Long, 2002).  These studies found an electromyographic (EMG) response of the 

intrinsic laryngeal muscles to the perturbation with a latency of 30-40 ms (Titze et al., 

2002), as well as a pitch response with a latency of 55-65 ms (Sapir et al., 2000).  

Because of the timing of these responses, they were interpreted to be reflexogenic in 

nature and were thought to involve muscle spindles in the intrinsic laryngeal muscles, 

specifically the cricothyroid and thyroarytenoid muscles.  However, more recent research 

has indicated that muscle spindles that would be involved in a stretch reflex are primarily 

found in only one intrinsic laryngeal muscle (i.e., the interarytenoid muscle), with few or 

no muscle spindles found in the other intrinsic laryngeal muscles (Brandon et al., 2003; 

Ibrahim, Rahman, & Mahran, 1980; Tellis, Rosen, Thekdi, & Sciote, 2004).  In addition, 

recent studies using repeated sensory stimulation of the laryngeal mucosa have indicated 

that there are central inhibitory mechanisms that suppress sensory responses to repeated 

stimuli (Kearney, Poletto, Mann, & Ludlow, 2005).  Therefore, laryngeal sensory 

responses may be suppressed during normal voice production.  
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In contrast, sensory function of the auditory system has been found to be active 

during normal voice production and important in controlling characteristics of the voice 

output (Burnett, Freedland, Larson, & Hain, 1998).  Perturbation of the auditory feedback 

(i.e., a shift in voice pitch feedback during phonation) produced a laryngeal EMG 

response with a median latency of 167 ms (Liu, Behroozmand, Bove, & Larson, 2011) 

and two distinct pitch responses with latencies of 100-150 ms and 200-500 ms (Burnett et 

al., 1998).  This response, known as the pitch-shift reflex, is thought to involve a 

brainstem and/or cortical response (Burnett et al., 1998).  More recent studies using 

electroencephalography (EEG) have confirmed that there are cortical responses to pitch-

shifted auditory feedback that are affected by the characteristics of the auditory feedback 

(Behroozmand, Korzyukov, & Larson, 2011).  The pitch-shift response also appears to be 

affected by somatosensory input.  That is, deprivation of laryngeal sensory information 

(i.e., anesthesia of the vocal fold mucosa) was found to result in a larger pitch-shift 

response (Larson, Altman, Liu, & Hain, 2008).  This indicates that kinesthetic 

information may be used in combination with auditory information to control aspects of 

the voice including the pitch. 

Sensorimotor control of voice involves numerous central nervous system components 

including cortical, subcortical, and brainstem structures, as well as peripheral nervous 

system components including cranial and spinal nerves and muscles of the respiratory 

system, larynx, and vocal tract.  There is some controversy regarding the function of 

some of these structures for voice production.  However, there is agreement that these 
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neural structures must function with impeccable precision for production of a normal 

voice. 

Physiology of Normal Voice     

 Intrinsic laryngeal muscle actions and vocal fold posturing.  As mentioned 

previously, the vagus nerve supplies motor innervation to the intrinsic laryngeal muscles.  

The recurrent laryngeal nerve branch innervates the intrinsic laryngeal muscles including 

the thyroarytenoid, interarytenoid, lateral cricoarytenoid, and posterior cricoarytenoid 

muscles.  The cricothyroid muscle is the only intrinsic laryngeal muscle that is not 

innervated by the recurrent laryngeal nerve; this muscle is innervated by the external 

branch of the superior laryngeal nerve.  The intrinsic laryngeal muscles are involved in 

changing the position of the laryngeal cartilages, thereby moving the vocal folds for voice 

production.   

The primary laryngeal cartilages are the thyroid, cricoid, and arytenoid cartilages.  

The thyroid cartilage is the largest laryngeal cartilage.  The vocal folds are housed within 

this cartilage and attach to its internal anterior surface.  Inferior to the thyroid cartilage is 

the cricoid cartilage, which is a signet ring-shaped cartilage that is superior to the first 

tracheal ring.  The arytenoid cartilages are paired pyramidal-shaped cartilages that 

articulate with the superior aspect of the cricoid cartilage.  The anterior tips of the 

arytenoid cartilages serve as the posterior attachments of the vocal folds. 

Movement of these cartilages changes the position of the vocal folds in either the 

lateral-medial directions (i.e., abduction/adduction) or in the anterior-posterior directions 
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(i.e., lengthening/shortening).  The thyroarytenoid, lateral cricoarytenoid, and 

interarytenoid muscles are involved in adducting the vocal folds.  These muscles adjust 

the position of the arytenoid cartilages, which moves the vocal folds toward midline for 

phonation or breath-holding.  The vocal folds are also partially adducted (i.e., in the 

paramedian position) during production of voiceless consonants like ‘h’ and ‘s,’ as well 

as during expiration.  The posterior cricoarytenoid muscle is involved in abducting the 

vocal folds.  This muscle lateralizes the arytenoid cartilages, which moves the vocal folds 

away from midline to open the glottis for ventilation.  

Lengthening and shortening of the vocal folds involves activation of the 

thyroarytenoid and/or cricothyroid muscles.  When the thyroarytenoid muscle contracts, 

the arytenoid cartilages slide anteriorly toward the prominence of the thyroid cartilage.  

This movement shortens the vocal folds, thereby decreasing their passive tension.  

Because the thyroarytenoid muscle is the body of the vocal folds, contraction of this 

muscle also increases the internal tension of the vocal folds.  Activation of the 

cricothyroid muscle draws the anterior aspects of the cricoid and thyroid cartilages 

together.  This lengthens the vocal folds, which increases their passive tension.  When the 

thyroarytenoid and cricothyroid muscles are co-activated, the vocal fold length and both 

the active and passive tension of the vocal fold tissues are altered.  Further details on 

laryngeal muscle functions can be found in (Hixon, Weismer, & Hoit, 2014). 

Vocal fold kinematics.  When the vocal folds are adducted, the pressure inferior to 

the vocal folds (i.e., subglottal pressure) increases.  When it reaches a level sufficient to 
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overcome the resistance of the vocal folds to the airflow (i.e., phonation threshold 

pressure), the vocal folds move apart and open the glottis.  Due to the elasticity of the 

vocal fold tissues and the driving pressures that act on the vocal folds, they subsequently 

return to the glottal midline and close the glottis.  As long as the driving pressure remains 

sufficient, vocal fold oscillation will continue in this manner.   

Two vocal fold shapes (i.e., convergent and divergent) and two modes of vibration 

(i.e., translation and rotation) have been observed during oscillation of the vocal folds 

(Berry, Montequin, & Tayama, 2001; Döllinger, Berry, & Berke, 2005; Hollien & 

Moore, 1968; Titze, 1994).  The vocal folds are in a convergent shape after the phonation 

threshold pressure has been reached and lateral vocal fold motion has been initiated.  In 

this shape, the inferior margin of the vocal folds is lateral and the superior margin of the 

vocal folds is medial.  This configuration of the vocal folds allows air to flow through the 

inferior portion of the glottis, which changes the intraglottal pressure and causes the 

superior margin of the vocal folds to move laterally.  Simultaneously, the changes in air 

flow and pressure combined with the elastic forces of the vocal folds cause the inferior 

margin of the vocal folds to move medially.  This brings the vocal folds into a divergent 

configuration, with the inferior margin of the vocal folds being medial and the superior 

margin of the vocal folds being lateral.  As vocal fold oscillation continues, the vocal fold 

configuration cycles between these two shapes through the lateral and rotational 

movements.  These vocal fold movements create the mucosal wave, which can be 

visualized using laryngeal imaging techniques (i.e., videostroboscopy, high-speed 
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videoendoscopy) and appears as a laterally traveling light reflection along the vocal fold 

surface as the vocal folds move laterally.   

Oscillation of the vocal folds will continue as long as the driving pressure within the 

glottis is asymmetric over each cycle of lateral and medial movement of the vocal folds 

(Ishizaka & Matsudaira, 1972; Stevens, 1977; Titze, 1976, 1988).  The mucosal wave, as 

well as the characteristics of the vocal tract, contributes to this asymmetry.  That is, 

during glottal closing, these mechanisms decrease the driving force supplied to the vocal 

folds.  During glottal opening, they increase the driving force. As such, oscillation of the 

vocal folds continues and creates a time-varying glottal flow, which excites the vocal 

tract and generates the sound source for voice. 

Frequency of vocal fold oscillation.  The frequency at which the vocal folds 

oscillate is affected by several vocal fold characteristics including their length and 

tension.  As discussed above, the length and tension of the vocal folds are determined by 

the activation of the thyroarytenoid and cricothyroid muscles.  Titze (2011) suggested 

that the following formula be used for calculation of the rate of vocal fold oscillation (i.e., 

the fundamental frequency; F0): 
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     Here, Lm is the membranous vocal fold length (the length of the vocal fold tissue from 

its anterior attachment to the thyroid cartilage to its posterior attachment to the vocal 

process of the arytenoid cartilage), σρ is the passive tissue stress, ρ is the tissue density, d 
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is the medial-lateral depth of vibration, da is the medial-lateral depth of vibration of the 

thyroarytenoid muscle, σam is the maximum active stress, and aTA is the activation level 

of the thyroarytenoid muscle.   

Based on this formula, if the thyroarytenoid muscle contracts, aTA and σam would 

increase and the F0 would increase.  If the cricothyroid muscle contracts, σρ would 

increase and the F0 would increase.  However, if the thyroarytenoid and cricothyroid 

muscles co-contract, then σam, and σρ would increase, which could raise or lower the pitch 

depending on the level of activation of the thyroarytenoid (aTA).   

The frequency of vibration of the vocal folds is represented in the glottal flow as the 

period, or the time required to complete one cycle of glottal opening and closing.  If one 

glottal cycle were completed in 0.01 s, the F0 would be 100 Hz.  As such, 100 glottal 

pulses would propagate through the vocal tract each second. 

Source-filter coupling.  A classic view of speech production is that the sound source 

(i.e., vocal fold vibration) is independent of the filter (i.e., the vocal tract).  Based on this 

linear source-filter theory (Fant, 1960), multiplication of a Fourier-transformed source 

and filter function in the frequency domain would accurately represent the acoustic 

output.  However, it has been found that pressure changes within the vocal tract 

contribute to vocal fold oscillation such that changes in the vocal tract configuration can 

result in production of new frequencies in the output spectrum, production of 

subharmonics or modulation frequencies, sudden fundamental frequency changes or 

vibratory changes, or a lowering of phonation threshold pressure (Titze, Riede, & Popolo, 
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2008).  These findings indicate that the source and the filter can interact, which gives rise 

to the theory of nonlinear source-filter coupling. 

     It has been suggested that humans can make adjustments to the voice source and vocal 

tract filter to facilitate either linear or nonlinear coupling (Titze, 2008).  This coupling is 

based on the relative impedances (i.e., pressure divided by flow) of the source and filter.  

With linear coupling, the source impedance is higher than the filter impedance due to a 

high degree of vocal fold adduction and a wide epilaryngeal space.  In this case, the 

glottal flow depends on the aerodynamic characteristics at the level of the glottis and is 

not affected by the acoustic pressures in the vocal tract.  With nonlinear coupling, the 

source impedance is comparable to the filter impedance due to a matching of the degree 

of vocal fold adduction to a narrow width of the epilaryngeal space.  Unlike linear 

coupling, this causes the glottal flow to depend on subglottal and supraglottal pressures.  

Because of this, the configuration of the vocal tract can influence vocal fold vibration 

through nonlinear coupling, as well as the acoustical characteristics of the output through 

both nonlinear and linear coupling. 

Acoustical Characteristics of Normal Voice 

Features of the voice source and vocal tract filter influence the acoustic signal 

generated during voice production, as discussed above.  As a result, the signal can be 

characterized by source features (i.e., F0, harmonics) and filter features (i.e., formants).  

The combination of the source and filter features can be visualized using spectral and 

spectrographic analyses. 
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The F0 represents the number of glottal cycles occurring each second.  Therefore, an 

F0 of 100 Hz indicates that vocal fold vibration opens and closes the glottis 100 times per 

second.  In addition to the F0, the signal also contains integer multiples of the F0 called 

harmonics.  Therefore, a signal with an F0 of 100 Hz has harmonics of 200, 300, 400, 

500 Hz and so on.  These frequency components combine and form the complex 

waveform that is characteristic of the voice source. 

The amplitudes of the F0 and the harmonics are determined by both source and filter 

features.  Independent of the filter, the harmonics reduce in amplitude by about 12 dB per 

octave (Titze, 1994).  When the signal generated by the voice source propagates through 

the vocal tract, the shape of the vocal tract also influences the amplitude of the 

harmonics.  That is, the resonances of the vocal tract called formants selectively attenuate 

or enhance the harmonic amplitudes.  As such, the output signal contains features of both 

the voice source and the vocal tract filter. 

The acoustic signal generated by voice production can be viewed as a waveform, 

spectrum, or spectrogram.  The waveform displays the amplitude of the signal across 

time and is the typical representation of the microphone signal.  The complex waveform 

can be broken down into its frequency components using Fourier analysis.  This allows 

for visualization of frequency and amplitude information with a spectrum, which shows 

the amplitude of the F0 and the harmonics, or with a spectrogram, which shows changes 

in frequency and amplitude across time.  With a narrowband spectrogram, which has a 

longer window length (typically around 0.05 s), the F0 and harmonics are visible.  A 
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wideband spectrogram has a shorter window length (typically around 0.005 s) and 

displays the spectral envelope more clearly.  This allows for better visualization of the 

formant frequencies than the F0 and harmonics. 

Acoustical analyses of voice may reveal features of both the voice source and vocal 

tract filter.  These analyses can, therefore, provide insight into the underlying physiology 

of voice production.  In addition, some of the acoustical characteristics of voice have 

been found to correlate with perceptual features of voice.  As such, listener perception 

may also provide insight into some physiological features of voice. 

Perception of Normal Voice 

The F0 of a complex sound has been found to correlate well with the perception of 

pitch (Moore, 2008).  The amplitude of the signal has been found to correlate well with 

the perception of loudness (Stevens & Tulving, 1957).  Perception of the quality of the 

acoustic signal, however, has been challenging to explain in terms of the acoustical 

features. 

The quality of a sound is used by listeners to differentiate two sounds that are 

otherwise equivalent in terms of pitch and loudness.  Acoustical evaluation of voice often 

involves analysis of jitter, shimmer, and noise-to-harmonics ratio to distinguish between 

normal and pathological vocal qualities (Mehta & Hillman, 2008).  More recently, 

cepstral peak prominence, a spectral-type analysis, has been used to differentiate normal 

from disordered voices.  Normative data are available for some of these acoustical 

measures; however, it is unclear how well these measures differentiate normal vs. 
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disordered voices and how accurately these measures represent listeners’ perception of 

vocal quality. 

Studies of listeners’ perception of voices have revealed inconsistent reliability and 

agreement in rating vocal quality using various perceptual scales (see review by Kreiman, 

Gerratt, Kempster, Erman, & Berke [1993]).  In a review of 57 studies of vocal quality, 

the lowest reliability and agreement was less than 4% and the highest was 100%.  These 

studies employed widely differing methods, including 7-point rating scales, visual analog 

scales, direct magnitude estimations, and pair comparisons.  The reliability and 

agreement scores did not vary consistently based on the methodology.  Despite this 

variability in ratings of normal vocal quality, Kreiman et al. (1993) suggested that 

listeners have similar, stable standards for what they consider to be a normal-sounding 

voice.  This standard is attributed to the extensive exposure of all listeners to normal 

voices across their communication experiences.  It is, therefore, against these standards 

that listeners apparently judge the severity of disordered voices. 

Vocal Tremor 

Vocal tremor is a voice disorder that is characterized by unintended modulation of the 

pitch and loudness of the voice.  This disorder is a result of various neurological 

impairments that produce tremor within components of the vocal mechanism.  This 

section will summarize the neural sources of tremor and the associated 

pathophysiological characteristics, as well as the acoustical and perceptual characteristics 

of vocal tremor that lead some individuals with this voice disorder to pursue treatment. 
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Neuropathology of Tremor 

Sources of tremor.  Tremor is a movement disorder that is characterized by 

involuntary, rhythmic activation of muscles, which produces nearly rhythmic oscillation 

of parts of the body (Deuschl et al., 1998; Shahani & Young, 1976).  The structural 

oscillations associated with tremor may arise from four potential sources:  mechanical 

tremor of the extremity, reflex activation, central oscillation, and malfunction of feed 

forward loops in the central nervous system (Deuschl, Raethjen, Lindemann, & Krack, 

2001).  The characteristics of each of these sources of tremor are discussed below. 

Mechanical tremor arises when a muscle is activated to perform an action or hold a 

position.  During these conditions, some of the muscle fibers will be activated at the 

resonance frequency of the body part.  This will cause the body part to oscillate at the 

same frequency.  This frequency varies for different parts of the body based on its mass 

and stiffness.  For example, the fingers oscillate at a higher frequency than the hand 

(Marsden, 1984).   

Reflexes within the lower levels of the central nervous system can also be involved in 

tremor genesis.  When a muscle is activated, stretch receptors within the muscle will 

elicit a reflexive action in the antagonistic muscle.  In turn, stretch receptors within the 

antagonistic muscle will elicit a reflexive action of the agonistic muscle.  Oscillation of 

the associated structures may occur based on the reflex gains and conduction time for 

afferent and efferent signals (Stein, Lee, & Nichols, 1977).  These factors as well as the 

mass may also influence the frequency of oscillation.   
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Central oscillation can contribute to tremor in two possible ways.  First, rhythmic 

activity of neurons may occur within a nucleus.  Alternatively, rhythmic activity may 

take place within a loop of populations of neurons or nuclei and their axonal connections.  

In these cases, the frequency of oscillation measured in the electrical activity within the 

muscle will not vary with the mass of the structure (Deuschl et al., 2001). 

Finally, malfunction of feed forward loops in the central nervous system can be 

involved in tremor genesis.  In this case, when a muscle is activated to initiate movement, 

the antagonistic muscle is activated to check the movement.  The agonistic muscle is 

subsequently reactivated for fine tuning of the movement.  With abnormal activity in the 

feed forward loops, there may be a delay in antagonistic muscle activation leading to 

movement overshoot.  In turn, there may be a delayed reactivation of the agonistic 

muscle leading to increased correction of the movement.  This will produce oscillation of 

the structures to which the agonistic and antagonistic muscles attach.   

Tremor as a sign of neurological impairment.  Tremor may be a sign of several 

different underlying neurological disorders including essential tremor, Parkinson disease, 

cerebellar dysfunction, and dystonia (Deuschl et al., 1998).  Each of these disorders has a 

characteristic type of tremor based on the specific movements that elicit the tremor.  

There are three main types of tremor:  rest, action-postural, and intention tremor (Louis, 

2001).  Rest tremor involves oscillation of a body part when the associated muscles are 

not being activated and when the structure is being supported.  This type of tremor is 

typically eliminated by voluntary movement of the body part and is characteristic of 
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Parkinson disease.  Action-postural tremor occurs during voluntary activation of muscles 

when performing an action or holding a position.  Essential tremor and dystonia typically 

involve an action-postural tremor.  There is a distinct form of action tremor known as re-

emergent resting tremor, which appears after at least 2 s of a posture being held (Joseph 

Jankovic, Schwartz, & Ondo, 1999).  This type of tremor also occurs with Parkinson 

disease.  When tremor occurs toward the end of a voluntary movement, it is classified as 

terminal or intention tremor.  Cerebellar dysfunction is characterized by this type of 

tremor.  The severity of tremor is typically characterized by the rate and magnitude of 

oscillation of the affected structures.  The rate of oscillation is the number of cycles of 

movement that occur in 1 s.  The magnitude or amplitude of oscillation is the range of 

displacement of the affected structure(s).   

Pathogenesis of essential tremor.  Essential tremor (ET) is the most common 

movement disorder that produces tremor (Louis, 2005).  The pathogenesis of ET is 

uncertain.  But because changes in mass through mechanical loading do not affect the 

frequency of oscillation and because individuals with ET exhibit normal mechanical 

reflex functioning, ET is thought to have a central source of oscillation (Elble, Higgins, & 

Moody, 1987; Elble, 1996; Hömberg, Hefter, Reiners, & Freund, 1987).  The available 

evidence suggests that the most likely source may be abnormal functioning within the 

inferior olivary nucleus (i.e., collection of cell bodies within the medulla of the 

brainstem).  The neurons in this region interact with the cerebellum, thalamus, and motor 

cortex (Elble, 1996). Understanding the interaction between these components of the 
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nervous system is important when considering the possible origins of the oscillation 

involved in ET.   

As mentioned previously, when the upper motor neurons in the primary motor cortex 

fire to initiate movement, a signal is sent to lower motor neurons in the brainstem or 

spinal cord (Nolte, 2009).  This signal is then transmitted through the cranial or spinal 

nerves to the target muscle.  Studies of limb motor control have revealed that, at the same 

time the signal is sent from the primary motor cortex to the brainstem or spinal cord, a 

copy of the signal is sent to the inferior olivary nucleus, which transmits the copy to the 

cerebellum.  After the movement is initiated, the olivary nucleus also receives feedback 

from the sensory system.  The olivary nucleus, in turn, conveys this information to the 

cerebellum.  The intended and actual movements are compared, and an error signal is 

sent to the motor cortex if there is a difference between the planned and executed 

movements.  The motor cortex then revises the subsequent signals that are sent to the 

target muscle.  In addition to sensory information being sent to the olivary nucleus, it is 

sent to the thalamus before going to the primary somatosensory cortex and then the motor 

cortex.  The thalamus also receives input from the cerebellum.  Therefore, abnormal 

signaling from the inferior olivary nucleus could affect the functioning of the cerebellum, 

thalamus, and motor cortex and, as a result, influence movement. 

Abnormalities within the inferior olivary nucleus are thought to involve enhanced 

synchronization and a 4-12 Hz neuronal rhythmicity (Elble, 1996).  This may be caused 

by altered olivary network characteristics, altered neuromodulation of the network 
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involving serotonin and GABA, abnormal membrane conductance, or a combination of 

these.  The function of the inferior olivary nucleus was studied using positron emission 

tomography (PET) in patients with ET (Hallett & Dubinsky, 1993).  This brainstem 

region was found to have increased glucose utilization in patients with ET as compared 

with normal controls.   

The involvement of the cerebellum in tremor was also studied by Hallett & Dubinsky 

(1993), and abnormalities in cerebellar functioning were not found.  In contrast, other 

PET studies have revealed abnormal activation of the cerebellum in patients with ET 

(Jenkins et al., 1993).  Although there may be functional abnormalities of the cerebellum, 

Pinto, Lang, & Chen (2003) found that transcranial magnetic stimulation (TMS) of the 

cerebellum did not result in tremor reset, indicating that oscillation does not originate in 

the cerebellum.  It is possible that the abnormal activity that Jenkins et al. (1993) found in 

the cerebellum is related to abnormal functioning of the inferior olivary nucleus.  In fact, 

animal studies of tremor indicated that neuronal synchronization within the inferior 

olivary nucleus resulted in transmission of rhythmic activity to the cerebellum (Wilms, 

Sievers, & Deuschl, 1999).   

Studies have also been conducted to determine if oscillatory activity is initiated in the 

primary motor cortex of individuals with ET.  Although the motor cortex may be 

involved in tremor because of its connections with the cerebellum, thalamus, and inferior 

olivary nucleus, the current research does not support the origin of tremor being in the 

primary motor cortex (Halliday et al., 2000).  Evidence for this includes lack of 
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coherence between firing of neurons in the primary motor cortex and motor units in 

patients with ET.   

Finally, the thalamus has been implicated as a source of tremor genesis.  Hallett & 

Dubinsky (1993) identified abnormal glucose utilization within the thalamus, similar to 

the abnormalities seen in the olivary nucleus.  Again, this might be a result of oscillation 

originating in the inferior olivary nucleus, which would be transmitted to the cerebellum 

and cause entrainment of the thalamus and the motor cortex.   Although the neural source 

of ET is uncertain, it is clear that this neurological disorder produces abnormal movement 

of various parts of the body.   

Pathophysiology of Tremor 

Physiological characteristics of essential tremor.  ET is characterized by an action-

postural tremor that primarily affects structures of the upper body (Deuschl et al., 1998).  

The rate of the tremor produced by ET ranges from 4 to 12 Hz (Louis, 2001).  The 

magnitude of tremor varies among individuals with ET.  However, greater magnitude of 

oscillation is associated with longer duration or greater severity of the disorder (Cleeves 

& Findley, 1987; Elble, Higgins, Leffler, & Hughes, 1994). 

Essential vocal tremor.  The onset of ET typically occurs in the upper limbs, but ET 

can affect the respiratory system (Hachinski, Thomsen, & Buch, 1975; Koda & Ludlow, 

1992; Tomoda, Shibasaki, Kuroda, & Shin, 1987), the larynx (Adler et al., 2004; Bové et 

al., 2006; Deuschl et al., 1998; Finnegan, Luschei, Gordon, Barkmeier, & Hoffman, 

1999; Koda & Ludlow, 1992; Warrick, Dromey, Irish, & Durkin, 2000; Warrick, 
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Dromey, Irish, Durkin, et al., 2000), and the vocal tract (Brown & Simonson, 1963; 

Chien, Sanchez, Sennes, & Barbosa, 2007; Gonzalez-Alegre, Kelkar, & Rodnitzky, 2006; 

Hachinski et al., 1975; Krause, Heinen, & Gürkov, 2010; Lou & Jankovic, 1991).   When 

ET causes involuntary, rhythmic activation of the muscles involved in voice production, 

the voice may be modulated.  This is known as vocal tremor and is estimated to affect 

approximately 18-30% of individuals with ET (Koller et al., 1994; Lou & Jankovic, 

1991).   

Studies of the physiological characteristics of vocal tremor using electromyography 

have revealed that both the intrinsic and extrinsic laryngeal muscles may be affected by 

tremor.  Koda & Ludlow (1992) found in individuals with vocal tremor, who did not 

exhibit signs of spasmodic dysphonia or Parkinson disease, that the thyroarytenoid 

muscle was most frequently affected by tremor during phonation followed by the 

cricothyroid muscle.  The posterior cricoarytenoid was also affected in some participants.  

Tremor activity was investigated in two extrinsic laryngeal muscles, the thyrohyoid and 

the sternothyroid.  These muscles were not affected by tremor in all participants.  

Finnegan, Luschei, Barkmeier, & Hoffman (2003) also found modulated activation of the 

thyroarytenoid and cricothyroid muscles in individuals with vocal tremor and no 

evidence of Parkinson disease or cerebellar dysfunction.  Only one of five subjects in this 

study exhibited modulated activity of the thyrohyoid and sternothyroid muscles.  

However, in some participants, neither muscle was activated during phonation. 
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Both limb tremor and vocal tremor have been studied using EMG with individuals 

who have ET.  In addition, the physiological characteristics of limb tremor have been 

extensively studied using techniques that can directly measure oscillation of the 

associated structures such as accelerometry (Cleeves & Findley, 1987; Elble, Higgins, 

Leffler, & Hughes, 1994).  This direct measurement is not possible with most 

physiological sources of vocal tremor.  As a result, the characteristics of vocal tremor are 

measured in the acoustic output of voice production. 

Acoustical Characteristics of Vocal Tremor 

Based on the role of the cricothyroid and thyroarytenoid muscles in voice production, 

particularly in F0 control, it would be expected that modulated activation of these 

muscles would produce modulation of the F0.  Acoustical studies of vocal tremor have, in 

fact, revealed nearly rhythmic modulation of the F0 as well as the intensity of the 

acoustic output (Bové et al., 2006; Brown & Simonson, 1963; Finnegan et al., 1999; 

Ludlow, Bassich, Connor, & Coulter, 1986; Warrick, Dromey, Irish, & Durkin, 2000; 

Warrick, Dromey, Irish, Durkin, et al., 2000).  The modulation of intensity may be a 

result of modulation of the F0, or may be related to other sources of modulation including 

the subglottal pressure, degree of vocal fold adduction, or vocal tract shape. 

As discussed previously, the complex waveform produced by phonation includes the 

F0 and the associated harmonics.  Therefore, if the F0 is modulated by tremor affecting 

the cricothyroid and thyroarytenoid muscles, the harmonics will also be modulated.  

Because of the interaction between the source spectrum and the vocal tract filter, the 
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harmonics will modulate through the vocal tract resonances, producing an associated 

modulation of the intensity of the acoustic output (Horii & Hata, 1988).  Modulation of 

the subglottal pressure or the vocal tract configuration would also be expected to produce 

co-modulation of the F0, the harmonics, and the intensity of the signal (Lester, 

Barkmeier-Kraemer, & Story, 2013; Lester & Story, 2013a). 

The rate of acoustic  modulation with vocal tremor secondary to ET has been found to 

range between 4 to 8 Hz (Barkmeier-Kraemer, Lato, & Wiley, 2011; Brown & Simonson, 

1963; Lester et al., 2013).  The average extent of F0 modulation ranges between 5-10%, 

and the average extent of intensity modulation ranges between 23-43% in the same 

population (Barkmeier-Kraemer et al., 2011; Lester et al., 2013).  The rate and extent of 

modulation of vocal tremor has been found to vary considerably with different pitches 

and levels of loudness in individuals with various neurologic etiologies (Dromey, 

Warrick, & Irish, 2002).  The rate and extent of modulation may also vary based on the 

physiological source of vocal tremor (i.e., respiratory system vs. larynx vs. vocal tract) 

(Barkmeier-Kraemer et al., 2011; Lester et al., 2013). 

Perception of Vocal Tremor 

The modulation of F0 and intensity that is characteristic of vocal tremor is perceived 

by listeners as a “shaky” voice (Lederle, Barkmeier-Kraemer, & Finnegan, 2012).  When 

Lederle et al., (2012) asked listeners to use a visual analog scale to represent a continuum 

of “overall severity” and “shakiness” of sustained vowels and connected speech produced 

by individuals with vocal tremor related to essential tremor, ratings were higher during 
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sustained vowel production as compared with connected speech.  This effect was likely 

due to the number of cycles of F0 or intensity modulation that could be perceived by 

listeners depending on the duration of voiced segments.  However, modulation could still 

be detected in connected speech. 

Anand, Shrivastav, Wingate, & Chheda (2012) also studied listeners’ perception of 

vocal tremor with synthesized sustained vowels, but they used a 7-point rating scale of 

tremor severity rather than a visual analog scale.  In this study, the perceived severity of 

vocal tremor increased as the extent of F0 modulation increased.  In addition, the 

perceived severity of vocal tremor increased as the rate of F0 modulation increased.   

Pair comparisons were used by Farinella, Hixon, Hoit, Story, & Jones (2006) to study 

listeners’ perception of simulated respiratory-induced vocal tremor in healthy participants 

with different amplitudes of applied pressure modulation.  Vocal tremor was defined in 

this study as “alternating, repetitive, and relatively rhythmic oscillations that one would 

not expect to hear in a normal voice.”  Listeners were asked to select one sample in each 

pair over the other has having a “greater magnitude of voice tremor.”  This study revealed 

that the magnitude of vocal tremor was perceived as higher when the amplitude of 

applied pressure modulation was greater.  In addition, soft utterances were typically 

perceived as having a greater magnitude of vocal tremor than loud utterances, and 

utterances with a breathy vocal quality were typically perceived as having a greater 

magnitude of vocal tremor than utterances with a pressed vocal quality.  However, these 

patterns varied across speakers, and later acoustical analyses revealed that there was 
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variability in the change in F0 and intensity per unit of pressure change across speakers 

(Lester & Story, 2013a).   

Prior to these perceptual studies, Kreiman, Gabelman, & Gerratt (2003) conducted a 

study of the perception of vocal tremor using synthesized F0 modulation characteristic of 

vocal tremor that was either sinusoidal or non-sinusoidal in shape with various rates and 

extents of F0 modulation.  These synthetic voices were based on the acoustical 

characteristics of speakers with a range of disorders including ET.  The synthetic samples 

were paired with the original recordings, and listeners were asked to judge which 

synthetic sample matched the original sample better and to rate on a 5-point scale how 

confident they were in their judgments.  The results indicated that differences in rate of 

modulation were more salient when the modulation was sinusoidal rather than irregular.  

In addition, differences in the rate of modulation were more salient when the rate was 

faster and when the extent of modulation was lower.  However, these effects of rate and 

extent on the perception of rate of modulation were found with the sinusoidal samples, 

not with the non-sinusoidal samples.  The findings indicated that rate, extent, and 

regularity of vocal tremor interact and affect listeners’ perception of vocal tremor. 

Treatment of Vocal Tremor 

Research has been conducted to determine the best treatments for reducing listeners’ 

and speakers’ perception of vocal tremor.  Initial intervention studies have investigated 

the effects of medical treatments including central nervous system (CNS) surgery or 

medications that affect CNS functioning, and more recently peripheral nervous system 
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(PNS) treatments including induced paralysis of the muscles affected by tremor.  

Researchers have also begun to investigate behavioral strategies that may alter the 

physiological and/or acoustical characteristics of vocal tremor. 

Medical treatment of essential tremor.  In the 1980’s, case studies suggested that 

lesions of the cerebellum and the thalamus reduced the severity of tremor in individuals 

with ET (Duncan, Bone, & Melville, 1988; Dupuis, Delwaide, Boucquey, & Gonsette, 

1989).  Specifically, one patient who had been diagnosed with ET suffered a stroke 

affecting the right cerebellar hemisphere (Dupuis et al., 1989).  This patient subsequently 

demonstrated hypotonia of the limbs and complete resolution of tremor on the right side.  

Another patient who had been diagnosed with ET suffered a stroke with infarction of the 

left thalamus (Duncan et al., 1988).  This patient exhibited reduced severity of limb 

tremor on the right side post stroke.  In addition, surgical thalamotomy was found to 

reduce the severity of limb tremor in individuals with ET (Ohye, Hirai, Miyazaki, 

Shibazaki, & Nakajima, 1982). These findings suggested that damage to the cerebellum 

and thalamus could have positive effects on motor control in individuals with ET.  

Although some believe that this implicates the cerebellum and thalamus as key regions of 

the nervous system involved in tremor, it is possible that damage to these areas 

suppresses the oscillations that originated in the inferior olivary nucleus and were 

transmitted to the cerebellum and thalamus. 

Because lesions of the thalamus effectively reduced tremor in individuals with ET, 

deep brain stimulation of the thalamus has been used to be used to treat limb tremor in 



43 

 

this population (Koller et al., 1997).  Deep brain stimulation involves surgical 

implantation of electrodes that pass electrical current into the implanted areas.  This 

current alters the transmission of electrical signals between neurons in these areas, and 

therefore affects the functioning of the CNS.  Typically, deep brain stimulation for 

treatment of ET is focused in the ventral intermediate nucleus of the thalamus.  The 

effects of this treatment are typically seen in limb movement on the side contralateral to 

the stimulation.  Although deep brain stimulation may have associated complications 

(i.e., cerebrovascular accidents), the outcomes have been equivalent to those for 

thalamotomy and the approach is preferred over thalamotomy because it is reversible. 

Medications affecting the function of the CNS have also been found to reduce limb 

tremor associated with ET (Koller, Glatt, Biary, & Rubino, 1987).  These medications 

most commonly include propranolol, primidone, and alcohol.  Propranolol is a beta 

adrenergic blocking agent and primidone is an anticonvulsant drug; both medications 

may affect functioning in widespread areas of the CNS (Houghton, Richens, Toseland, 

Davidson, & Falconer, 1975; Leszkovszky & Tardos, 1965).  Alcohol has an agonistic 

effect on GABA receptors, and has been found to affect functioning of the cerebellum in 

particular (Nolte, 2009).  Abnormalities within the inferior olivary nucleus may be caused 

by altered neuromodulation of a network involving serotonin and GABA (Elble, 1996).  

Therefore, these medications might interrupt transmission of oscillatory activity within 

the inferior olivary nucleus to its connections within the CNS, thereby reducing the 

deficits associated with ET. 
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Medication affecting the PNS has also been found to effectively reduce limb tremor 

in individuals with ET.  A commonly used medication for treatment of tremor that alters 

PNS function is botulinum toxin (Jankovic, 2004).  This neurotoxin is injected into the 

affected muscles to reduce their activation and minimize their contribution to tremor.  

This medication blocks the release of the neurotransmitter acetylcholine at the 

presynaptic terminal, which results in temporary denervation of the muscle.  The effects 

of botulinum toxin injections typically last for only 2-3 months because new axons sprout 

and restore release of acetylcholine into the synaptic cleft, thereby restoring signal 

transmission to the postsynaptic membrane.  As a result, the muscle is reinnervated and 

function is regained. 

Medical treatment of vocal tremor.  Surgical and pharmacological management of 

ET have shown inconsistent effects on limb and vocal tremor.  Deep brain stimulation of 

the thalamus has been found to reduce both limb and vocal tremor in some patients 

(Carpenter et al., 1998; Sataloff, Heuer, Munz, Yoon, & Spiegel, 2002).  In a study of the 

effects of deep brain stimulation of the ventral intermediate thalamic nucleus on seven 

patients with ET, all had reduction in hand tremor, and four of the seven had reduction in 

vocal tremor (Carpenter et al., 1998).  The four patients who exhibited an improvement in 

vocal tremor all reportedly had the most severe disturbances in vocal quality prior to deep 

brain stimulation.  Alcohol has also been found to reduce both limb and vocal tremor 

(Brown & Simonson, 1963; Koller et al., 1987).  Botulinum toxin injections into the 

hands and laryngeal musculature have been found to reduce tremor, as well (Brin et al., 
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2001; Warrick, Dromey, Irish, Durkin, et al., 2000).  The success of laryngeal botulinum 

toxins likely depends on which muscles are affected by tremor (Adler et al., 2004).  

Propranolol and primidone have been found to reduce limb tremor, but not vocal tremor 

(Koller et al., 1987; Koller, Graner, & Mlcoch, 1985).  In one study using chronic use of 

propranolol in seven patients with ET, severity of hand tremor decreased significantly, 

but severity vocal tremor did not differ between the propranolol group and the placebo 

group (Koller et al., 1985). 

Behavioral treatment of vocal tremor.  There is one known study of behavioral 

therapy for individuals with vocal tremor secondary to ET.  Barkmeier-Kraemer et al. 

(2011) developed a treatment protocol for a patient who was diagnosed with ET and 

exhibited tremor affecting the larynx and vocal tract.  Pre-treatment acoustical analyses 

revealed that the rate of F0 and intensity modulation was 4.5 Hz, the extent of F0 

modulation was 9.7%, and the extent of intensity modulation was 43%.  Based on the 

participant’s voice characteristics and trial compensatory strategies, six therapeutic 

approaches were used:  1) yawn-sigh, 2) easy onset, 3) forward-focused resonance, 4) 

slightly increased mean pitch and pitch at the end of utterances, 5) relaxation and 

breathing exercises, and 6) increased articulation rate.  Following treatment, the 

participant reported a “dramatic improvement” in her vocal functioning for daily 

communication and listeners perceived improvement in the voice in 9 of 12 pre- and 

post-treatment pair comparisons.  Analyses revealed that the participant increased her 

articulation rate, increased her mean intensity, decreased her mean F0, and increased her 
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minimum F0 post-treatment.  Changes in the rate and extent of modulation were not 

reported.  

Vocal Vibrato as a Model of Vocal Tremor 

Vibrato is a musical technique that is used by singers and instrumentalists to 

volitionally modulate the acoustic output.  Vocal vibrato has been described as “a 

pulsation of pitch, usually accompanied with synchronous pulsations of loudness and 

timber, of such extent and rate as to give a pleasing flexibility, tenderness, and richness to 

the tone” (Seashore, 1932, p.33).  This vocal technique has been studied primarily in 

Western operatic singing and is thought to make it easier for listeners to perceive the 

performer’s voice over the orchestral accompaniment (Sundberg, 1995).  It has also been 

hypothesized that vocal vibrato is a method of demonstrating vocal skill without 

straining, preventing the perception of beats if a singer’s pitch is not in tune with the 

accompaniment, or preventing adaptation to auditory input presumably to maintain 

listeners’ attention to the singer’s performance (Dejonckere, 1995; Sundberg, 1995).  

Studies of the physiological and acoustical characteristics of vocal vibrato have revealed 

that there are similarities between volitional modulation of voice with vibrato and 

unintentional modulation of voice with tremor.  These similarities make singers 

producing vibrato a reasonable model of vocal tremor.  

Neural Control of Vocal Vibrato  

As with vocal tremor, the neural bases of vocal vibrato are not certain.  Titze, Story, 

Smith, & Long (2002) proposed a reflex resonance model of vocal vibrato.  In this model, 
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cortical input drives voice production and is modulated by central oscillators before the 

input is transmitted to the laryngeal muscles.  Oscillated muscle activation then 

modulates the vocal fold length, which, in turn, activates sensory receptors within the 

larynx (e.g., muscle spindles, joint receptors).  These receptors detect the modulation 

within the larynx and set up a reflex loop that produces a motor response to counteract 

the modulation.  This peripheral response then maintains the modulation of vocal fold 

length, and therefore, the modulation of voice. 

Based on this model, singers are thought to have the ability to change reflex gains to 

produce a straight tone rather than a modulated tone, but cannot alter reflex delays.  This 

would indicate that singers could change the extent of vibrato, but not the rate.  This 

model is also used to explain why the rate and extent of vocal vibrato increase with age to 

produce the characteristic “wobble” of geriatric singers, wherein slowed conduction 

velocities result in delayed muscle activation.  In the opposite case, if a singer is 

“muscularly hyperactive,” their conduction time may be faster and produce vocal vibrato 

with a fast rate, known as a “bleat.”   

It is instead possible that the characteristics of the modulation are based on a central 

source of vocal vibrato, as is believed to be the case with vocal tremor.  This could 

explain how the rate of vocal vibrato can be changed.  That is, singers produce different 

modulation rates within productions of sustained tones (Prame, 1994, 1997).  In addition, 

earlier Western operatic singers produced a different rate of vocal vibrato than later 

Western operatic singers (Dejonckere, Hirano, & Sundberg, 1995; Keidar, Titze, & 
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Timberlake, 1984), and singers in different cultures produce different rates of vocal 

vibrato (Dejonckere et al., 1995; Sundberg, Gu, Huang, & Huang, 2012).  Therefore, 

there is some variability in the rate of vocal vibrato within and between speakers.  A 

central source of oscillation might also explain why the natural mechanical frequency of 

movement of laryngeal structures could be between 17-50 Hz (Titze et al., 2002) but the 

rate of output modulation with vocal vibrato is 5-6 Hz, which is consistent with the rate 

of vocal tremor in individuals with essential tremor.   

Other central and peripheral neural networks might also contribute the modulation of 

voice with vocal vibrato, specifically audio-vocal networks that are involved in the pitch-

shift reflex (Burnett et al., 1998).  Leydon, Bauer, & Larson (2003) conducted a pitch-

shift study that used sinusoidally-modulated auditory feedback rather than single pitch-

shift stimuli that were used in previous studies. They found that modulated auditory 

feedback produced modulations of the voice that were consistent with vocal vibrato.  

Some participants’ vocal responses were in phase with the modulated auditory feedback; 

whereas other participants’ vocal responses were out of phase with the feedback.  These 

results indicated that altered auditory feedback can produce modulation of voice in 

normal speakers and that speakers either attempt to match the modulation in the auditory 

feedback or counteract it, which results in the maintenance of modulation of voice. 

Earlier studies also demonstrated that auditory feedback in the form of masking can 

affect modulation of voice.  During voluntary production of vibrato by singers, masking 

of auditory feedback with noise changed the extent and rate of voice modulation 
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(Deutsch & Clarkson, 1959).  In contrast, the rate and extent of modulation remained 

unchanged when auditory feedback was presented with a delay of 300 ms (Clarkson & 

Deutsch, 1966; Shipp, Sundberg, & Haglund, 1984).  These findings suggest that both 

central and peripheral mechanisms may contribute to the physiological features of vocal 

vibrato, although it is unclear how exactly these mechanisms contribute to modulation of 

voice.  Because of the apparent challenges in studying the neural bases of vocal vibrato 

and vocal tremor (see review by McAuley & Marsden (2000)), the source of modulation 

of voice may remain unclear until neuroimaging techniques allow for more precise 

temporal resolution to detect the origins of oscillated neural activity and the neural 

networks involved in maintaining this oscillated activity.   

Physiology of Vocal Vibrato 

Studies of vocal vibrato have been conducted to understand the physiological 

contributions of the larynx, respiratory system, and vocal tract to modulation of voice.  

EMG studies of the intrinsic and extrinsic laryngeal muscles revealed that the 

cricothyroid, thyroarytenoid, and lateral cricoarytenoid muscles typically exhibited 

modulated activation that was synchronous with modulation of voice in singers 

producing vibrato (Hirano, Hibi, & Hagino, 1995; Niimi, Horiguchi, Kobayashi, & 

Yamada, 1988; Niimi, Horiguchi, & Kobayashi, 1988).  The sternothyroid muscle 

activation also modulated in some singers producing vibrato, but not others (Niimi et al., 

1988).  The same was true for the sternohyoid muscle (Hirano et al., 1995).  The 
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interarytenoid muscle was not implicated in modulation of voice with vocal vibrato 

(Hirano et al., 1995; Vennard, Hirano, & Ohala, 1970).   

Involvement of the respiratory musculature has also been investigated in singers 

producing vibrato.  Appelman & Smith (1985) reportedly did not detect oscillated muscle 

activation using EMG of the internal or external oblique abdominus, rectus abdominus, or 

latissimus dorsi that were synchronous with vocal vibrato.  In addition, these researchers 

did not observe oscillatory movement of the respiratory structures under fluoroscopy (i.e., 

an x-ray imaging technique that allows for visualization of real-time movement of 

internal structures of the body).   

Finally, involvement of the vocal tract structures in vocal vibrato has been studied.  

Oscillation of the velum, lateral nasopharyngeal walls, lateral and posterior 

hypopharyngeal walls, base of tongue, epiglottis, and arytenoid region were reportedly 

observed using flexible nasendoscopy (Hirano et al., 1995).  Hirano et al. (1995) 

indicated that these movements occurred in some singers, but not others, and with some 

pitches and loudness levels, but not others.  These patterns did not appear to be 

systematic. 

Vocal vibrato and vocal tremor both involve modulated muscle activation. This 

primarily affects the cricothyroid and thyroarytenoid muscles, which are involved in 

controlling vocal fold length and tension.  Although some individuals with vocal tremor 

present with tremor affecting the respiratory system, this component of the vocal 

mechanism does not seem to be involved in vocal vibrato (based on studies of the 
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abdominal musculature only).  In contrast, some individuals with vocal tremor exhibit 

oscillation within the vocal tract, which is also true for singers producing vibrato.  These 

similarities in the physiological characteristics of vocal tremor likely serve as the basis 

for the similarities in the acoustic output.   

Acoustical Characteristics of Vocal Vibrato 

Vocal vibrato involves modulation of F0 and intensity similar to that of vocal tremor.  

The rate of F0 modulation with vocal vibrato ranges between 5-7 Hz (Prame, 1994; 

Shipp, Leanderson, & Sundberg, 1980) and the extent of F0 modulation generally ranges 

from 6-8% of the mean or less than +/-1 semitone (Prame, 1994; Sundberg, 1995).  The 

rate has been found to increase at the end of sustained phonation (Prame, 1994) and to 

decrease with increasing age (Damsté, Reinders, & Tempelaars, 1982; Hirano et al., 

1995; Sundberg, 1995).  The extent of F0 modulation with vocal vibrato has been found 

to increase toward the onset of phonation and decrease toward the termination of 

phonation (Prame, 1997).  The extent of F0 modulation has also been found to increase 

with increasing age (Hirano et al., 1995).  The rate and extent of amplitude modulation 

are variable, likely because of the interaction of the amplitude of the harmonics with the 

formants (Sundberg, 1995). 

The average rate and extent of modulation with vocal vibrato are consistent with the 

average rate and extent of modulation found in vocal tremor.  In fact, in one study that 

directly compared the acoustical characteristics of vocal vibrato and vocal tremor (i.e., 

related to Parkinson disease, amyotrophic lateral sclerosis, spinal muscular atrophy, 
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essential tremor, or spasmodic dysphonia), the only significant difference was in 

measures of shimmer (i.e., cycle-to-cycle variability in amplitude) and jitter (i.e., cycle-

to-cycle variability in frequency), not in the rate or extent of modulation (Ramig & Shipp, 

1987).  Studies have not yet been conducted to determine if the rate or extent of F0 

modulation associated with vocal tremor varies across the duration of an utterance or 

with age, as it does with vocal vibrato.  However, if the physiological and neurological 

bases for vocal vibrato and vocal tremor are similar, these acoustical features may also be 

the same. 

It should be noted that some acoustical differences have been found between vocal 

vibrato and vocal tremor, which have led some researchers to speculate that they may 

have distinct sources of oscillation.  Dromey & Smith (2008) studied a singer who could 

produce vocal vibrato when singing but also exhibited vocal tremor when speaking.  This 

individual produced acoustic modulations that were more regular in sung vowels than in 

spoken vowels.  In addition, modulation of amplitude and frequency were correlated in 

singing, but not speaking.  Although there may be differences in the regularity of 

modulation and in the interaction of the harmonics with the formants in vocal vibrato 

compared with vocal tremor, the similarities between the rate and extent of modulation 

support the use of vocal vibrato as a model of vocal tremor.  Furthermore, a model of this 

kind may also allow for better control of factors such as the regularity of modulation to 

more clearly elucidate the acoustical bases for the perception of modulation of voice. 
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Perception of Vocal Vibrato 

Vocal vibrato is perceived as a modulation of pitch and loudness (Dejonckere et al., 

1995) due to the modulation of F0 and intensity similar to vocal tremor.  According to 

Sundberg (1995), the perception of how acceptable or favorable the vocal vibrato is 

depends on both the rate and extent of modulation.  That is, a rate lower than 5 Hz is 

perceived as “unacceptably slow” and a rate higher than 8 Hz is perceived as sounding 

“nervous.”  An extent larger than +/- 2 semitones reportedly sounds “bad.”  With vocal 

vibrato, when these acoustic modulations fall within the preferred ranges, they are 

described as adding a richness to the tone (Seashore, 1932).  In contrast, with vocal 

tremor, these modulations are considered abnormal and can be disturbing to listeners.  

This is likely due to the fact that listeners expect to hear modulation of voice with 

singing, but not with speaking.  In addition, the regularity of modulation that is 

characteristic of vocal vibrato might be more pleasing to listeners than the irregular 

modulation this is characteristic of vocal tremor.  Furthermore, with singing, attention is 

expected to be devoted primarily to the sound of the voice.  However, with speaking, it 

might be beneficial for listeners to adapt to the acoustical features of the voice to allow 

attention to be allocated to perceiving and processing speech sounds.  

Motivation for Current Research 

Previous research on vocal tremor and vibrato has focused on measuring the 

modulation rate (i.e., the number of cycles of modulation per second) and the modulation 

extent (i.e., the range or magnitude of modulation) of the F0 and intensity without 
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characterizing other modulations present in the acoustic signal.  In particular, modulation 

of the individual harmonics (i.e., integer multiples of the F0) has not yet been studied.  

Because the frequency of the harmonics is related to the F0, vocal fold length changes are 

associated with modulation of the F0 and all of the harmonics.  This is demonstrated in 

Figure 1.1 where the amplitude-frequency trajectory of the first 30 harmonics is plotted 

over the time course of a simulated vowel with F0 modulation. It is noted that even a 

small percentage change in F0 can generate a wide range of frequency modulation in the 

higher harmonics. Depending on the F0 and the extent of frequency modulation, these 

acoustic modulations may be detected by the human auditory system and perceived as 

‘shakiness’ of the voice (Lederle et al., 2012).                                                   

 

Figure 1.1:  Spectrum of simulated modulation of F0.  The mean F0 is 130 Hz, the 

modulation rate is 5 Hz, and the modulation extent is 10% (i.e., 13 Hz extent; F0 range of 

117-143 Hz).  Each point represents the amplitude of an individual harmonic on the 

frequency scale expressed in Hertz; red denotes odd harmonics and blue even harmonics 

to illustrate the range of modulation of each harmonic.   
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The human auditory system can detect frequencies in the range of 20 to 20,000 Hz, 

which closely aligns with the range of frequencies present in the acoustic signal 

generated during speech production (Yost, 2007).  However, the auditory system is 

differentially sensitive to frequencies across the spectrum, with the greatest sensitivity 

falling in the range of 1,000 to 4,000 Hz.  The just noticeable difference for frequency 

modulation of a 1,000 Hz pure tone is approximately 0.75% (Zwicker & Fastl, 1999).  

Therefore, a change in 7.5 Hz from a mean of 1,000 Hz can typically be detected by a 

human listener.  It is expected that the just noticeable difference varies across frequencies 

and that modulation of the harmonics in the range of greatest sensitivity would be most 

easily detected; however, this has not yet been studied. 

The sensitivity of the auditory system to modulation of the harmonics across a 

spectrum can be represented by converting frequency in Hertz to the mel scale, a 

perceptual scale based on judgment of equal distance in pitch by listeners (Fant, 1973).  

Shown in Figure 1.2 is the mel scale equivalent of the harmonic trajectories from Figure 

1.1.  The range of modulation of the upper harmonics is greater than that of the lower 

harmonics, even when the sensitivity of the auditory system is taken into consideration. 

This suggests that modulations in this region of the spectrum could contribute to the 

perception of modulation of the voice, depending on the amplitude of the individual 

harmonics.  According to the source-filter theory, the amplitude of the harmonics is 

determined by the formants, which are the resonances created by the shape of the vocal 

tract (Fant, 1960).  If the formants enhance the amplitude of the upper harmonics that fall 
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within the range of greatest sensitivity of the auditory system and modulate across a 

greater range of frequencies, the perception of modulation of the voice would be expected 

to increase.  Conversely, if the amplitude of the upper harmonics is attenuated by the 

formants, the perception of modulation of the voice would be expected to decrease.    

 

Figure 1.2:  Spectrum of simulated modulation of F0 on the mel scale.  The mean F0 is 

130 Hz, the modulation rate is 5 Hz, and the modulation extent is 10% (i.e., 13 Hz extent; 

F0 range of 117-143 Hz).  Each point represents the amplitude of an individual harmonic 

on the mel scale to indicate the auditory representation. 

 

Characteristics of the voice source and vocal tract filter are known to affect the 

amplitude of the harmonics and could potentially be manipulated to reduce the perception 

of vocal tremor.  For example, incomplete adduction of the vocal folds associated with a 

breathy vocal quality results in reduction of the higher harmonics as compared with a 

normal or pressed voice produced with greater adduction of the vocal folds (Titze, 1994).  

Therefore, production of breathy voice could be used to reduce the amplitude of the 

upper harmonics and the perception of magnitude of voice modulation.  In fact, 
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Barkmeier-Kraemer et al. (2011) noted that, in a case study of one individual with vocal 

tremor associated with essential tremor, the perception of the severity of vocal tremor 

was reduced when the individual produced a breathy voice.  An effect of pitch 

manipulation on the perception of severity of vocal tremor was also noted in this study.  

This observation may be associated with differences in the amplitude of the higher 

harmonics for different fundamental frequencies (i.e., independent of the vocal tract 

filter, the spectral energy of a vowel with a low F0 drops off more rapidly with frequency 

than a vowel produced with a high F0). Certain vocal tract configurations for vowels are 

also known to affect the amplitude of higher harmonics and could affect the perception of 

magnitude of voice modulation.  For example, the vowel /i/ typically has a low first 

formant and high second formant, whereas /ɑ/ typically has low-mid first and second 

formants (Peterson & Barney, 1952). As such, it is expected that modifications to the 

vocal tract configuration could attenuate the amplitude of the higher harmonics and 

reduce the perception of voice modulation.  The usefulness of these manipulations to the 

voice source and vocal tract filter for reducing the perception of modulation of the voice 

requires further investigation. 

Specific Aims 

The specific aims that guided the research for this dissertation were the following: 

Aim 1: To use computer-simulated voice samples involving primary modulation of 

the F0 to determine if adjustments to the voice source (e.g., vocal fold length, degree of 

vocal fold adduction) and vocal tract filter (e.g., vocal tract configuration for vowels) 
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reduce the perception of the magnitude of voice modulation.  It was hypothesized that 

listeners would perceive a higher magnitude of voice modulation when simulated 

samples had a higher mean F0 corresponding to a greater vocal fold length, greater 

degree of vocal fold adduction, or a vocal tract shape known to enhance the amplitude of 

the higher harmonics. This is presented as Study 1 in Chapter 3. 

Aim 2: To determine the acoustical characteristics that were associated with 

differences in perception of magnitude of voice modulation.  It was hypothesized that 

signals with a higher extent of modulation in the higher frequency regions and/or a higher 

mean amplitude in the higher frequency regions would be perceived as having a higher 

magnitude of voice modulation.  This is presented as Study 2 in Chapter 3. 

Aim 3:  To determine if trained singers producing vibrato with modulation of 

the F0 could volitionally modify voice characteristics (i.e., F0, vocal quality, 

vowel) to reduce listeners’ perception of the magnitude of modulation of voice. 

This is presented as Study 1 in Chapter 4.  

Aim 4: To determine the acoustical characteristics that were associated with 

differences in perception of the magnitude of modulation of voice.  It was 

expected that volitional manipulation of F0, vocal quality, and vowel by singers 

producing vibrato would change listeners’ perception of the magnitude of 

modulation of voice and change the amplitude of the higher harmonics.  This is 

presented as Study 2 in Chapter 4. 
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The results of these studies are expected to be useful in identifying 

adjustments to the voice source and vocal tract filter that might be produced by 

individuals with vocal tremor to reduce the perception of voice modulation, as 

well as to understand the acoustical bases for the perception of the magnitude of 

modulation of voice.  If manipulations to the voice source and vocal tract filter are 

effective in reducing the perception of the magnitude of modulation of voice, this 

would be further support that these compensatory strategies could be beneficial 

for individuals with vocal tremor involving vocal fold length modulation.   
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CHAPTER 2: COMPUTATIONAL MODEL OF VOCAL TREMOR  

 

Simulations of vocal tremor in these studies were produced using a kinematic 

model of the vocal folds (Titze, 1984, 2006) coupled to a wave-reflection model 

of the trachea and vocal tract (Liljencrants, 1985; Story, 1995, 2005). These 

models allowed for control of the pressure supplied to the vocal folds, the resting 

length and thickness of the vocal folds, the fundamental frequency of vibration 

(F0), the degree of adduction of the vocal folds, and the shape of the vocal tract.  

The propagation of acoustic waves in the trachea and vocal tract accounted for 

energy loss due to yielding walls, viscosity, heat conduction, and radiation.   

The kinematic model represented the vibration of the medial surfaces of the 

vocal folds.  As shown schematically in Figure 2.1, a prephonatory configuration 

of the surfaces was defined by 1) inferior (ξ01) and superior (ξ02) values of 

separation at the vocal processes, 2) a bulging parameter (ξb) that generates 

curvature, 3) anterior-posterior length (L), and 4) inferior-superior thickness (T).  

Vibration was emulated by superimposing time-varying surface displacements 

onto this postural configuration (Titze, 1984, 2006).  These were based on a 

summation of translational and rotational modes in the vertical dimension and a 

ribbon-like mode in the anterior-posterior dimension. The amplitude of vibration 

was determined by rules described in (Titze, 2006). Vibration of the surfaces 

generated a time-varying glottal area, which transformed airflow from the trachea 

into a periodic series of pulses.  
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Figure 2.1: Kinematic model of the vocal folds.  ξ01 represents the inferior 

adduction value, ξ02 represents the superior adduction value, ξb represents the 

surface bulging, zn represents the nodal point ratio, L represents the length, and T 

represents the thickness. 

 

For the studies presented in Chapter 3, the inferior adduction values (ξ01) for 

the prephonatory vocal fold posture were determined by rules described by Titze 

(2006), whereas the superior adduction values (ξ02) were set by the user.   The 

surface bulging of the vocal folds (ξb) and the nodal point ratio (zn, i.e., the point 

around which the vocal folds vibrate) were specified by the user.  All values were 

symmetrical in these studies.  

The instantaneous F0 of the vibratory pattern was determined by specifying a 

mean value, modulation rate, and modulation extent.  This forced-modulation of 

the F0 produced changes in the length and vibratory pattern of the vocal folds 

and, as a result, changes in the glottal area.  That is, because the model was driven 
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at a specified F0, the instantaneous vocal fold length was determined by the F0.  

This is unlike a natural self-oscillating system in which the vocal fold length, in 

part, determines the F0.  Because this is a kinematic model, the mass and stiffness 

of the vocal folds were not represented.   

The presence or absence of glottal noise was also specified by the user in 

these studies.  That is, when the superior adduction value was relatively high, the 

glottal closure was incomplete and noise was created due to turbulence within the 

glottis.  The noise was added to the glottal flow when a threshold value was 

exceeded for the Reynolds number based on Titze (2006).  This number was 

calculated at every time instant using the formula: 

   
   

  
     (1) 

where    is the instantaneous glottal flow, L  is the length of the glottis, ρ is the 

air density, and μ is the air viscosity.  The noise is then generated based on (Fant, 

1960) using the formula: 

      {
  (  

     
 )(        )            

                                                            
  (2) 

where    is a broadband noise signal with amplitudes ranging from -0.5 to 0.5 

and frequencies ranging from 300 to 3000 Hz,    is the calculated Reynolds 

number, and     is a threshold value below which no noise is generated.  Thus, 

there may be only a portion of each glottal cycle during which noise was added to 

the instantaneous glottal flow.  In addition, modulation of the vocal fold length 
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(via modulation of F0) modulated the calculated Reynolds number. Therefore, the 

noise was modulated on the short time scale of a glottal cycle and the longer time 

scale of a tremor-like variation with vocal fold length modulations.  To eliminate 

this noise for the “no-noise” conditions, the       variable was set to zero for all 

time samples. 

The pressure changes associated with variations in glottal area interacted with 

the vocal tract pressures to produce the glottal flow.  The acoustic energy created 

by the glottal flow was filtered by the trachea and the vocal tract.  As a result, the 

characteristics of the acoustic output were influenced by the resonances of both 

the trachea and the configuration of the vocal tract.  Vocal tract area functions 

known to produce target vowels were used as vocal tract shapes (Bunton & Story, 

2010).  The epilaryngeal area was specified by the user.   

Two versions of the model were used for this study: one that was based on the 

airway features of a female and another based on the airway features of a male.  

Schematic representations of these models are shown in Figure 2.2.  
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Figure 2.2: Wave-reflection model of the trachea and vocal tract.  These are 

based on the airway features of a female producing /ɑ/ (left) and male producing 

/i/ (right).  PL represents the lung pressure.  The glottal area, glottal flow, and 

output sound pressure waveforms indicated in their respective locations within the 

model. 
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CHAPTER 3: ACOUSTICAL BASES FOR THE PERCEPTION OF 

SIMULATED LARYNGEAL VOCAL TREMOR 

 

Introduction 

The aim of Study 1 was to use computer-simulated voice samples involving primary 

modulation of the F0 to determine if adjustments to the voice source (e.g., vocal fold 

length, degree of vocal fold adduction) and vocal tract filter (e.g., vocal tract 

configuration for vowels) reduce the perception of the magnitude of voice modulation.  It 

was hypothesized that listeners would perceive a higher magnitude of voice modulation 

when simulated samples had a higher mean F0 corresponding to a greater vocal fold 

length, greater degree of vocal fold adduction corresponding to a pressed voice, or a 

vocal tract shape known to enhance the amplitude of the higher harmonics (i.e., /i/).  The 

aim of Study 2 was to determine the acoustical characteristics that were associated with 

differences in perception of magnitude of voice modulation.  It was hypothesized that 

signals with a higher extent of modulation in the higher frequency regions and/or a higher 

mean amplitude in the higher frequency regions would be perceived as having a higher 

magnitude of voice modulation.  The results of these studies are expected to be useful in 

identifying adjustments to the voice source and vocal tract filter that might be produced 

by humans to reduce the perception of voice modulation, as well as to understand the 

acoustical bases for the perception of the magnitude of modulation of voice. 
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Study 1 

Method 

Computational model.  Simulations of vocal tremor were produced with the 

model described in Chapter 2 using custom-written Matlab (The Mathworks, 

2011, Version 7.13.0.564 [R2011b]) scripts and compiled C code.  Parameter 

settings that were specified by the user are listed in Table 3.1.  All other 

parameters were determined by rules as described by Titze (2006).   

Parameter Setting Parameter  Setting 

Fundamental 

frequency 

(F0) 

110, 123, 

165, 220, 

247, 262 Hz 

Starting 

phase 

bilaterally 

0 radians 

F0 

modulation 

rate 

5 Hz Pressure  8000 

dyn/cm
2
; 8 

cm H2O 

F0 

modulation 

extent 

1, 5, 10, 

20% 

Epilaryngeal 

area 

0.5 cm 

Superior 

adduction 

(ξ02) 

bilaterally 

0, 0.1, 0.2 

cm 

Length of 

each section 

in vocal tract 

area function 

0.35 

(female) 

0.40 (male) 

 

Surface 

bulging (ξb) 

bilaterally 

0.07 

(female) 

0.1 (male) 

Vowel shapes /ᴧ, i, ɑ/ 

Nodal point 

ratio (zn) 

bilaterally 

0.7 Time  1 s 

Table 3.1: Parameter settings for the computational model used for simulations of 

vocal tremor. 

 

Two sets of stimuli were generated using this computational model.  One set 

of stimuli included glottal noise and was used for Study 1a; the other set of 

stimuli did not include glottal noise and was used for Study 1b.  A description of 
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the generation and characteristics of the noise are discussed in Chapter 2.  These 

sets of simulations were used to verify that, if there were significant findings in 

Study 1a, the findings were not due to the presence of modulated noise in the 

signal. 

In addition, two versions of the model were used for this study: one that was 

based on the airway features of a male and another based on the airway features 

of a female.  Schematic representations of these versions of the models are 

presented in Chapter 2. 

Audio stimuli.  The male and female versions of the model were used to 

simulate productions of sustained vowels using different vocal tract shapes.  The 

vowels included /ᴧ, i, ɑ/ with durations of 1 s.  For each stimulus, a 0.1 second 

long silence was included before and after each vowel, and a 0.05 second long 

fade in and out was imposed for each vowel to avoid a click at the onset and 

offset.  The F0 values for these simulations were 110, 123, and 165 Hz for the 

male model and 220, 247, and 262 Hz for the female model.  These frequencies 

are within the average range for adult males and females and also correspond to 

musical notes to be used in future studies with humans.  The rate of F0 

modulation was 5 Hz, which is within the range of rates typically exhibited by 

individuals with vocal tremor (Gamboa et al., 1998).  The extents of F0 

modulation were 1, 5, 10, and 20%, which are also within the range of extents that 

are typically exhibited in this population (Dromey et al., 2002; Ramig & Shipp, 



68 

 

1987).  The degrees of vocal fold adduction were set to 0, 0.1, and 0.2 cm to 

represent slightly pressed, moderate, and low degrees of vocal fold adduction, 

respectively.  The differences in the glottal area and glottal flow between these 

three degrees of vocal fold adduction are shown in Figure 3.1.  The pressure 

supplied to the vocal folds was set to 8000 dyn/cm
2
, which corresponds to a 

normal pressure for speech production of approximately 8 cm H2O.  Further 

details related to the model parameters can be found in Story (2013).  

 

Figure 3.1: Glottal area (left panel) and glottal flow (right panel) waveforms 

representing high (lower trace), moderate (middle trace), and low (upper trace) 

degrees of vocal fold adduction. 

 

Listeners.  Twenty-one listeners (17 female, 4 male) with a mean age of 23 

years (range = 19-58 years) were included in Study 1a, and twenty-one listeners 

(18 female, 3 male) with a mean age of 22 years (range = 19-39 years) were 

included in Study 1b.  For Study 1a, data were not included for one volunteer who 

did not return for a second session, and for three volunteers who were presented 

with too few (78/80 stimulus pairs) or too many (430/256 total trials, 466/256 

total trials) trials due to Alvin script errors, which were later corrected.  There 
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were three participants in Study 1a who were presented with one additional trial 

(257/256 total trials) due to an Alvin script error.  For these three participants, the 

data for the additional trial was not included in the analyses; all other data were 

included for these three participants.  For Study 1b, data were not included for 

three volunteers who did not return for their second sessions. 

Prior to the experimental trials, all listeners passed a bilateral hearing screening using 

pulsed pure tones at 500, 1000, 2000, and 4000 Hz at 25 dB (American Speech-

Language-Hearing Association, 1997).  All listeners reported and exhibited a good 

understanding of written and spoken English and denied a history of cognitive disorders.  

This study was approved by the University of Arizona Institutional Review Board (UA 

IRB). 

Listening task.  Listeners were seated individually in a sound-treated booth.  

Audio stimuli were presented with an intensity of 60 dB SPL over a loudspeaker 

placed 1 m in front of the listener.  Stimuli were presented and listeners’ 

responses were recorded using the ALVIN interface (Hillenbrand & Gayvert, 

2005).  The inter-stimulus interval was 5 msec and the inter-trial interval was 7 

msec.   

Prior to the experiment, each listener participated in a brief training protocol 

consisting of 16 pairs of simulated vowels with different extents of modulation (1, 

5, 10, 20%), one F0 (either 123 Hz for the male vocal tract or 247 Hz for the 

female vocal tract), one degree of vocal fold adduction (corresponding to a 
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normal vocal quality), and one neutral vowel (/ᴧ/).  Each pair was presented in 

AB and BA orders.  Listeners were instructed to identify which stimulus in each 

pair was “shakier.”  Listeners were allowed to replay the pairs of stimuli as many 

times as needed to make their judgments and to take as many rest breaks as 

needed.  They were instructed to guess if they were unsure which item in the pair 

was “shakier.” 

“Shaky” was selected as the descriptor for these studies because previous 

studies demonstrated that 70/70 naïve listeners independently described sustained 

vowels produced by individuals with vocal tremor as “shaky,” and this descriptor 

has been used in previous perceptual studies of vocal tremor (Lederle et al., 

2012).  In addition, an unpublished pilot study was conducted to determine if 

listeners could perceive differences in the magnitude of “shakiness” using pair 

comparison judgments.  The stimuli for this study were simulated productions of 

/i/ with an F0 of 267 Hz, a modulation rate of 5 Hz, and F0 modulation extents of 

1, 5, 10, and 20%.  Listeners were presented with pairs of stimuli with different 

extents of modulation and were asked to determine which sample in each pair was 

“shakier.”  Listeners performed this task with a mean accuracy of 92.5% across 5 

listeners.  That is, in the vast majority of cases, the sample with the highest extent 

of F0 modulation was selected as the “shakier” stimulus in the pair.  The range of 

accuracy was 94-100% for four listeners and 75% for one listener.  Intra-rater 

reliability was determined through repeated presentations of 75% of the stimuli 
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and was found to be 90%.  The results of these studies indicated that listeners can 

detect differences in “shakiness” between paired stimuli with high accuracy and 

reliability.   

Additional trials were conducted to determine if listeners could identify when 

there was no difference in the magnitude of “shakiness.” Four listeners were 

presented with pairs of vowels that were identical and pairs of vowels differing by 

one feature as described below.  They were given the option of choosing that the 

first vowel in the pair was “shakier,” the second vowel in the pair was “shakier,” 

or the first and second vowels in the pair were “equally shaky.”  They identified 

the matched pairs with a mean accuracy of 95% (range of 91-100%).  These trials 

indicated that participants can identify when stimuli are matched when given the 

choice.  As such, for the training and experimental trials, participants were 

presented with only two choices: the first vowel is “shakier” or the second vowel 

is “shakier.” 

For the experimental trials, participants were again presented with pairs of 

stimuli and were asked to identify which stimulus in the pair was “shakier.”  The 

stimuli in these pairs were either matched or differed by one characteristic only 

(i.e., F0, degree of vocal fold adduction, or vocal tract shape).  For example, one 

stimulus in a pair had an F0 of 110 Hz, a low degree of vocal fold adduction 

(corresponding to a breathy voice), /i/ vocal tract shape, and 1% modulation; the 

other stimulus in the pair had an F0 of 165 Hz, a low degree of vocal fold 
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adduction, /i/ vocal tract shape, and 1% F0 modulation.  With all possible 

combinations of F0, degree of vocal fold adduction, and vocal tract shape, extent 

for the female vocal tract or the male vocal tract, counterbalancing for order using 

AB and BA presentations, and matched pairs, 256 trials were presented to each 

listener.  Listeners were again given the option of replaying the stimuli and taking 

rest breaks at their discretion.  They were also instructed to guess if they were 

unsure which item in the pair was “shakier.”  Presentation of the female and male 

simulations was on two separate days for each listener; the order of presentation 

was randomly assigned and counterbalanced.  The procedures for Study 1a and 1b 

were identical, except the stimuli in Study 1b did not include glottal noise.   

Data analysis.  For each contrast (F0, degree of vocal fold adduction, vocal tract 

shape), the data were analyzed to determine the percentage of trials that the participants’ 

responses were consistent with the hypotheses (i.e., the percentage of trials when high F0 

was selected over low F0, high degree of vocal fold adduction (corresponding to a 

pressed vocal quality) was selected over a low degree of vocal fold adduction 

(corresponding to a breathy vocal quality), and a vocal tract shape representing /i/ was 

selected over a vocal tract shape representing /ɑ/ as being “shakier”).  This was 

determined separately for the glottal noise and no glottal noise conditions.  Intra-rater 

reliability was calculated by determining the percentage of trials (out of 4) when each 

participant’s judgments were consistent across items.  This analysis was performed in 

SPSS (IBM, Version 22) using the aggregate function with the break variables of 
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participant and stimulus pair.  Inter-rater agreement was calculated by determining the 

percentage of trials when all participants’ judgments were the same across items.  This 

analysis was performed again using an aggregate function with the break variable of 

stimulus pair only. 

Reliability and Agreement.  Intra-rater reliability was 75% for the female stimuli 

with glottal noise, 75% for the male stimuli with glottal noise, 71% for the female stimuli 

without glottal noise, and 73% for the male stimuli without glottal noise.  The inter-rater 

agreement was 64% for the female stimuli with glottal noise, 64% for the male stimuli 

with glottal noise, 59% for the female stimuli without glottal noise, and 59% for the male 

stimuli without glottal noise. 

Statistical analyses.  The data were analyzed using a repeated measures ANOVA 

with glottal noise as the between-subjects factor and with sex of the computational model 

(male, female) and contrast (F0, degree of vocal fold adduction corresponding to the 

vocal quality, vocal tract shape corresponding to the vowel) as the within-subjects factors 

in SPSS (IBM, 2013, Version 22).  Data were collapsed across extent of modulation 

because initial analyses did not reveal a pattern in participants’ judgments based on 

extent.    Planned one-tailed, one-sample t-tests with a test value of 50 (to account for 

chance) were performed in SPSS.  Post hoc analyses of effect size were calculated using 

Cohen’s d with a mean H0 of 50, mean of the actual data, and standard deviation of the 

actual data in G*Power (Faul, Erdfelder, Lang, & Buchner, 2007, Version 3.1.7).  
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Results 

The repeated measures ANOVA tests of within-subjects effects revealed that there 

was a significant main effect of contrast (F(2,80)=10.790, p<0.001) when a Greenhouse-

Geisser correction was applied due to violation of the assumption of sphericity, as 

indicated by a significant result of Mauchley’s Test of Sphericity (p=0.005).  There was a 

significant interaction of contrast and glottal noise (F(2,80)=6.124, p=.006) when a 

Greenhouse-Geisser correction was applied.  Tests of between-subjects effects revealed 

that there was a significant intercept (F(1,40)=61.183, p<0.001).  The data are presented 

in Figure 3.2. 

 

 (a) (b)     

Figure 3.2: Percentage of responses consistent with hypotheses for male (blue) and 

female (red) simulations with contrasts of F0, degree of vocal fold adduction 

corresponding to the vocal quality, and vocal tract shape corresponding to the vowel for 

the conditions: (a) with glottal noise and (b) without glottal noise. 

 

T-tests with the data collapsed across extent and sex of the model revealed a 

significant effect of degree of vocal fold adduction (M=75.11, SD=13.505); 

t(41)=12.051, p<0.001, d=1.859) and vocal tract shape (M=58.30, SD=16.225); 

t(41)=3.314, p=0.001, d=0.512) with glottal noise and a significant effect of F0 
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(M=58.22, SD=12.113); t(41)=4.399, p<0.001, d=0.678), degree of vocal fold adduction 

(M=60.68, SD=16.449); t(41)=4.207, p<0.001, d=0.649), and vocal tract shape 

(M=56.92, SD=9.490); t(41)=4.726, p<0.001, d=0.421) without glottal noise. 

Discussion 

The results of this study revealed that the degree of vocal fold adduction and 

vocal tract shape affected listeners’ perceptions of the magnitude of modulation of 

voice when glottal noise was present in the acoustic signal (as it would be in the 

human voice when there is incomplete adduction of the vocal folds).  A greater 

degree of vocal fold adduction corresponding to a pressed voice was perceived as 

being “shakier” than a lower degree of vocal fold adduction corresponding to a 

breathy voice.  Based on analyses of effect sizes, this was a large effect (Cohen, 

1969).  The vocal tract shape for /i/, which is known to enhance the amplitude of 

the higher harmonics, was perceived as “shakier” than the vocal tract shape for 

/ɑ/, which enhances the amplitude of the lower harmonics.  Effect size analyses 

indicated that this was a moderate effect.   

When glottal noise was not present in the acoustic signal, the mean F0 

representing vocal fold length, the degree of vocal fold adduction, and the vocal 

tract shape affected listeners’ perceptions of the magnitude of modulation of 

voice.  That is, a higher F0, a greater degree of vocal fold adduction 

corresponding to a pressed voice, and a vocal tract shape for /i/ were perceived as 

being “shakier.”  The corresponding effect sizes were moderate.  Although it is 
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not typical for a human to produce a breathy voice without glottal noise as it was 

in the computational model, the simulations without glottal noise were useful in 

revealing that F0 significantly effected perception of magnitude of modulation of 

voice only when glottal noise was not present in the signal.  This finding may 

indicate that the glottal noise, which was in the 300-3000 Hz frequency region, 

masked small differences in the amplitude of the higher harmonics between the 

high and low fundamental frequencies.   

It is presumed that these perceptual results are related to a reduction in the 

amplitude of the higher harmonics with the simulated manipulations to the voice 

source and vocal tract filter.  However, acoustical analyses are needed to 

determine if these manipulations do in fact reduce the amplitude of the higher 

harmonics.  Regression analyses are needed to determine if differences in the 

perception of magnitude of modulation of voice are related to differences in the 

amplitude of the harmonics, particularly in the higher frequency regions where the 

human auditory system is most sensitive. 

Study 2 

Method 

Acoustical and perceptual data.  The acoustic signals for Study 2 were the 

experimental audio stimuli used in Study 1.  All of the stimulus pairs from Study 

1a and 1b, except for the matched pairs, were included in the acoustical analyses 

for Study 2. 
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Acoustical analyses.  Acoustical analyses were performed using custom-

written Matlab (The Mathworks, 2011, Version 7.13.0.564 [R2011b]) scripts 

based on the American National Standard Specification for Octave-Band and 

Fractional-Octave-Band Analog and Digital Filters (ANSI S1.1-1986 (ASA 65-

1986), 1993).  The root mean square (RMS) amplitudes within each octave band 

were normalized to the total RMS amplitude (on a linear scale) for each full 

signal.  The acoustic signals were then analyzed to determine the mean amplitude 

and the standard deviation of the amplitude within the six standard octave bands 

(center frequencies: 125, 250, 500, 1000, 2000, and 4000 Hz) shown in Figure 

3.3.  The coefficient of variation of the amplitude was then calculated by dividing 

the standard deviation by the mean for each octave band to represent the extent of 

amplitude modulation within each band.  Coefficient of variation was used rather 

than a direct measurement of extent because of the non-sinusoidal nature of the 

amplitude output for the octave bands, particularly in the higher frequencies.  This 

was likely a result of harmonic energy modulating in and out of adjacent bands as 

the F0 modulated.   
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Figure 3.3: Six octave bands (with center frequencies of 125, 250, 500, 1000, 

2000, 4000 Hz) used for acoustical analyses of simulated vowels with F0 

modulation. 

 

Statistical analyses.  For each contrast (F0, degree of vocal fold adduction, vocal 

tract shape), the participants’ perceptual judgments (i.e., stimulus 1 is “shakier” or 

stimulus 2 is “shakier”) were modeled using binary logistic stepwise regression with 

potential predictor variables representing: 1) the ratios of the mean amplitudes in each of 

the six octave bands for each of the stimulus pairs, and 2) the ratios of the coefficients of 

variation in each of the six octave bands for each of the stimulus pairs.  These two models 

were calculated separately for the glottal noise and no glottal noise conditions, but not for 

the female and male stimuli to more precisely model the perceptual results in Study 1.   

The order of entry of the variables into the forward conditional stepwise regression 

model was based on a conditional likelihood ratio test with criterion of variable entry of 

p<.05 and removal of p>.10.  That is, the variables that were entered into the model were 

the best predictors of the odds that a listener would choose one stimulus over another as 

being “shakier.”  As such, these are reported as “the best predictors.”  These models were 

calculated using SPSS (IBM, Version 22). 
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Results 

Examples of the results of the acoustical analyses are presented in Figures 3.4 and 3.5 

(all acoustical analyses are presented in Appendices A-B).  These analyses revealed that, 

for the stimuli with a low degree of vocal fold adduction (corresponding to a breathy 

vocal quality) compared to stimuli with a high degree of vocal fold adduction 

(corresponding to a pressed vocal quality), the amplitude of the higher harmonics was 

reduced above 2500 Hz for /i/ and above 1000 Hz for /ɑ..  This was true for both the 

female and the male stimuli with and without glottal noise.   
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Figure 3.4: Narrowband spectrogram (left panel), octave band analyses (middle 

panel), and average spectrum (right panel) for the female /i/ with an F0 of 220 Hz, 

an F0 modulation extent of 5%, and a low degree of vocal fold adduction 

(corresponding to a breathy vocal quality) with glottal noise (upper row) and 

without glottal noise (middle row), and a high degree of vocal fold adduction 

(corresponding to a pressed vocal quality) (lower row). 
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Figure 3.5: Narrowband spectrogram (left panel), octave band analyses (middle 

panel), and average spectrum (right panel) for the male /ɑ/ with an F0 of 110 Hz, 

an F0 modulation extent of 10%, and a low degree of vocal fold adduction 

(corresponding to a breathy vocal quality) with glottal noise (upper row) and 

without glottal noise (middle row), and a high degree of vocal fold adduction 

(corresponding to a pressed vocal quality) (lower row). 
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For the female /i/ stimuli, the 250 Hz band had the highest mean amplitude when the 

degree of vocal fold adduction was low, but the 4000 Hz band had the highest mean 

amplitude when the degree of vocal fold adduction was high.  The 1000 Hz band had the 

highest mean amplitude for all female /ɑ/ stimuli.  For the male /i/ stimuli, the 125 Hz 

band had the highest mean amplitude when the degree of vocal fold adduction was low, 

and the 2000 Hz band had the highest mean amplitude when the degree of vocal fold 

adduction was high.  This was true for the 1, 5, and 10% F0 modulation extents.  For the 

20% extent, the 125 Hz band and the 250 Hz bands had the highest mean amplitudes only 

when the degree of vocal fold adduction was low and there was glottal noise.   

For the male /ɑ/ stimuli with a low F0, the 125 Hz band had the highest mean 

amplitude when the degree of vocal fold adduction was low and there was glottal noise, 

and the 250 Hz band had the highest mean amplitude when the degree of vocal fold 

adduction was low but there was no glottal noise.  The mean amplitude for the high 

degree of vocal fold adduction was greatest for the 500 and 1000 Hz bands.  For the male 

/ɑ/ stimuli with a high F0, the 500 Hz band had the highest mean amplitude when the 

degree of vocal fold adduction was low and there was glottal noise, and the 500 Hz and 

1000 Hz bands had the highest mean amplitudes when the degree of vocal fold adduction 

was low but there was no glottal noise.  This was true only for the 1, 5, and 10% extents.  

For the 20% extent, the 1000 Hz band had the highest mean amplitude when the degree 

of vocal fold adduction was low and there was glottal noise. 
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Glottal noise.    

Mean amplitude.  For the high vs. low F0 contrast, the 125 Hz band was the best 

predictor of the odds that a listener would choose one stimulus over another as being 

“shakier” (Cox & Snell R-square = .004, χ
2
 (1, N = 2688) = 10.953, p<.005).  For the low 

vs. high degree of vocal fold adduction contrast, in order of entry into the model, the best 

predictors were the:  1) 125 Hz band, 2) 2000 Hz band, 3) 500 Hz band, and 4) 1000 Hz 

band (Cox & Snell R-square = .215, χ
2
 (4, N = 2688) = 649.821, p<.001).  For the /i/ vs. 

/ɑ/ vocal tract shape contrast, the 1000 Hz band was the best predictor (Cox & Snell R-

square = .033, χ
2
 (1, N = 2688) = 90.498, p<.001). 

Coefficient of variation.  For the high vs. low F0 contrast, the 500 Hz and 125 Hz 

bands were the best predictors (Cox & Snell R-square = .008, χ
2
 (2, N = 2688) = 20.660, 

p<.05).  For the low vs. high degree of vocal fold adduction contrast, the best predictors 

were the:  1) 500 Hz band, 2) 2000 Hz band, 3) 250 Hz band, 4) 1000 Hz band, and 5) 

4000 Hz band (Cox & Snell R-square = .151, χ
2
 (5, N = 2688) = 441.596, p<.001).  For 

the /i/ vs. /ɑ/ vocal tract shape contrast, the best predictors were the:  1) 1000 Hz band, 2) 

500 Hz band, 3) 125 Hz band, and 4) 4000 Hz band (Cox & Snell R-square = .024, χ
2
 (4, 

N = 2688) = 64.381, p<.001).   

No glottal noise. 

Mean amplitude.  For the high vs. low F0 contrast, the 4000 Hz and the 125 Hz 

bands were the best predictors (Cox & Snell R-square = .025, χ
2
 (2, N = 2688) = 68.598, 

p<.001).  For the low vs. high degree of vocal fold adduction contrast, the 125 Hz and 
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500 Hz bands were the best predictors (Cox & Snell R-square = .043, χ
2
 (2, N = 2688) = 

117.215, p<.001).  For the /i/ vs. /ɑ/ vocal tract shape contrast, the 1000 Hz band was the 

best predictor (Cox & Snell R-square = .016, χ
2
 (1, N = 2688) = 44.343, p<.001). 

Coefficient of variation.  For the high vs. low F0 contrast, the 125 Hz and 1000 

Hz bands were the best predictors (Cox & Snell R-square = .012, χ
2
 (2, N = 2688) = 

32.089, p<.001).  For the low vs. high degree of vocal fold adduction contrast, the best 

predictors were the:  1) 500 Hz band, 2) 125 Hz band, 3) 250 Hz band and 4) 4000 Hz 

band (Cox & Snell R-square = .022, χ
2
 (4, N = 2688) = 59.399, p<.001).  For the /i/ vs. 

/ɑ/ vocal tract shape contrast, the 500 Hz and 4000 Hz bands were the best predictors 

(Cox & Snell R-square = .005, χ
2
 (2, N = 2688) = 14.429, p<.005). 

Discussion 

The results of this study indicate that low frequency bands containing the F0 

as well as high frequency bands containing the higher harmonics may be used by 

listeners when making judgments about the magnitude of modulation of voice.  

However, the frequency regions that best predict participants’ responses depended 

on the contrasts within the stimulus pairs and the acoustical features of the stimuli 

in the pairs.  It might be predicted that the magnitude of modulation of voice 

would be determined for F0 contrasts using only information in the low 

frequencies, for degree of vocal fold adduction using only information in the high 

frequencies, and for vocal tract shape using only information the mid-frequencies.  
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However, combinations of the mean amplitude and coefficient of variation of 

amplitude in the low and high frequencies were used for most contrasts. 

When glottal noise was included in the signal, as it would be with the human 

voice, the mean amplitude in the low frequency band of 125 Hz was used with F0 

contrasts, mean amplitude in the low and high frequency bands was used with 

degree of vocal fold adduction contrasts, and mean amplitude in the high 

frequency band of 1000 Hz was used with vocal tract shape contrasts.  Similarly, 

the coefficient of variation in the low frequency bands was used with F0 contrasts 

and the coefficient of variation in low and high frequency bands was used with 

degree of vocal fold adduction contrasts.  In contrast, the coefficient of variation 

in the low and high frequency bands was used with vocal tract shape contrasts.  

When glottal noise was not included in the signal, the mean amplitude in the low 

and high frequency bands was used with F0 contrasts, mean amplitude in the low 

frequency bands was used with degree of vocal fold adduction contrasts, and 

mean amplitude in the high frequency band of 1000 Hz was used with vocal tract 

shape contrasts.  The coefficient of variation in both the low and high frequency 

bands was used with all three contrasts.   

The difference in the variables used in the regression models with and without 

glottal noise may be due to the noise masking small acoustical differences in the 

high frequency regions or the lack of high frequency energy in the stimuli with a 

low degree of vocal fold adduction without glottal noise.  For example, with F0 
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contrasts, the mean amplitude and the coefficient of variation of the high 

frequency bands were not found to be good predictors when there was glottal 

noise, but were when there was no glottal noise.  This pattern did not hold true, 

however, for the degree of vocal fold adduction or vocal tract shape contrasts.  

With degree of vocal fold adduction contrasts, the mean amplitude of the high 

frequency bands were good predictors when there was glottal noise, but not when 

there was no glottal noise.  This is likely due to the lack of high frequency energy 

in the stimuli with a low degree of vocal fold adduction that had no glottal noise.  

For the vocal tract shape contrasts, the 1000 Hz frequency band was the only 

variable used in the model for the mean amplitude with and without glottal noise.  

This is to be expected because the formants for /i/ and /ɑ/ can be distinguished by 

the amplitude within the 1000 Hz region. 

Although there are patterns in the variables used in the regression models for 

the F0, degree of vocal fold adduction, and vocal tract shape contrasts, the 

goodness of fit of all of the models was only fair based on the R-square values.  

The best fit was for the degree of vocal fold adduction contrast with glottal noise 

using the mean amplitude (R-square = .215) and the coefficient of variation (R-

square = .151).  Interestingly, degree of vocal fold adduction was the variable that 

also had significant effect (with the highest effect size and mean of 75%) on 

participants’ perception in Study 1 when there was glottal noise.  When glottal 

noise was not present in the signal, the goodness of fit was lower with the degree 



87 

 

of vocal fold adduction contrasts for both the mean amplitude (R-square = .043) 

and the coefficient of variation (R-square = .022).  Degree of vocal fold adduction 

also had a significant effect on participants’ perceptual judgments in the previous 

study when there was no glottal noise, although the effect size was moderate. 

Conclusions 

The use of computer-simulated voice samples involving primary modulation of the 

F0 revealed that adjustments to the voice source (e.g., vocal fold length, degree of vocal 

fold adduction) and vocal tract filter (e.g., vocal tract configuration for vowels) affect the 

perception of the magnitude of voice modulation.  Specifically, listeners perceived a 

higher magnitude of voice modulation when simulated samples had a higher mean F0 

corresponding to a greater vocal fold length, greater degree of vocal fold adduction 

corresponding to a pressed voice, and a vocal tract shape known to enhance the amplitude 

of the higher harmonics (i.e., /i/ vs. /ɑ/).  However, the effect of F0 was significant only 

when glottal noise was not present in the acoustic signal, which is not possible in 

humans.  Based on acoustical analyses, listeners use combinations of low and high 

frequency information to make judgments about the magnitude of modulation of voice.  

Further studies are needed to determine if the results from this simulation study hold true 

in humans. 
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CHAPTER 4: ACOUSTICAL BASES FOR THE PERCEPTION OF VIBRATO AS 

A MODEL OF VOCAL TREMOR 

 

Introduction 

The aim of Study 1 was to determine if trained singers producing vibrato with 

modulation of the F0 could volitionally modify characteristics of the voice source 

(i.e., F0, vocal quality) and vocal tract filter (i.e., vowel) to reduce listeners’ 

perception of the magnitude of modulation of voice.  The aim of Study 2 was to 

determine the acoustical characteristics that were associated with differences in 

perception of the magnitude of modulation of voice.  It was expected that 

volitional manipulation of vocal quality and vowel by singers producing vibrato 

would change listeners’ perception of the magnitude of modulation of voice and 

change the amplitude of the higher harmonics, as was seen in the previous study.  

If these manipulations are effective in reducing the perception of the magnitude of 

modulation of voice, this would be further support that these compensatory 

strategies could be beneficial for individuals with vocal tremor involving vocal 

fold length modulation.   

Study 1 

Method 

Singers.  Five classically-trained singers participated in this study (3 female, 2 male) 

with a mean age of 30 years (range = 19-37 years).   During the initial screening, all 

singers reported and exhibited a good understanding of written and spoken English and 

denied a history of cognitive, neurological, upper respiratory tract, speech, and hearing 
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disorders.  Prior to the experimental trials, all singers passed a bilateral hearing screening 

using pulsed pure tones at 500, 1000, 2000, and 4000 Hz at 25 dB (American Speech-

Language-Hearing Association, 1997).  This study was approved by the University of 

Arizona Institutional Review Board (UA IRB). 

Data Collection.  Audio recordings were obtained for each singer in a sound-

treated booth using an AKG C420 head-mounted condenser microphone.  

Simultaneously, electroglottographic (EGG) signals were obtained using the 

EGGs for Singers electroglottograph with surface electrodes placed bilaterally on 

the lamina of the thyroid cartilage.  The audio and EGG signals were routed 

through a Tascam US-122 MK II audio/MIDI interface to a desktop computer 

with Voce Vista 3.2 software.  A spectrogram was displayed in Voce Vista, and 

singers were oriented to the information represented in the spectrogram for visual 

feedback during audio recordings.   

Singers were asked to produce vibrato with sustained vowels /i/ and /ɑ/ at two 

different target musical notes (A2 and E3 for males, A3 and C4 for females) and 

with two different vocal qualities (breathy and pressed).  At least 16 audio 

recordings were obtained for each singer with all combinations of vowel, musical 

note, and vocal quality, and one repetition of each combination.  Singers were 

asked to sustain the vowels for as long as they comfortably could; therefore, 

signals varied in duration. 
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Audio Stimuli.  One second segments from approximately the mid-point of 

the audio recordings were analyzed for the rate and extent of F0 and intensity 

modulation using a custom-written Praat script.  Based on these analyses in 

conjunction with singers’ histories, the first male’s recordings and the second 

female singer’s recordings were selected for the perceptual and acoustical studies.  

The second male singer’s recordings were excluded because the rate and extent of 

F0 modulation were variable within and between recordings.  In addition, he 

reported that he had discontinued his classical singing career due to difficulties 

with his vibrato.  The first female singer’s recordings were excluded because she 

reported at the end of the session that she had a history of chronic recurrent 

laryngeal nerve paresis.  The third female singer’s recordings were excluded 

because she had an atypically high rate of F0 modulation (7 Hz) and reported that 

one of her singing teachers did not find her vibrato acceptable and described it as 

a “wobble.”  The male recordings that were included had an F0 modulation rate 

ranging between 5.2-5.8 Hz and an extent ranging between 1.2-3.3%.  The female 

recordings that were included had an F0 modulation rate ranging between 5.0-5.4 

Hz and an extent ranging between 3.0-5.6%.  For the following perceptual study, 

a 0.1 second long silence was included before and after each one-second-long 

vowel, and a 0.05 second long fade in and out was imposed for each vowel to 

avoid a click at the onset and offset.  
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Listeners.  Twenty listeners (17 female, 3 male) with a mean age of 21 years 

(range = 18-28 years) were included in this study.  Prior to the experiment, all 

listeners passed a bilateral hearing screening using pulsed pure tones at 500, 1000, 

2000, and 4000 Hz at 25 dB (American Speech-Language-Hearing Association, 

1997).  All listeners reported and exhibited a good understanding of written and 

spoken English and denied a history of cognitive disorders.  This study was 

approved by the University of Arizona Institutional Review Board (UA IRB). 

Listening Task.  The methods for the current listening experiment were 

identical to the methods used in the study reported in Chapter 3.  However, they 

will be summarized here for completeness.  Listeners were seated individually in 

a sound-treated booth.  Audio stimuli were presented with an intensity of 60 dB 

SPL over a loudspeaker placed 1 m in front of the listener.  An ALVIN interface 

(Hillenbrand & Gayvert, 2005) was used to present stimuli and record listeners’ 

responses.  Paired stimuli were presented with an inter-stimulus interval of 5 msec 

and an inter-trial interval of 7 msec.   

Prior to the experiment, each listener participated in a brief training protocol 

consisting of 16 pairs of simulated vowels with different extents of modulation (1, 

5, 10, 20%), one degree of vocal fold adduction corresponding to a normal vocal 

quality, one F0 (either 123 Hz for the male trials or 247 Hz for the female trials), 

and one neutral vowel (/ᴧ/).  Each pair was presented in AB and BA orders.  

Listeners were provided with verbal and written instructions to identify which 
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stimulus in each pair was “shakier,” to replay the pairs of stimuli as many times as 

needed, and to take as many rest breaks as needed.  Participants were instructed to 

guess if they were unsure which item in the pair was “shakier.” 

For the experimental trials, participants were again presented with pairs of 

stimuli and were asked to identify which stimulus in the pair was “shakier.”  The 

stimuli in these pairs were either matched or differed by one characteristic only 

(i.e., musical note corresponding to F0, vocal quality, and vowel).  With all 

possible combinations of musical note, vocal quality, and vowel for the female 

singer or the male singer, counterbalancing for order using AB and BA 

presentations, and matched pairs, 64 trials were presented to each listener.  

Listeners were given same instructions for replaying stimuli, taking rest breaks, 

and guessing as they were during the training.  The order of presentation of the 

female and male simulations was randomly assigned and counterbalanced.   

Data analysis.  For each contrast (musical note corresponding to F0, vocal quality, 

and vowel), the percentage of trials that the participants’ responses were consistent with 

the hypotheses (i.e., the percentage of trials when high F0 was selected over low F0, 

pressed vocal quality was selected over breathy vocal quality, and /i/ was selected over 

/ɑ/ as being “shakier”) was determined.  Intra-rater reliability was calculated by 

determining the percentage of trials (out of 4) when each participant’s judgments were 

consistent across items using the aggregate function with the break variables of 

participant and stimulus pair in SPSS (IBM, Version 22).  Inter-rater agreement was 



93 

 

calculated by determining the percentage of trials when all participants’ judgments were 

the same across items using an aggregate function with the break variable of stimulus pair 

only. 

Reliability and Agreement.  Intra-rater reliability was 83% for the female stimuli 

and 84% for the male stimuli.  Inter-rater agreement was 70% for the female stimuli and 

78% for the male stimuli. 

Statistical analyses.  The data were analyzed using a repeated measures ANOVA 

with sex of the singer (male, female) and contrast (musical note, vocal quality, vowel) as 

within-subjects factors in SPSS (IBM, 2013, Version 22).  Planned one-tailed, one-

sample t-tests with a test value of 50 (to account for chance) were performed in SPSS.  

Post hoc analyses of effect size were calculated using Cohen’s d with a mean H0 of 50, 

mean of the actual data, and standard deviation of the actual data in G*Power (Faul, 

Erdfelder, Lang, & Buchner, 2007, Version 3.1.7).  

Results 

The repeated measures ANOVA test of within-subjects effects revealed that there 

were significant main effects of sex (F(1,19)=55.586, p<0.001) and contrast 

(F(2,38)=9.084, p<0.005) and a significant interaction of sex and contrast 

(F(2,38)=24.408, p<0.001).  The data are presented in Figure 4.1. 
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Figure 4.1: Percentage of responses consistent with hypotheses for the male (blue) and 

the female (red) productions with contrasts of musical note corresponding to F0, vocal 

quality, and vowel. 

 

T-tests revealed a significant effect of vocal quality (M=84.689, SD=19.710); 

t(19)=7.871, p<0.0005, d=1.760) for the female stimuli. 

Discussion 

The results of this study revealed that the vocal quality affected listeners’ 

perception of the magnitude of modulation of voice in the direction that was 

predicted with the female stimuli only.  The patterns of perception differed 

between the male and female stimuli for the vocal quality and the musical note 

(F0) contrasts.   A pressed voice was more often perceived as being “shakier” 

than a breathy voice for the female stimuli.  With the male stimuli, the opposite 

was true (i.e., a breathy voice was more often perceived as being “shakier” than a 

pressed voice).  With the musical note contrasts, a high F0 was more often 

perceived as being “shakier” than a low F0 with the female stimuli, but the 

opposite was true for the male stimuli.  The patterns of perception of vowel 
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contrasts were the same with female and male stimuli, but differed from the 

hypothesis for the vowel contrast.  That is, the vowel /ɑ/ was perceived more 

often as being “shakier” than /i/ with both the male and female stimuli. 

The results of this perceptual study with singers producing vibrato to simulate 

vocal tremor differ from the perceptual study with computer-simulated vocal 

tremor reported in Chapter 3.  In the previous study, the pressed voice was 

perceived more often as being “shakier” than the breathy voice and the vowel /i/ 

was perceived more often as being “shakier” than the /ɑ/ for both the female and 

male stimuli. It is presumed that these differences in the perceptual results are 

related to some acoustical differences in the output of the female singer compared 

to the male singer and in the vocal tract shaping of the singers compared with the 

simulated vocal tract shape in the previous study.  However, acoustical analyses 

are needed to determine the bases for these differences in perception. 

Study 2 

Method 

Acoustical and perceptual data.  The acoustic signals for Study 2 were the 

experimental audio stimuli used in Study 1.  All of the stimulus pairs from Study 

1, except for the matched pairs, were included in the acoustical analyses for  

Study 2. 

Acoustical analyses.  The methods for the current acoustical analyses were 

identical to the methods used in the study reported in Chapter 3.  For 
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completeness, they will be summarized here.  Acoustical analyses were performed 

using custom-written Matlab (The Mathworks, 2011, Version 7.13.0.564 

[R2011b]) scripts that were based on the American National Standard 

Specification for Octave-Band and Fractional-Octave-Band Analog and Digital 

Filters (ANSI S1.1-1986 (ASA 65-1986), 1993).  The root mean square (RMS) 

amplitudes within each octave band were normalized to the total RMS amplitude 

(on a linear scale) for each signal.  The acoustic signals were then analyzed for the 

mean amplitude and the standard deviation of the amplitude within the six 

standard octave bands with the center frequencies of: 125, 250, 500, 1000, 2000, 

and 4000 Hz.  These bands are shown in Figure 4.2.  The coefficient of variation 

of the amplitude was then calculated by dividing the standard deviation by the 

mean for each octave band to represent the extent of amplitude modulation within 

each band.   

 

Figure 4.2: Six octave bands (with center frequencies of 125, 250, 500, 1000, 

2000, 4000 Hz) used for acoustical analyses of singers’ vowel productions with 

F0 modulation. 
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Statistical analyses.  For each contrast (musical note, vocal quality, and vowel), the 

participants’ perceptual judgments (i.e., stimulus 1 is “shakier” or stimulus 2 is “shakier”) 

were modeled using binary logistic stepwise regression with potential predictor variables 

representing: 1) the ratios of the mean amplitudes in each of the six octave bands for each 

of the stimulus pairs, and 2) the ratios of the coefficients of variation in each of the six 

octave bands for each of the stimulus pairs.  These two models were calculated separately 

for female and male stimuli to more precisely model the perceptual results in Study 1.   

The order of entry of the variables into the forward conditional stepwise regression 

model was based on a conditional likelihood ratio test with criterion of variable entry of 

p<.05 and removal of p>.10.  The variables entered into the model were the best 

predictors that a listener would select one stimulus over another as sounding “shakier.”  

These models were calculated using SPSS (IBM, Version 22). 

Results 

Examples of the results of the acoustical analyses are presented in Figures 4.3 and 4.4 

(all acoustical analyses are presented in Appendices C-D).  These analyses revealed that, 

for the breathy stimuli compared to the pressed stimuli, the amplitude of the higher 

harmonics was reduced above 1000 Hz for /i/ and above 500 Hz for /ɑ/.  This was true for 

both the female and the male stimuli. 
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Figure 4.3:  Narrowband spectrogram (left panel), octave band analyses (middle panel), 

and average spectrum (right panel) for the female /i/ with a target note of A3 

corresponding to an F0 of 220 Hz and a breathy vocal quality (upper row) and pressed 

vocal quality (lower row). 
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Figure 4.4:  Narrowband spectrogram (left panel), octave band analyses (middle panel), 

and average spectrum (right panel) for the male /ɑ/ with a target note of A2 

corresponding to an F0 of 110 Hz and a breathy vocal quality (upper row) and pressed 

vocal quality (lower row). 

 

For the female /ɑ/ stimuli, the 250 Hz band had the highest mean amplitude when the 

vocal quality was breathy, but the 1000 Hz band had the highest mean amplitude when 

the vocal quality was pressed.  This did not differ based on F0.  For the /i/ stimuli, the 

250 Hz band had the highest mean amplitudes for both the breathy and pressed stimuli.  

This did not differ based on the F0 either. 

For the male /ɑ/ stimuli, the 125 Hz band had the highest mean amplitude when the 

vocal quality was breathy, but the 1000 Hz band had the highest mean amplitude when 

the vocal quality was pressed.  For the /i/ stimuli, the 125 Hz band had the highest mean 
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amplitude for the breathy quality, but the 250 Hz band had the highest mean amplitude 

for the pressed quality.  Neither of these patterns differed based on the F0. 

Female. 

Mean amplitude.  For the high vs. low F0 contrast, the 500 Hz and 125 Hz bands 

were the best predictors of the odds that a listener would select one stimulus over another 

as being “shakier” (Cox & Snell R-square = 0.099, χ
2
 (2, N = 320) = 33.414, p<.001).  

For the breathy vs. pressed vocal quality contrast, the best predictors in the order of entry 

into the model were the: 1) 2000 Hz band, 2) 125 Hz band, and 3) 250 Hz band (Cox & 

Snell R-square = 0.386, χ
2
 (3, N = 320) = 158.103, p<.001).  For the /i/ vs. /ɑ/ contrast, 

the best predictors were the: 1) 125 Hz band, 2) 250 Hz band, and 3) 4000 Hz band (Cox 

& Snell R-square = 0.103, χ
2
 (3, N = 320) = 34.632, p<.001).  

Coefficient of variation.  For the high vs. low F0 contrast, the 4000 Hz and 250 

Hz bands were the best predictors (Cox & Snell R-square = 0.112, χ
2
 (1, N = 320) = 

38.036, p<.001).  For the breathy vs. pressed vocal quality contrast, the best predictors 

were the: 1) 2000 Hz band, 2) 250 Hz band, 3) 500 Hz band, and 4) 125 Hz band (Cox & 

Snell R-square = 0.413, χ
2
 (4, N = 320) = 170.723, p<.001).  For the /i/ vs. /ɑ/ contrast, 

the best predictors were the:  1) 250 Hz band, 2) 125 Hz band, and 3) 2000 Hz band (Cox 

& Snell R-square = 0.109, χ
2
 (3, N = 320) = 37.029, p<.001).   

Male. 

Mean amplitude.  For the high vs. low F0 contrast, the 2000 Hz and 250 Hz 

bands were the best predictors (Cox & Snell R-square = 0.336, χ
2
 (2, N = 320) = 131.077, 
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p<.001).  For the breathy vs. pressed vocal quality contrast, the 125 Hz and 4000 Hz 

bands were the best predictors (Cox & Snell R-square = 0.265, χ
2
 (2, N = 320) = 98.428, 

p<.001).  For the /i/ vs. /ɑ/ contrast, the best predictors were the:  1) 2000 Hz band, 2) 

125 Hz band, 3) 4000 Hz band, and 4) 250 Hz band (Cox & Snell R-square = 0.270, χ
2
 

(4, N = 320) = 100.610, p<.001). 

Coefficient of variation.  For the high vs. low F0 contrast, the best predictors 

were the: 1) 250 Hz band, 2) 500 Hz band, 3) 1000 Hz band, 4) 125 Hz band (Cox & 

Snell R-square = 0.345, χ
2
 (4, N = 320) = 136.036, p<.001).  For the breathy vs. pressed 

vocal quality contrast, the best predictors were the: 1) 250 Hz band, 2) 500 Hz band, and 

3) 125 Hz band (Cox & Snell R-square = 0.310, χ
2
 (3, N = 320) = 118.583, p<.001).  For 

the /i/ vs. /ɑ/ contrast, the best predictors were the:  1) 500 Hz band, 2) 250 Hz band, 3) 

125 Hz band, 4) 1000 Hz band, 5) 4000 Hz band, 6) 2000 Hz band, and 7) 125 Hz band 

(Cox & Snell R-square = 0.288χ
2
 (6, N = 320) = 108.893, p<.001).   

Discussion 

The results of this study indicate that the information in low and high 

frequency bands may be used by listeners to make judgments about the magnitude 

of modulation of voice, which is consistent with the results of the previous study 

using a computational model.  For female voices in the present study, the best 

predictors of participants’ responses were the mean amplitude within low 

frequency bands with F0 contrasts and the mean amplitude within the low and 

high frequency bands with quality contrasts and with vowel contrasts.  The 
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coefficient of variation of amplitude of the low and high frequency bands were 

the best predictors of participants’ responses with all three contrasts.   For male 

voices, the mean amplitude and the coefficient of variation of amplitude of the 

low and high frequency bands were the best predictors with all contrasts. 

Although low and high frequency information appeared to be used by listeners 

when making judgments about the magnitude of modulation of voice, only the 

vocal quality contrast had a significant effect on listeners’ judgments of the 

magnitude of modulation of the female voice in the direction that was predicted.  

The F0, vocal quality, and vowel contrasts had an effect on listeners’ judgments 

of magnitude of modulation of the male voice in the opposite direction that was 

predicted.   

The pattern in the perceptual findings of this study unexpectedly differed from 

the results of the previous study.  That is, in the previous study, the pressed voice 

was perceived more often as being “shakier” than the breathy voice, and the 

vowel /i/ was perceived more often as being “shakier” than the /ɑ/ for both the 

female and male stimuli.  In the current study, the pressed voice was more often 

perceived as being “shakier” than the breathy voice only for the female stimuli; 

with the male stimuli, the opposite was true.  In addition, the /ɑ/ was perceived as 

being “shakier” than the /i/ with both the female and male stimuli.   

These differences in the perception of the breathy vs. pressed voices for the 

male and female singers might be due to the irregularity in the rate and extent of 
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F0 modulation that was seen in the male productions, whereas, the rate and extent 

of F0 modulation in the female productions appeared to be quite regular.  

Listeners in this study were trained to make judgments about the magnitude of 

modulation of voice using stimuli with sinusoidal modulation of the F0, which 

may have inadequately primed listeners to make judgments about voices with 

irregular rates and extents of F0 modulation.  In addition, a previous study of the 

perception of vocal tremor revealed that the regularity of F0 modulation has an 

effect on listeners’ perception of vocal tremor (Kreiman et al., 2003).   

The differences in the perception of the breathy vs. pressed voices for the 

male and female singers might also be due to differences in the extent of F0 

modulation between the female and male productions.  That is, acoustical 

analyses revealed that the female’s F0 modulation extent ranged between 3.0-5.6 

Hz, whereas the male’s F0 modulation extent ranged between 1.2-3.3 Hz.  No 

differences were seen in the patterns of participants’ judgments based on the 

extent of F0 modulation in the previous study.  However, these patterns might be 

revealed with a higher number of trials.  This should be investigated in future 

studies. 

Future research should also be conducted to study how perception of the 

magnitude of modulation of voice is affected by the mean amplitude and 

coefficient of variation of the amplitude in frequency bands that are higher than 

the bands used in this study.  Moore & Tan (2003) found that judgments of the 
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“naturalness” of voices were significantly affected by high frequency energy 

between 7,000 Hz and 10,900 Hz.  In addition, Liss, LeGendre, & Lotto (2010) 

found that the 8,000 Hz octave band was the best at predicting dysarthria type for 

different speakers with neuromotor diseases.  Monson, Hunter, Lotto, & Story 

(2014) suggested that voice therapy to improve vocal quality might be improved 

by understanding the contribution of high frequency energy (i.e., energy above 

5,000 Hz) to the perception of vocal quality.  As mentioned in the previous study, 

a small percentage of F0 modulation results in a wide range of frequency 

modulation in the higher harmonics.  Therefore, it is possible that modulation of 

frequencies above 5,000 Hz, which were not measured in the present study, could 

contribute most to the perception of the severity of vocal tremor. 

Conclusions 

Simulations of laryngeal vocal tremor using singers producing vibrato 

revealed that adjustments to the degree of vocal fold adduction (corresponding to 

breathy and pressed vocal qualities) affected the perception of magnitude of 

modulation of the female voice. The perceptual patterns differed for vocal quality 

between the female and the male singer’s productions.  The perceptual patterns 

for F0 and vowel contrasts differed in this study compared with the previous 

study using a computational model and were in the opposite direction of the 

hypotheses.  Further studies are needed to determine if these differences in the 
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perceptual results might be due to differences in the extent of F0 modulation or 

the regularity in the rate and extent of F0 modulation. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

The results of these studies are the first to indicate that listeners use modulation 

information present in both low and high frequency bands to make judgments about the 

magnitude of modulation of voice.  In addition, these studies provide evidence that a 

breathy voice with a sinusoidally modulated F0 is perceived by listeners as having a 

lower magnitude of modulation of voice than a pressed voice with a sinusoidally 

modulated F0, even when the extent of F0 modulation is the same.  Therefore, production 

of a breathy voice might be an effective strategy for individuals with laryngeal vocal 

tremor to reduce listeners’ perceptions of the magnitude of modulation of voice.   

However, this strategy may not be effective for all speakers with laryngeal vocal 

tremor.  For example, when the modulation of F0 is irregular (i.e., non-sinusoidal), this 

strategy may not be effective in reducing the perception of the magnitude of modulation 

of voice.  In addition, the effectiveness of this strategy may depend on the extent of F0 

modulation.  That is, when there is a high extent of F0 modulation, production of a 

breathy voice might be more beneficial in reducing listeners’ perception of the magnitude 

of modulation of voice than when there is a low extent of F0 modulation.   

The potential benefit of manipulating vocal quality to reduce the perception of 

the magnitude of modulation of voice appears to have acoustical rather than 

physiological underpinnings, based on these studies.  In contrast, the success of 

manipulation of the F0 found by Barkmeier-Kraemer et al. (2011) may have been 
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due to a physiological effect.  That is, an adjustment to F0 involves an alteration 

in the balance of activation of the cricothyroid and thyroarytenoid muscles, which 

has been found to change the extent of F0 modulation in the acoustic signal 

(Lester & Story, 2013b).  Therefore, changes in the F0 may reduce the modulation 

of vocal fold length or tension, thereby reducing the extent of F0 modulation and 

the listener’s perception of modulation of voice.   

Although changes in vocal tract shape for vowel production did not 

consistently affect listeners’ perception of magnitude of modulation of voice with 

the computer-simulated and singer-simulated vocal tremor, it might be possible to 

modify an individuals’ overall vocal tract shape to reduce the amplitude of the 

higher harmonics.  For example, singers have the ability to change the overall 

shape of the vocal tract to enhance the energy in around 3,000 Hz while 

preserving the target vowel identity; this is known as the singer’s formant 

(Sundberg, 1974; Weiss, Brown, & Moris, 2001).  Therefore, it might be possible 

to train individuals with vocal tremor to change the overall vocal tract shape to 

reduce the energy in the higher frequencies.  This requires further investigation. 

The findings of this study are useful in considering the effectiveness of 

compensatory strategies for vocal tremor, and might also explain why laryngeal 

botulinum toxin injections are beneficial for some individuals with laryngeal 

vocal tremor.  These injections typically result in decreased muscle activation 

levels (Burgen, Dickens, & Zatman, 1949; Ludlow, Naunton, Fujita, & Sedory, 
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1990), which lead to a breathy vocal quality (Adler et al., 2004; Warrick, Dromey, 

Irish, Durkin, et al., 2000).  This medical treatment of laryngeal vocal tremor has 

been found to be beneficial in reducing patient perception of vocal tremor severity 

and functional disability (Adler et al., 2004; Warrick, Dromey, Irish, & Durkin, 

2000; Warrick, Dromey, Irish, Durkin, et al., 2000) as well as in reducing listener 

perception of magnitude of modulation of voice during connected speech 

(Hertegård, Granqvist, & Lindestad, 2000) for some individuals with laryngeal 

vocal tremor.  However, it is unknown whether or not botulinum toxin injections 

actually reduce the extent of F0 and intensity modulation, or only reduce the 

perception of modulation based on acoustical changes as seen in the current study. 

Future Directions 

Future studies should be conducted with the following aims to further clarify the 

results of these studies and to determine the adjustments that can be made to the voice 

source and vocal tract that reduce the perception of magnitude of modulation of voice for 

individuals with vocal tremor: 

1. use computer-simulated voice samples involving primary modulation of the F0 to 

determine if adjustments to degree of vocal fold adduction reduce listeners’ 

perception of the magnitude of modulation of voice: 

a. across a range of F0 modulation extents 

b. with sinusoidally and non-sinusoidally modulated F0 
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2. use computer-simulated voice samples involving primary modulation of the F0 to 

determine if larger changes in the overall vocal tract shaping reduce the 

perception of magnitude of modulation of voice 

3. use complex tones to investigate whether listeners’ perception of the magnitude of 

modulation is primarily affected by the mean amplitude or the extent of 

modulation of the F0 or the higher harmonics 

4. collect audio recordings of sustained vowels produced by individuals with vocal 

tremor, in combination with physiological assessments to determine the source of 

vocal tremor, pre- and post-laryngeal botulinum toxin injections for acoustical 

and perceptual studies of outcomes 
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APPENDIX A. ACOUSTICAL ANALYSES OF COMPUTER-SIMULATED 

LARYNGEAL VOCAL TREMOR: FEMALE STIMULI 

The following figures represent the acoustical analyses discussed in Chapter 3 for the 

simulations of laryngeal vocal tremor that were created using the computational model 

based on the airway features of a female described in Chapter 2.  The left panel displays a 

narrowband spectrogram with time in seconds indicated on the x-axis and frequency in 

Hertz (Hz) on the y-axis.  The horizontal lines represent the F0 and the associated 

harmonics.  The grayscale indicates the amplitude of the frequency components, with 

dark amplitude bands representing the formants.  The color scale along the right side of 

the spectrogram represents the frequency bands that were used for octave band analyses, 

which are displayed in the middle panel.  The octave band analyses were based on based 

the American National Standard Specification for Octave-Band and Fractional-Octave-

Band Analog and Digital Filters (ANSI S1.1-1986 (ASA 65-1986), 1993).  The center 

frequencies for the bands are indicated in the legend and color-coded.  The plot 

represents the amplitude (on a linear scale, normalized to the total RMS amplitude) in 

each octave band across time.  The right panel displays an average spectrum across each 

1 s signal, with the frequency along the x-axis and the relative amplitude along the y-axis.  

The color scale along the abscissa represents the octave bands.   

The top panel represents the stimuli with a low degree of vocal fold adduction, 

corresponding to a breathy vocal quality.  The upper row in this panel represents the 

signals that were simulated with glottal turbulence (i.e., the glottal noise condition).  The 

lower row in this panel represents the signals that were simulated without glottal 
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turbulence (i.e., the no glottal noise condition).  The bottom panel represents the stimuli 

with a high degree of vocal fold adduction, corresponding to a pressed vocal quality.   

Each page presents one extent of F0 modulation, one vocal tract shape representing a 

vowel, and one F0, beginning with the 1% extent and ending with the 20% extent.  The 

/ɑ/ vowels are presented first followed by the /i/ vowels, and the low F0 is presented 

before the high F0.  Acoustical analyses for all of the female stimuli in the study are 

presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


