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Summary: Objectives/Hypothesis. This article describes a case study of physiologic and acoustic patterns of es-
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sential vocal tremor (EVT). Simulations of vocal tremor were used to test hypotheses regarding measured acoustic pat-
terns and expected physiologic sources.
Study Design. This is a case study of EVT using an analysis by synthesis approach.
Methods. Oscillations of vocal tract and laryngeal structures were identified using rigid videostroboscopic examina-
tion. Acoustical analyses of sustained phonation were completed using the methods previously described in the litera-
ture and custom-written MATLAB functions. Simulations of the client’s vocal tremor were created using
a computational model.
Results. The client exhibited vocal fold length changes and oscillation within the laryngeal vestibule during sustained
phonation at a comfortable pitch and loudness. Despite the involvement of vocal fold length changes, a low average
extent of fundamental frequency (F0) modulation (ie, 5.3%) and high average extent of intensity modulation (ie,
23.0%) were measured. Simulations of vocal tremor involving modulation of F0 demonstrated that this source of tremor
contributes to frequency-induced intensity modulation, although there was a greater extent of F0 modulation than in-
tensity modulation.
Conclusions. The greater extent of intensity than F0 modulation in one client with EVTexhibiting predominant vocal
fold length changes contrasted with the lower extent of intensity than F0 modulation in simulated vocal tremor involving
F0 modulation. These findings demonstrate that other potential sources of intensity modulation outside the larynx
should be determined during the evaluation of clients with vocal tremor.
Key Words: Vocal tremor–Essential tremor–Voice disorder.
INTRODUCTION

Tremor is a movement disorder characterized by involuntary,
rhythmic activation of antagonistic muscles resulting in nearly
rhythmic oscillation of one or more parts of the body.1,2

Tremor is typically characterized by the rate and magnitude,
or extent, of oscillation of the affected structures. The rate
of oscillation is measured by determining the number of
cycles of movement that could occur within 1 second. The
magnitude or extent of oscillation is generally determined
by measuring the range of displacement of the affected
structure(s).

Two main types of tremor have been identified: rest and
action-induced.1,3 Rest tremor is characterized by the
oscillation of a body part while it is at rest and being
supported against gravity, but not voluntarily being moved or
held in a position. This type of tremor often diminishes during
voluntary movement of the involved body part. Action-
induced tremor occurs during voluntary activation of themuscu-
lature associatedwithmovement of a structurewhile performing
an action or while maintaining a posture. These types of tremor
are associated with several different neurologic disorders in-
cluding essential tremor (ET), Parkinson disease, cerebellar
dysfunction, and dystonia.1
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ET is the most common form of this movement disorder.4

The worldwide prevalence of ET is 0.4% across all ages and
6.4% over 65 years of age.5 The age of onset of ET typically
peaks in the second and third decades of life and later in the
sixth and seventh decades of life.5,6 The pathogenesis of this
disorder is uncertain; however, some studies have indicated
that ET involves abnormal functioning of the inferior olivary
nucleus (ie, a collection of cell bodies within the medulla of
the brainstem), cerebellum, and thalamus.7,8

ET is characterized by involuntary, rhythmic oscillation of
structures primarily in the upper body, including the hands
and head.1 The rate of the associated tremor varies from 4 to
12 Hz and has been found to be lower with older age and
with greater extent of oscillation.3,6,9,10 The extent of
oscillation varies considerably among individuals with ET;
although greater extent of oscillation appears to be associated
with longer duration of the illness or greater severity.10,11 The
tremor classification associated with ET is an action-induced
tremor. Therefore, tremor is observed primarily during volun-
tary movement of the involved body parts or during posture-
holding.4,12

Although the onset of ET is most commonly noted in the
upper limbs, ET can also affect components of the speech mech-
anism including the respiratory system,13–15 the larynx,15–21

and the vocal tract.6,14,22–25 When ET causes involuntary,
rhythmic activation of the musculature involved in speech
production, the sound of the voice may be altered. The
voice may be perceived as unstable or shaky because of the
effect of the structural oscillations on the acoustic output of
speech; this is known as vocal tremor. In general, vocal tremor
is estimated to occur in approximately 18–30% of individuals
with ET.6,26,27
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Previous research has investigated the acoustic characteris-
tics of vocal tremor in individuals with ET. This research
demonstrated that tremor affecting the structures within the
speech mechanism resulted in nearly rhythmic modulation of
the fundamental frequency (F0) and the intensity of the
voice.18–22,28 The rate of modulation in the acoustic signal for
individuals with essential vocal tremor (EVT) was found to
range between 4 and 8 Hz.22 Measurements of both the rate
and the extent of F0 and intensity modulation were found to
vary when individuals with ET produced different pitches and
loudness levels.29

Although prior research of vocal tremor investigated the
acoustic patterns of vocal tremor specific to individuals with
ET, this research did not involve systematic identification of
the underlying physiology. As a result, the acoustic patterns as-
sociated with oscillation within the larynx, vocal tract, and
respiratory system are uncertain. Based on the function of these
components of the speech mechanism during speech produc-
tion, different acoustic patterns would be predicted.

The function of the larynx during speech production is to
create the sound source for speech. Sound is produced within
the larynx when air pressure from the respiratory system sets
the vocal folds into vibration.30 The vibratory patterns of the vo-
cal folds are affected by the length, tension, and degree of adduc-
tion of the vocal folds, among other factors.31,32 Vocal tremor
that originates in the larynx may be caused by rhythmic
activation of the intrinsic laryngeal muscles that are involved
in vocal fold elongation (ie, cricothyroid muscle) and
shortening (ie, thyroarytenoid muscle) or in vocal fold
abduction (ie, posterior cricoarytenoid muscle) and adduction
(ie, interarytenoid and lateral cricoarytenoid muscles). When
the vocal folds are elongated, the tension of the vocal folds
increases and the effective mass of the vocal folds decreases.
This causes an increase in the rate of vibration of the vocal
folds, measured as increased F0. During vocal fold shortening,
the tension of the vocal folds decreases and the effective mass
of the vocal folds increases. This causes a decrease in the rate
of vibration of the vocal folds, evidenced by a decreased F0.

As a result of modulation of F0, the associated harmonics
(ie, integer multiples of the F0) would also be expected to in-
crease and decrease. With these shifts, the harmonics would
sweep through the resonant peaks of the vocal tract (ie, the for-
mants) and cause modulation of the intensity of the acoustic
signal.33 Therefore, vocal tremor that involves rhythmic
changes in the length of the vocal folds would be expected
to result in rhythmic modulation of the F0 with corresponding
shifts in the harmonics within the formants resulting in
co-modulation of intensity.

Changes in the degree of vocal fold approximationwould also
be expected to result in intensity modulation. When the vocal
folds adduct to produce voice, tracheal air pressure increases
and the vocal folds are set into vibration.30 During part of the vi-
bratory cycle, the degree of vocal approximation is high and the
glottal area is low.31 For the remaining part of the vibratory cy-
cle, the degree of vocal fold approximation is low and the glottal
area is high. The glottal area affects the amplitude of the glottal
flow, which determines the output pressure. Changes in the out-
put pressure are measured as changes in the intensity of the
acoustic signal. Vocal tremor that affects the muscles involved
in adduction of thevocal folds (ie, interarytenoids and lateral cri-
coarytenoid) or in abduction of the vocal folds (ie, posterior cri-
coarytenoid) would be expected to result in rhythmic changes in
the degree of vocal fold approximation. Subsequently, modula-
tion of the intensity of the acoustic signal would be expected.

Tremor that affects the vocal tract during speech production
may alter the length and diameter of the vocal tract. The length
and diameter of the vocal tract determine the resonant frequen-
cies of the vocal tract or the formants.31 The formants selec-
tively filter the harmonics and determine the amplitude of the
harmonics in the output. Therefore, oscillation within the vocal
tract would be expected to shift the formant frequencies, caus-
ing modulation of the amplitude of the harmonics in the output
pressure spectrum. These modulations would affect the inten-
sity of the acoustic signal. Thus, the acoustic patterns that
would be expected with vocal tremor originating in the vocal
tract may be characterized by modulation of the formant fre-
quencies resulting in modulation of the intensity of the acoustic
signal.

Modulation of the F0 and intensity may also occur when
tremor affects the respiratory system. The role of the respiratory
system during speech production is to supply air pressure to the
larynx during expiration. Tracheal air pressure is controlled by
the movement of the chest wall, which is linked to the pulmo-
nary airways and lungs.31 When tremor affects the muscles of
the chest wall, the position of the chest wall is oscillated and
the expiratory pressure is modulated. This causes modulation
of the amplitude of the glottal flow resulting in the modulation
of the output sound pressure. Subsequently, modulation of in-
tensity would be measured in the acoustic signal. This was con-
firmed by Lester and Story34 in a study demonstrating that
forced oscillation of the respiratory pressure produced modula-
tion of the intensity and the F0.

F0 is also affected by the pressure supplied to the larynx be-
cause of the amplitude-dependent tension of the vocal folds.
Previous research has demonstrated that there may be a 2–
6 Hz/cm H2O increase in F0 with subglottal pressure.35 There-
fore, modulation of F0 could also occur with tremor affecting
the respiratory system. As described above with modulation
of the F0, the harmonics would sweep across the formants
causing modulation of the intensity of the acoustic signal.
Thus, the acoustic pattern that would be associated with tremor
affecting the respiratory system is primarily hypothesized to be
modulation of intensity but could also involve F0 modulation to
a small extent.

In summary, tremor affecting the length of the vocal folds is
hypothesized to be predominantly associated with modulation
of F0; however, co-modulation of intensity may also occur
due to harmonic shifting across the formants of the vocal tract.
Tremor affecting glottal width, vocal tract length or diameter, or
respiratory pressure is hypothesized to be predominantly
associated with modulation of intensity; however, abductory/
adductory movements of the vocal folds and changes in respira-
tory pressure can also contribute to changes in vocal fold stiff-
ness and thus co-modulation of F0.



Journal of Voice, Vol. 27, No. 4, 2013424
Barkmeier-Kraemer et al36 described the patterns of vocal
tremor for a client with ET affecting the larynx and vocal tract.
Based on videostroboscopic evaluation, it was determined that
this client exhibited rhythmic oscillation of the arytenoid carti-
lages, resulting in abduction/adduction of the vocal folds, and
oscillation of the base of tongue and pharyngeal walls (ie, vocal
tract) during sustained vowel production. Rhythmic changes in
the length of the vocal folds could not be ruled out for this cli-
ent, and assessment of tremor affecting the respiratory system
was not reported. Analysis of the audio recordings of this cli-
ent’s sustained vowel productions revealed modulation of the
F0 and intensity at a rate of 4.5 Hz. Before treatment, the aver-
age extent of F0 modulation was 9.7%, and the average extent
of intensity modulation was 43%.

The predominance of intensity modulation was consistent
with the anticipated acoustic characteristics in relation to the
oscillations observed within the larynx and the vocal tract.
That is, the high average extent of intensity modulation relative
to the average extent of F0 modulation would be predicted
based on the reported physiologic observations. The smaller ex-
tent of F0 comodulation may have occurred due to small
changes in vocal fold stiffness associated with oscillations in
vocal fold abduction/adduction. However, it remains unknown
what range of F0 modulation extent can be attributed to small
changes in vocal fold stiffness associated with vocal fold abduc-
tory/adductory movements. Given that the respiratory system
was not studied in that client, it is also possible that changes
in lung pressure may have influenced co-modulation of inten-
sity and F0.

Because the previously described physiologic and acoustic
observations were limited to only one client with EVT associ-
ated with vocal tract and abductory/adductory vocal fold move-
ments, a clear link between physiologic and acoustic
characteristics could not be identified. To test further the hy-
pothesis that tremor affecting components of the speech mech-
anism can be linked to measures of acoustic modulation, the
physiologic and acoustic patterns of an additional client with
EVT were investigated in part I of this study. Hypotheses re-
garding the association between the source of the client’s
tremor and measured acoustic patterns were tested using simu-
lations of vocal tremor. For this, a kinematic model of the vocal
folds37,38 coupled to a wave-reflection model of the trachea and
a parametric model of the vocal tract area function39–41 was
used in part II of this study.
PART I

Purpose

The purpose of part I of this study was to determine the physi-
ologic and acoustic patterns of vocal tremor for one client with
EVT characterized by vocal fold length changes and oscillation
within the space comprised by the laryngeal vestibule observed
during sustained phonation at a comfortable pitch and loudness.
This client was selected as a physiologic contrast to the client
studied by Barkmeier-Kraemer et al36 in an attempt to test the
hypothesized association between structural oscillations and
acoustic modulation of F0 and intensity.
Method

Subjects. One client with ET previously seen in The Univer-
sity of Arizona Adult Voice Clinic for voice evaluation and
treatment was selected for this study. All of the research pre-
sented in this paper complies with The University of Arizona
Institutional Review Board regulations. The client was a
69-year-old female. As part of her clinical voice evaluation,
laryngeal imaging and audio recordings were obtained before
initiating voice therapy.

Laryngeal imaging. Videoendoscopic recordings were ob-
tained for this client using the Kay Elemetrics Computer Inte-
grated System Model RLS 9100 with a 70-degree rigid
endoscope and strobe light source (KayPENTAX, Montvale,
NJ). Phonatory tasks for videostroboscopic evaluation in-
cluded production of a sustained /i/ with a comfortable pitch
and loudness, high pitch, low pitch, loud voice, and soft voice.
Videostroboscopic evaluation also included imaging during
quiet breathing. These tasks are typical for a standard clinical
evaluation of voice using videostroboscopy and are useful in
visualizing laryngeal functioning during tasks that target par-
ticular muscle activations. For example, production of a high
pitch typically involves greater activation of the cricothyroid
muscle; whereas production of a low pitch typically involves
greater activation of the thyroarytenoid muscle. Compared
with a soft or breathy voice, production of a loud voice
typically involves greater activation of adductory muscles in-
cluding the thyroarytenoid, lateral cricoarytenoid, and interar-
ytenoid muscles. In contrast, quiet breathing involves
activation of the abductory muscle, the posterior cricoaryte-
noid, to maintain an abducted position of the vocal folds.
Recordings of the client’s videostroboscopic examination

were reviewed by the three authors for the present study. During
video review, the authors visualized movements within the
pharynx and larynx. Each author identified and characterized
the structures that were observed to oscillate during all the pho-
natory tasks described above and during quiet breathing. When
oscillation was observed within the larynx, it was additionally
noted whether the oscillation affected vocal fold length and/
or degree of vocal fold adduction.

Speech samples. Audio recordings of sustained vowel pro-
ductions were also obtained during clinical evaluation of this
client. Audio recordings were collected in a sound-treated
booth using a head-mounted AKG microphone placed at
45� off-axis and at a distance of 4 cm from the mouth and
the Kay Elemetrics Computerized Speech Lab Model
4300B (KayPENTAX, Montvale, NJ). The sampling rate for
these recordings was 50 000 Hz. Sound pressure calibrations
were not made for audio recordings; therefore, all intensity
measurements are relative rather than absolute intensity
measurements.
One representative sustained production of /a/ was analyzed

using the Praat Speech Analysis program (Boersma &
Weenink, 2011, Version 5.2.14).42 The middle 2 seconds of
a sustained production of /a/ at a comfortable pitch and loud-
ness was selected for analysis (Figure 1). These segments
were analyzed for measures of average F0 and relative intensity,



FIGURE 1. Acoustic waveform (upper panel), plot of F0 (middle

panel), and plot of relative intensity (lower panel) from a 2-second seg-

ment of sustained production of /a/ by a client with EVT. Each down-

ward arrow marks the peak of a modulation cycle.
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rate of F0 and intensity modulation, and average extent of F0

and intensity modulation.

Rate. The rate of F0 and intensity modulation was determined
by counting the total number of cycles of modulation in 1 sec-
ond. The peak of each cycle of modulation in F0 and intensity is
indicated in Figure 1 with downward arrows.

Extent. To determine the extent of F0 and intensity modula-
tion, the maximum and minimum F0 and the maximum and
minimum intensity were determined for each cycle of modula-
tion. The range of F0 modulation was divided by the sum of the
minimum and maximum F0. This value was then multiplied by
100 to obtain a percent modulation.
TABLE 1.

Acoustical Analyses of 10 Cycles of Modulation in a 2-Second S

Cycle of

Modulation

F0 Maximum

(Hz)

F0 Minimum

(Hz)

F0 Modulation

Range (Hz)

Extent

Modulati

1 262.6 223.1 39.5 8.1

2 254.3 229.0 25.3 5.2

3 251.0 232.9 18.1 3.7

4 254.1 233.4 20.7 4.2

5 252.1 226.1 26.0 5.4

6 249.8 220.0 29.8 6.3

7 246.6 225.0 21.6 4.6

8 253.3 229.3 24.0 5.0

9 251.6 237.8 13.8 2.8

10 264.0 228.9 35.1 7.1
The minimum and maximum intensity values in dB SPL
were converted from the logarithmic decibel scale of intensity
to a linear scale of sound pressure Pascals. This conversion
was made using the following equation: px ¼ (pr)10

(dB/20),
where px is the absolute pressure in Pascals, pr is the standard
reference pressure of 23 10�5 Pa, and dB is the intensity in
dB SPL. The range of pressure modulation was then determined
for each cycle. The range of pressure modulation was divided
by the sum of the minimum and maximum pressures, and this
value was multiplied by 100 to obtain a percent modulation.
The average extent of F0 modulation was determined by calcu-
lating the mean of the extent of F0 modulation across 10 cycles.
The average extent of intensity modulation was determined in
the same manner.

Additional acoustical analyses of the same sustained produc-
tion of /a/ were conducted using custom-written MATLAB
(The Mathworks, 2011, Version 7.13.0.564 [R2011b]) func-
tions to determine if modulation of the formant frequencies
also occurred. These custom-written functions measured the
first and second formants (ie, F1 and F2) using a pitch-
synchronous Linear Predictive Coding (LPC) method to elimi-
nate any spurious effects from the modulation of F0.

43
Results

Based on the review of the videostroboscopic recordings, the
client was judged to primarily exhibit rhythmic changes in vo-
cal fold length and a small amount of oscillation of the epilar-
yngeal space (ie, the portion of the vocal tract between the vocal
folds and the entry into the pharynx, which is essentially the la-
ryngeal vestibule) during sustained production of /i/ at a com-
fortable pitch and loudness. Additionally, at high pitches,
movement of the posterior pharyngeal wall and epiglottis was
observed, suggesting possible oscillation of base of tongue.
During quiet breathing, the client also exhibited rhythmic oscil-
lation of the arytenoids in the abductory/adductory directions.
However, the latter pattern was not detected during the sus-
tained phonation task.

Ten cycles of modulation were present in the 2-second acous-
tic segment of sustained production of /a/, resulting in a modu-
lation rate of 5 Hz. The acoustic measurements characterizing
ustained Production of /a/ by a Client With EVT

F0
on (%)

Relative Intensity

Maximum

(dB SPL)

Relative Intensity

Minimum

(dB SPL)

Extent Intensity

Modulation (%)

81.9 71.5 53.8

77.6 73.6 22.0

80.2 76.5 21.2

81.8 78.4 19.0

81.3 76.6 24.3

78.7 75.5 17.2

78.3 76.7 6.7

78.6 76.4 13.3

78.3 75.7 14.3

79.4 72.6 38.2
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the range and extent of F0 and intensity for each tremor cycle
are shown in Table 1. The extent of F0 modulation ranged
from 2.8% to 8.1%, and the extent of intensity modulation
ranged from 6.7% to 53.8% across 10 cycles of modulation.

Table 2 shows the average values for F0 and relative average
intensity and the extents of modulation of F0 and intensity.
Across the 2-second segment, the client had an average F0 of
241.7 Hz. Both the rate of F0 modulation and intensity modula-
tion were 5.0 Hz. On average, the client exhibited an extent of
F0 modulation of 5.3% and an extent of intensity modulation of
23.0%.

Measurement of F1 and F2 using a pitch-synchronous LPC
method revealed that both formants modulated across the 2-
second sustained production of /a/ (Figures 2 and 3). The rate
of modulation was 5.0 Hz.

Discussion

This client exhibited rhythmic oscillations within the vocal tract
and larynx during phonation; specifically, she exhibited oscilla-
tion primarily affecting vocal fold length and the laryngeal ves-
tibule during sustained phonation of /i/ at a comfortable pitch
and loudness, as well as oscillation within the oropharynx dur-
ing sustained phonation at high pitches. Despite the prominent
involvement of vocal fold length changes during phonation at
a comfortable pitch and loudness, a low average extent of F0

modulation (ie, 5.3%) and high average extent of intensity mod-
ulation (ie, 23.0%) were measured. It is possible that oscillation
observed within the laryngeal vestibule caused the measured
modulation of the formant frequencies, which could have
contributed to the modulation of the overall intensity of the
acoustic signal.44–46 Although not visible during phonation at
a comfortable pitch and loudness, it is also possible that the
observed movement of the posterior pharyngeal wall and base
of tongue during sustained phonation at high pitches also
occurred during phonation at a comfortable pitch, further
contributing to formant frequency modulation. Combined
with harmonic shifts across vocal tract formant peaks due to
F0 modulation, this could have contributed to the high
extent of intensity modulation compared with the extent of
F0 modulation. Although not evident during endoscopic
evaluation of phonation, it is also possible that the abduction/
adduction of the arytenoids observed during breathing also
occurred during phonation, further contributing to modulation
of the intensity.

In addition, tremor affecting the respiratory system cannot
be ruled out as a contributor to intensity modulation in this
case. Systematic recording of respiratory muscle activations
or chest wall movements were not included in this client’s eval-
uation. Recent findings of Lester and Story34 demonstrated that
TABLE 2.

Acoustical Analyses of a 2-Second Sustained Production of /a/

Average

F0 (Hz)
Relative Average

Intensity (dB SPL)

Rate F0
Modulation (Hz)

Rate In

Modulat

241.7 78.1 5.0 5.
forced respiratory oscillation can produce modulation of both
the intensity and F0 associated with the perception of vocal
tremor. Imposed pressure variations as low as 1 cm H2O pro-
duced measurable modulation in the intensity up to 1.52 dB.
Thus, it is possible that the larger extent of intensity modulation
compared with F0 modulation in this study could support the
additional consideration of oscillation within the respiratory
system in this client. However, per report of the evaluating cli-
nician (JBK), chest wall movement was not observed during
the voice evaluation. Rather, oscillatory movements within
the laryngeal vestibule and oropharynx were identified, making
it more likely that oscillation within the vocal tract is the larger
contributor to the extent of intensity modulation measured in
this study.
The acoustic measures from this case taken together with

those obtained by Barkmeier-Kraemer et al36 suggest that the
intensity modulation may be the most prominent acoustic char-
acteristic of vocal tremor affecting laryngeal structures. How-
ever, structures extrinsic rather than intrinsic to the larynx
may have contributed to the findings in the present case study.
To test this possibility, an analysis by synthesis approach was
used to determine the patterns of intensity modulation associ-
ated with F0 and intensity modulation similar to those observed
in the present case study.
PART II

Purpose

The purpose of the second part of this study was to investigate
the mechanism by which various physiologic oscillation pat-
terns may have contributed to overall modulation of intensity.
It was hypothesized that modulation of the F0 would result in
co-modulation of intensity when no other source of intensity
modulation was present.
Method

Simulations of vocal tremor were generated using a kinematic
model of the vocal folds37,38 coupled to a parametric model
of the vocal tract area function.39,40 This model allowed for
control of the energy source (ie, pressure) supplied to the
larynx, the characteristics of the voice source (eg, vocal fold
length and glottal width), and the characteristics of the vocal
tract filter via a parametric model of the vocal tract area
function (Figure 4).41 The calculation of the output of this
model accounted for energy losses due to yielding walls, vis-
cosity, heat conduction, and radiation. This model produced
high-quality acoustic signals of sustained vowels that were suit-
able for acoustic analyses.
by a Client With EVT

tensity

ion (Hz)

Average Extent F0
Modulation (%)

Average Extent Intensity

Modulation (%)

0 5.3 23.0



FIGURE 2. Tracking of the first and second formants for a 2-second

segment of sustained production of /a/ by a client with EVT.
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The kinematic model of the vocal folds was based on a rep-
resentation of their medial surfaces, which vibrate during
voice production to generate the sound wave. The vibration
of these surfaces generated a time-varying glottal area which
subsequently converted airflow into a periodic series of pulses.
The position and vibration of the vocal fold surfaces in this
model were defined by a combination of user-input and rules
derived from anatomical and physiological studies.38 The su-
perior adduction value (x02) for the prephonatory vocal fold
posture was set by the user, and the inferior adduction value
(x01) was determined by rules as described by Titze.38 The
length and thickness of the vocal folds for a specified F0

were determined by rules as described by Titze.38 The F0
FIGURE 3. Extent of modulation of the first and second formants

for a 2-second segment of sustained production of /a/ by a client

with EVT.
was modulated when a modulation rate and extent were spec-
ified by the user.

The glottal flow was generated in time-synchrony by interac-
tion of the glottal area with the acoustic pressures in the vocal
tract. Area functions known to produce target vowels and other
resonant vocal tract configurations were used to determine vo-
cal tract shapes. A schematic representation of this model is
shown in Figure 4, where the vocal tract configuration is typical
for the vowel /a/, and the locations of the glottal flow and acous-
tic output signals are indicated. The vocal tract and vocal folds
shown in the figure have been scaled in cross-section and length
to represent a female talker.41

For the first set of simulations presented below, interaction
between the F0 and the length and thickness of the vocal folds
was not allowed. This ensured that, if intensity modulation was
observed, it would be directly related to F0 modulation and the
associated harmonic shifting across the formants of the vocal
tract. The second analysis represents a case with more
human-like physiology where interaction between the F0 and
length and thickness of the vocal folds was allowed for the sim-
ulations. This interaction produced some variation in subglottal
pressure; however, the pressure variation did not have a respira-
tory origin but rather a laryngeal origin. For the third set of
simulations, the kinematic model of the vocal folds was addi-
tionally coupled to a wave-reflection model of the trachea.47

This represented the most realistic case where the subglottal
pressure interacted with the tracheal pressure and the acoustic
output was influenced by the resonances of the trachea.

The female version of this model was used to simulate produc-
tions of /a/ with a 1-second duration. The selected F0 values for
these simulations were 100, 150, 200, and 250 Hz. These values
represented the range of F0 that is typical for humans and in-
cluded the average F0 of 184 Hz for the client studied by
Barkmeier-Kraemer et al36 and 242 Hz for the present case study.
The rate of F0 modulation was 5 Hz for all simulations to repre-
sent a common rate of modulation found in previous studies and
the rate ofmodulation for the client studied in part 1. The selected
extents of F0 modulation were 5%, 10%, and 20% to investigate
the effect ofF0modulation on intensitymodulation across a range
of extents. These and other parameter settings are presented in
Table 3. Neither modulation of the tracheal pressure, the distance
between the vocal processes, nor the pharyngeal area was im-
posed for these simulations. For further details related to the
model parameters, please refer to the study by Story.47

Analysis of the simulated vocal tremor signals was conduct-
ed using methods similar to those described above (Figure 5).
However, because the rate and extent of F0 modulation was
controlled, the measurement of interest was the extent of inten-
sity modulation. Note that in Figure 5, the initial and final cy-
cles of the intensity trace appear to vary from sinusoidal
patterns due to the onset and offset ramps that were imposed
in the model. Measurements of F0 and intensity were not ob-
tained from these initial or final modulation cycles.

Results

The results of the acoustic analyses of the three sets of 12 sim-
ulated productions of a sustained /a/ are reported in Tables 4–6.



FIGURE 4. Schematic representation of the kinematic model of the vocal folds coupled to a model of the vocal tract scaled to represent a female

producing /a/.
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Table 4 presents the data from the simulations that did not in-
clude interaction between the F0 and the length and thickness
of the vocal folds. Table 5 presents the data from the simulations
that included an interaction between the F0 and the length and
thickness of the vocal folds. Table 6 presents the data from the
simulations that were produced with a kinematic model of the
vocal folds coupled to both a wave-reflection model of the tra-
chea and a parametric model of the vocal fold area function.

For all conditions, modulation of the F0 resulted in co-
modulation of the intensity. When the length and thickness of
the vocal folds did not vary with the F0, the extent of F0 mod-
ulation was greater than the extent of intensity modulation for
the 100 and 150 Hz simulations but not the 200 or 250 Hz sim-
ulations. When the length and thickness of the vocal folds did
vary with the F0, the extent of F0 modulation was greater
than the extent of intensity modulation for all F0 values except
150 Hz. When the simulations were produced with the vocal
fold model coupled to both a tracheal and vocal tract area func-
tion, the extent of F0 modulation was greater than the extent of
intensity modulation in all conditions. In the 100, 150, and
200 Hz conditions, the extent of intensity modulation increased
as the extent of F0 modulation increased. Conversely, in the
TABLE 3.

Parameter Settings for the Computational Model Used for Sim

Parameters Settings

Superior adduction (x02) right (cm) 0.2 Pressure (dyn/c

Superior adduction (x02) left (cm) 0.2 Epilaryngeal are

Surface bulging (xb) right (cm) 0.08 Length of each s

Surface bulging (xb) left (cm) 0.08 Vowel

Nodal point ratio (zn) right 0.7 Time (s)

Nodal point ratio (zn) left 0.7 F0 target (Hz)
Starting phase right (radians) 0 F0 contour (Hz)
Starting phase left (radians) 0 Frequency mod

Posterior gap (cm2) 0 Frequency mod
250 Hz condition, the extent of intensity modulation increased
when the extent of F0 modulation increased from 5% to 10%
but decreased when the extent of F0 modulation increased
from 10% to 20%. These results indicate that modulation of
F0 results in co-modulation of intensity when no other source
of intensity modulation is present. These results also indicate
that the extent of frequency-induced intensity modulation is
lower than the extent of F0 modulation in the most realistic sim-
ulation of vocal tremor involving F0 modulation.

Discussion

Acoustic analyses of simulated productions of sustained vowels
involving modulation of F0 demonstrated that isolated modula-
tion of F0 resulted in co-modulation of intensity, as predicted.
These results were found when the subglottal pressure was
held constant, when the subglottal pressure was allowed to
vary with the vocal fold length and thickness changes associ-
ated with F0 modulation, and when the subglottal pressure var-
ied with the vocal fold length and thickness and interacted with
the tracheal pressure. These simulations represented the most
controlled pressure condition to the most realistic pressure
condition.
ulations of Vocal Tremor

Parameters Settings

m2) 7840

a (cm2) 1.0

ection in vocal tract area function (cm) 0.34

7 (ah)

1.0

100, 150, 200, 250

0

ulation rate (Hz) 5.0

ulation extent (%) 5, 10, 20



FIGURE 5. Acoustic waveform (upper panel), plot of F0 (middle

panel), and plot of intensity (lower panel) from a simulated 1-second

segment of sustained production of /a/ with an average F0 of 150 Hz

and an extent of F0 modulation of 20%. This simulation was created

using a kinematic model of the vocal folds coupled to a model of the

vocal tract. Interaction between the F0 and vocal fold length and thick-

ness was not allowed for this simulation.
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Constant subglottal pressure. When the subglottal pres-
sure was completely constant (ie, when the kinematic model
of the vocal folds was not coupled to a wave-reflection model
of the trachea and when the F0 did not interact with the vocal
TABLE 4.

Acoustical Analyses of a 1-Second Simulation of a Sustained /a

Coupled to aModel of the Vocal Tract Without Interaction Betw

Set F0
(Hz)

Set Extent F0
Modulation (%)

F0 Maximum

(Hz)

F0 Minimum

(Hz)

F0 Modula

Range (H

100 5 104.9 95.1 9.9

100 10 109.8 90.2 19.7

100 20 119.7 80.2 39.5

150 5 157.4 142.6 14.8

150 10 164.8 135.2 29.5

150 20 179.5 120.5 59.1

200 5 209.8 190.2 19.7

200 10 219.7 180.3 39.4

200 20 239.4 160.6 78.8

250 5 262.3 237.7 24.6

250 10 274.6 225.4 49.2

250 20 299.2 200.8 98.4
fold length and thickness), the extent of F0 modulation was
greater only with the lower two F0 values. This is likely due
to a wider spread of harmonics with higher F0 resulting in re-
duced interaction with the formants.

Subglottal pressure variation associated with vocal

fold length and thickness changes. When the subglottal
pressure was allowed to vary based on laryngeal interactions
(ie, when the kinematic model of the vocal folds was not cou-
pled to a wave-reflection model of the trachea and when the
F0 interacted with the vocal fold length and thickness), the ex-
tent of F0 modulation was greater when the F0 was 100, 200,
and 250 Hz but not when the F0 was 150 Hz. It is unclear
what would cause the differential results for one F0.

Subglottal pressure variation associated with vocal

fold length, vocal fold thickness, and tracheal pres-

sure. With the most realistic simulations of vocal tremor pro-
duced using a kinematic model of the vocal folds coupled to
a wave-reflection model of the trachea and a parametric model
of the vocal tract area function, which also allowed for an inter-
action between the F0 and the length and thickness of the vocal
folds, the extent of modulation of the F0 was greater than the
extent of intensity modulation. With all F0 values except
250 Hz, the extent of intensity modulation increased as the ex-
tent of F0 modulation increased. This finding may have been
a result of the interaction of the 250 Hz F0 with the resonances
of the trachea.

When comparing these simulated results with those from
part 1 of the study, the most realistic simulated vocal tremor
findings were not consistent with findings from the clinical
case example. This suggested that vocal tract or respiratory sys-
tem involvement may have contributed to the high extent of in-
tensity modulation that characterized the client’s vocal tremor.
The fact that the client for the present study exhibited oscilla-
tion within the laryngeal vestibule and the oropharynx and
that modulation of the formant frequencies were measured for
/ Produced Using a Kinematic Model of the Vocal Folds

een the F0 and the Length and Thickness of the Vocal Folds

tion

z)

Extent F0
Modulation (%)

Relative

Intensity

Maximum

(dB SPL)

Relative

Intensity

Minimum

(dB SPL)

Extent

Intensity

Modulation

(%)

4.9 86.7 86.4 2.0

9.8 86.8 86.1 4.0

19.7 87.0 85.6 7.8

4.9 85.5 84.7 4.7

9.8 85.3 83.7 9.2

19.7 84.9 81.7 18.1

4.9 84.6 83.7 5.5

9.8 84.5 82.6 11.1

19.7 84.5 80.6 21.9

4.9 84.8 83.7 6.1

9.8 84.6 82.5 12.1

19.7 84.1 79.8 24.3



TABLE 5.

Acoustical Analyses of a 1-Second Simulation of a Sustained /a/ Produced Using a Kinematic Model of the Vocal Folds

Coupled to a Model of the Vocal Tract With Interaction Between the F0 and the Length and Thickness of the Vocal Folds

Set F0
(Hz)

Set Extent F0
Modulation

(%)

F0 Maximum

(Hz)

F0 Minimum

(Hz)

F0 Modulation

Range (Hz)

Extent F0
Modulation

(%)

Relative

Intensity

Maximum

(dB SPL)

Relative

Intensity

Minimum

(dB SPL)

Extent

Intensity

Modulation

(%)

100 5 104.9 95.1 9.9 4.9 86.7 86.1 3.5

100 10 109.9 90.2 19.7 9.8 86.8 85.6 7.0

100 20 119.7 80.2 39.5 19.8 86.9 84.6 13.4

150 5 157.4 142.6 14.8 4.9 85.5 84.6 5.1

150 10 164.8 135.2 29.5 9.8 85.3 83.6 10.2

150 20 179.5 120.5 59.1 19.7 85.0 81.5 19.9

200 5 209.8 190.2 19.7 4.9 84.7 83.8 4.8

200 10 219.7 180.3 39.4 9.8 84.6 82.9 9.6

200 20 239.4 160.6 78.7 19.7 84.6 81.2 19.2

250 5 262.3 237.7 24.6 4.9 84.8 84.1 3.9

250 10 274.6 225.4 49.2 9.8 84.7 83.3 7.9

250 20 299.2 200.8 98.4 19.7 84.4 81.5 16.3
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this client suggests that another source of intensity modulation
besides F0 modulation was present. Similarly, the client studied
by Barkmeier-Kraemer et al36 exhibited oscillation of vocal
tract structures, which are expected to modulate intensity.
These findings point to the need to determine the acoustic pat-
terns associated with oscillation within the vocal tract.

This pattern of a greater extent of intensity modulation than
extent of F0 modulation was also documented by Dromey
et al.29 In their study, the average extent of F0 modulation
was 8% and the average intensity modulation was 34% for in-
dividuals with EVT. This study did not involve systematic eval-
uation and measurement of the components of the speech
mechanism that were affected by the tremor other than subjec-
tively identified as present or absent using endoscopic images.
Therefore, it is possible that other sources of intensity modula-
TABLE 6.

Acoustical Analyses of a 1-Second Simulation of a Sustained /a

Coupled to a Wave-Reflection Model of the Trachea and a Para

Set F0
(Hz)

Set Extent F0
Modulation

(%)

F0 Maximum

(Hz)

F0 Minimum

(Hz)

F0 Modul

Range (

100 5 104.92 95.00 9.92

100 10 109.84 90.15 19.69

100 20 119.68 80.29 39.39

150 5 157.38 142.62 14.76

150 10 164.76 135.24 29.52

150 20 179.49 120.48 59.01

200 5 209.84 190.16 19.68

200 10 219.67 180.33 39.34

200 20 239.30 160.66 78.64

250 5 262.30 237.72 24.58

250 10 274.61 225.44 49.17

250 20 299.24 200.79 98.45
tion, such as oscillation within the vocal tract or respiratory sys-
tem, were also present in these individuals. Alternatively, it is
possible that identification of tremor affecting laryngeal struc-
tures is expected to result in greater extent of intensity modula-
tion than F0.
For the present study, the advantage of using simulated sig-

nals generated with a physiologically based model was the
ability to isolate and manipulate variables contributing to
voice production that cannot be similarly tested within a hu-
man being. This allowed for testing of hypotheses regarding
the contribution of F0 to intensity modulation when average
F0 levels and extent of modulation were varied. The compar-
ison and contrast between clinical cases and simulated vocal
tremor signals indicates that there was physiologic involve-
ment of speech structures that were not studied.
/ Produced Using a Kinematic Model of the Vocal Folds

metric Model of the Vocal Tract Area Function

ation

Hz)

Extent F0
Modulation

(%)

Relative

Intensity

Maximum

(dB SPL)

Relative

Intensity

Minimum

(dB SPL)

Extent

Intensity

Modulation

(%)

4.96 86.09 86.04 0.29

9.85 85.74 85.64 0.57

19.70 85.34 85.03 1.79

4.92 84.07 83.82 1.43

9.84 83.84 83.32 3.00

19.67 83.71 82.79 5.29

4.92 84.20 84.07 0.76

9.83 83.96 83.69 1.54

19.66 83.50 82.97 3.05

4.92 83.68 83.04 3.68

9.83 83.60 82.67 5.34

19.69 83.23 82.47 4.37
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Conclusions

The purpose of this article was to use a clinical case of EVT to
test hypotheses regarding the association between acoustic
characteristics of F0 and intensity modulations and the source
of tremor. The client in this study primarily exhibited oscilla-
tion affecting the vocal fold length, laryngeal vestibule, and
oropharyngeal structures during sustained phonation of /i/ dur-
ing videostroboscopic evaluation of the voice. Given the pre-
dominant impression of vocal fold length change in this
client, it was hypothesized that the extent of F0 modulation
would exceed the extent of intensity modulation. However,
acoustical analyses of a sustained vowel production revealed
that the extent of intensity modulation was greater than the ex-
tent of F0 modulation. These results were consistent with the re-
sults obtained by Barkmeier-Kraemer et al2 for a client who
exhibited rhythmic oscillation of the arytenoid cartilages result-
ing in abduction/adduction of the vocal folds and oscillation of
the base of tongue and pharyngeal walls (ie, vocal tract) during
sustained vowel production. Given the involvement of several
components of the speech mechanism in both cases, an attempt
was made to simulate the contribution of F0 modulation to in-
tensity modulation for a range of F0 values and extents of F0

modulation when no other source of modulation was present.
Simulations of vocal tremor involving isolated manipula-

tion of F0 extent at varied average F0s demonstrated that
this source of tremor contributes to co-modulation of F0 and
intensity, even when the subglottal pressure is completely con-
stant. However, a greater extent of F0 modulation than extent
of intensity modulation was found in the most realistic simu-
lations of vocal tremor, supporting theoretical predictions re-
garding the contribution of vocal fold length change to
measured acoustic patterns of vocal tremor. Thus, the predom-
inance of intensity modulation measured in one client with vo-
cal tremor associated with vocal fold length change most
likely occurred in combination with other sources of tremor.
The findings of this case study and its synthesized analysis un-
derline the importance of a larger scale investigation compar-
ing typically affected speech mechanism structures and
associated acoustic patterns of EVT.

Prior literature on vocal tremor has focused primarily on
perceptual, acoustic, and endoscopic imaging approaches to
elucidate vocal tremor patterns. Investigation of sources of
tremor outside of the larynx and their impact on the acoustic
output has not been completed. As a result, the typical in-
volvement of speech structures and associated acoustic char-
acteristics for EVT remain unknown. The present study
highlights the importance of understanding such associations
to better understand and potentially manage clients present-
ing with EVT. Detailed evaluation of underlying physiology
associated with acoustic patterns of vocal tremor across
a larger group of individuals affected by EVT is necessary
to determine whether the patterns identified in this study
are consistent across all such individuals with tremor affect-
ing laryngeal structures or whether additional structures con-
tribute to the described acoustic patterns as predicted by the
model of vocal tremor.
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