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Purpose: This study aimed to examine the relationship
between a large set of hypothesized physiological measures
of vocal effort and self-ratings of vocal effort.
Method: Twenty-six healthy adults modulated speech
rate and vocal effort during repetitions of the utterance /ifi/,
followed by self-perceptual ratings of vocal effort on a
visual analog scale. Physiological measures included
(a) intrinsic laryngeal tension via kinematic stiffness ratios
determined from high-speed laryngoscopy, (b) extrinsic
suprahyoid and infrahyoid laryngeal tension via normalized
percent activations and durations derived from surface
electromyography, (c) supraglottal compression via expert
visual–perceptual ratings, and (d) subglottal pressure via
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magnitude of neck surface vibrations from an accelerometer
signal.
Results: Individual statistical models revealed that all of the
physiological predictors, except for kinematic stiffness ratios,
were significantly predictive of self-ratings of vocal effort.
However, a combined regression model analysis yielded only
3 significant predictors: subglottal pressure, mediolateral
supraglottal compression, and the normalized percent
activation of the suprahyoid muscles (adjusted R2 = .60).
Conclusions: Vocal effort manifests as increases in specific
laryngeal physiological measures. Further work is needed
to examine these measures in combination with other
contributing factors, as well as in speakers with dysphonia.
Vocal effort, defined as “perceived exertion” of the
voice (Baldner, Doll, & van Mersbergen, 2015),
has been reported in approximately 10% of older

healthy adults (Merrill, Roy, & Lowe, 2013) and upward
of 50% of speakers with voice disorders (Merrill et al., 2013;
E. Smith et al., 1998). Excessive vocal effort is reported in
speakers who fall into different etiologic categories, includ-
ing vocal hyperfunction (Altman, Atkinson, & Lazarus,
2005; Roy, Merrill, Gray, & Smith, 2005), vocal fold pa-
resis and paralysis (Bach, Belafsky, Wasylik, Postma, &
Koufman, 2005; Hartl, Hans, Vaissiere, Riquet, & Brasnu,
2001), spasmodic dysphonia (Cannito, Doiuchi, Murry, &
Woodson, 2012; Isetti, Xuereb, & Eadie, 2014), and vocal
fatigue from occupational voice demands (de Alvear, Baron,
& Martinez-Arquero, 2011; E. Smith, Gray, Dove, Kirchner,
& Heras, 1997). Yet, the relationship between the sensa-
tion of vocal effort and possible underlying physiological
contributions has not been fully elucidated, leading to
clinical ambiguity when trying to assess and remediate vocal
effort in these speakers.

Because of its prevalence, researchers have focused
on identifying possible structural, physiological, acoustical,
and cognitive–emotional factors contributing to vocal ef-
fort. Thus far, respiratory and laryngeal aerodynamics
(e.g., phonation threshold pressure) seem to be promising
physiological predictors of vocal effort (Chang & Karnell,
2004; Sandage, Connor, & Pascoe, 2013; Solomon, Glaze,
Arnold, & van Mersbergen, 2003), with further evidence
that viscoelastic properties of the vocal folds (affected by
both surface and systemic hydration) may contribute to
self-perceived vocal effort as well (Solomon & DiMattia,
2000; Tanner et al., 2016; Verdolini et al., 2002; Verdolini,
Titze, & Fennell, 1994). Vocal loading tasks that induce vo-
cal fatigue have consistently reported increases in perceived
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vocal effort, though simultaneous analysis of speech acous-
tics are inconclusive (for a review, see Fujiki & Sivasankar,
2017). Combined, these studies provide evidence for a work-
ing hypothesis that the sensation of vocal effort is derived
from a compensatory physiological response to maintain the
same vocal output (both in quality and intensity) in the
presence of changes in vocal fold tissue properties and/or
reduced muscular endurance (McCabe & Titze, 2002; Titze,
1999).

Despite the existing literature, it remains unclear
exactly which physiological mechanisms are the primary
factors driving self-reported vocal effort. Most studies have
evaluated individual physiological measures in isolation,
resulting in a lack of information on the comprehensive
physiological profile of vocal effort. It follows that this study
sought to examine multiple physiological contributions to
self-perceived vocal effort with a specific focus on measures
obtained from the laryngeal and paralaryngeal structures.
The goal was to determine which measures of laryngeal
and paralaryngeal function were most salient to the self-
perception of vocal effort to streamline future research on
vocal effort.

Proposed Physiological Mechanisms of Vocal Effort
At present, a series of physiological mechanisms spe-

cific to the laryngeal and paralaryngeal areas are reported
to be associated with increased vocal effort, including in-
creased intrinsic laryngeal tension, extrinsic laryngeal ten-
sion, supraglottal compression, and subglottal pressure. All
of these mechanisms have been reported to increase when
vocally healthy speakers purposefully increase effort and
strain (Lien, Michener, Eadie, & Stepp, 2015; McKenna,
Murray, Lien, & Stepp, 2016; Rosenthal, Lowell, & Colton,
2014; N. R. Smith et al., 2016) and are reported in speakers
with voice disorders characterized by symptoms of exces-
sive vocal effort (e.g., vocal hyperfunction).

Activation and tension in the intrinsic laryngeal mus-
cles are necessary for voice production in healthy speakers
(e.g., thyroarytenoid, cricothyroid; Y. Koike, 1967; Shipp,
1975). Changes in the timing and amplitude of intrinsic
laryngeal muscle activation has been reported across mod-
ulations of voice onset types (Hirano, 1971; Hirose & Gay,
1973; Y. Koike, 1967) and in speakers with voice disorders
(McCall, Colton, & Rabuzzi, 1973). These findings have
led to the hypothesis that excessive tension in the intrinsic
laryngeal muscles contributes to voice disorders and voice
symptoms.

Because of the challenges of measuring intrinsic laryn-
geal tension (e.g., invasive nature of intramuscular electro-
myography [EMG], small size of the intrinsic laryngeal
muscles), researchers have turned toward characterizing in-
trinsic laryngeal tension via indirect methodology. As
such, kinematic stiffness ratios—derived from less invasive
laryngoscopic images—have been investigated as a clinical
correlate of intrinsic laryngeal tension (Cooke, Ludlow,
Hallett, & Selbie, 1997; Dailey et al., 2005; McKenna
et al., 2016; Munhall & Ostry, 1983; Stepp, Hillman, &
816 Journal of Speech, Language, and Hearing Research • Vol. 62 • 8
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Heaton, 2010). Analysis via a one-joint virtual trajectory
model revealed that increasing stiffness parameters in specific
intrinsic laryngeal muscles (i.e., thyroarytenoid, posterior
cricoarytenoid, and lateral cricoarytenoid) was strongly as-
sociated with increases in kinematic stiffness ratios (Stepp,
Hillman, et al., 2010). Furthermore, kinematic stiffness ra-
tios have tended to be smaller during typical voice produc-
tions and larger during modulations of hard glottal attack
(Cooke et al., 1997) and vocal strain (McKenna et al., 2016).
Despite these findings, current research is lacking an eval-
uation of the relationship between intrinsic laryngeal
tension and the perception of vocal effort, leading to am-
biguity in clinical targets for vocal therapy.

Similarly, excessive extrinsic laryngeal tension is
hypothesized to contribute to dysphonia (Aronson, 1990),
symptoms of laryngeal pain (Roy, Bless, Heisey, & Ford,
1997), and excessive vocal effort (McCabe & Titze, 2002).
It follows that excessive extrinsic laryngeal muscle ten-
sion has been identified as a clinical marker of voice dis-
orders (Angsuwarangsee & Morrison, 2002) and has
been targeted diagnostically and therapeutically (e.g.,
laryngeal palpation, circumlaryngeal massage; Roy, Ford,
& Bless, 1996; Roy & Leeper, 1993). Yet, studies seeking
to quantitatively evaluate extrinsic laryngeal muscle
activation patterns as a means for discriminating between
voice types and health status (i.e., healthy speakers vs.
those with voice disorders) have yielded conflicting results
(Redenbaugh & Reich, 1989; N. R. Smith et al., 2016;
Stepp, Heaton, Jette, Burns, & Hillman, 2010; Stepp et al.,
2011; Van Houtte, Claeys, D’Haeseleer, Wuyts, & Van
Lierde, 2013).

To date, few studies have directly examined the rela-
tionship between measures of extrinsic laryngeal tension
and self-reported vocal effort. Dietrich and Abbott (2012)
evaluated extrinsic muscle activation levels in healthy
speakers under vocally stressful situations. Findings indi-
cated that the percent activation of submental (i.e., supra-
hyoid muscles) and infrahyoid muscle groups significantly
increased during stressful speaking situations and that self-
perceived vocal effort also increased during stressful events.
Therefore, increased tension in extrinsic laryngeal muscles
may result in simultaneous increases in self-perceived
vocal effort in some speakers.

Supraglottal compression, often referred to as supra-
glottal constriction, is due to increased constriction of the
muscles superior to the glottis (e.g., ventricularis, aryepiglot-
tic, thyroepiglottic; Kotby, Kirchner, Kahane, Basiouny, &
el-Samaa, 1991; Moon & Alipour, 2013; Reidenbach, 1996,
1998; Sakakibara, Kimura, Imagawa, Niimi, & Tayama,
2004; Yanagisawa, Estill, Kmucha, & Leder, 1989). Although
excessive supralaryngeal muscle activation and tension are
postulated to be a clinical indicator of vocal hyperfunction
(Lawrence, 1987; M. D. Morrison, Rammage, Belisle, Pullan,
& Nichol, 1983; Sama, Carding, Price, Kelly, & Wilson,
2001), supraglottal compression is frequently reported in
healthy speakers during typical speech (e.g., glottal stops;
Pemberton et al., 1993; Stager, Bielamowicz, Regnell, Gupta,
& Barkmeier, 2000) and singing (Guzman et al., 2016;
15–834 • April 2019
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Pershall & Boone, 1987). More likely, the degree of supra-
glottal compression may be a relevant objective indicator of
aberrant vocal behavior. For example, Stager et al. (2000)
reported greater incidences of compression in both the
mediolateral (M-L) and anterior–posterior (A-P) directions
in speakers with vocal hyperfunction when compared to
healthy speakers. Similarly, a greater degree of compression
was noted in three out of four vocally healthy speakers in
a small study that induced vocal fatigue (Solomon et al.,
2003). The speakers also reported elevated amounts of
vocal effort as well, though a direct analysis of the relation-
ship between the two measures was not completed. The
present study sought to add to the existing literature by
evaluating the relationship between the degree of compres-
sion in both the A-P and M-L directions and the perception
of vocal effort.

Finally, subglottal pressure, the pressure from the
lungs that assists in initiating and maintaining vocal fold
oscillation for phonation, has been implicated as one of
the physiological mechanisms contributing to the self-
perception of vocal effort (Colton, 1973). Subglottal pres-
sure estimates, often captured indirectly via intraoral
pressure estimates, are consistently elevated in speakers with
nonphonotraumatic vocal hyperfunction (i.e., muscle tension
dysphonia; Dastolfo, Gartner-Schmidt, Yu, Carnes, &
Gillespie, 2016; Espinoza, Zanartu, Van Stan, Mehta,
& Hillman, 2017; Hillman, Holmberg, Perkell, Walsh, &
Vaughan, 1989; Zheng et al., 2012), phonotraumatic vocal
hyperfunction (e.g., nodules; Dastolfo et al., 2016; Espinoza
et al., 2017; Holmberg, Doyle, Perkell, Hammarberg, &
Hillman, 2003; Kuo, Holmberg, & Hillman, 1999), and vo-
cal fold lesions from glottic cancer (Friedman, Hillman,
Landau-Zemer, Burns, & Zeitels, 2013; Zietels, Burns,
Lopez-Guerra, Anderson, & Hillman, 2008). Increased
subglottal pressure may be a strategy to initiate or main-
tain voicing in the presence of structural or functional
changes to the larynx. There is further evidence that modu-
lations of vocal effort in vocally healthy speakers affect
subglottal pressure measures (Lien et al., 2015; McKenna,
Llico, Mehta, Perkell, & Stepp, 2017; Rosenthal et al.,
2014). Rosenthal et al. (2014) examined a series of aero-
dynamic measures across three voice conditions: comfort-
able voice, minimal vocal effort, and maximal vocal effort.
Results indicated that subglottal pressure estimates were
significantly different between all three voicing condi-
tions, with the largest subglottal pressure measures found
during maximal vocal effort productions. As such, self-
perceived effort may be related to increases in subglottal
pressure in both healthy speakers and speakers with voice
disorders.

Research Questions and Hypotheses
The present investigation aimed to evaluate a large

set of hypothesized physiological measures of vocal effort
specific to the laryngeal and paralaryngeal regions and
determine their relationship with self-perceived vocal effort.
To our knowledge, no study has undertaken such a large
Downloaded from: https://pubs.asha.org Boston University on 05/02/2019
analysis, which has resulted in an inability to pinpoint which
measures may be most relevant to the perception of vocal
effort. We addressed the following research questions:

Research Question 1: What are the individual rela-
tionships between each physiological measure and the self-
perceptual ratings of vocal effort?

Hypothesis 1: We hypothesized that each of the physi-
ological measures gathered in this study would signifi-
cantly predict self-perceptual ratings of vocal effort when
analyzed in individual statistical models. We further sus-
pected that each measure would have a positive relationship
with self-perceptual ratings, meaning that as self-ratings
of vocal effort increased, the physiological measure would
also increase (e.g., measures of extrinsic tension would
also increase).

Research Question 2: How do the relationships be-
tween the physiological measures and self-perceptual ratings
of vocal effort change when analyzed in combination with
one another?

Hypothesis 2: We hypothesized that there would be a
reduction in the number of significant physiological pre-
dictors in the combined statistical model, in comparison to
the individual models. We suspected that only one measure
from each of the four hypothesized mechanisms would sig-
nificantly predict self-perceptual ratings of vocal effort
in the combined model.

Method
Participants

Twenty-six healthy adult participants, aged 18–29 years
(16 women; M = 20.9 years, SD = 2.8 years), were recruited
to Boston University for completion of the study. A greater
number of women were enrolled in the study in order to
be consistent with the estimates of the sex distribution of
voice disorders for men and women (Roy et al., 2005).
All participants were speakers of Standard American En-
glish with no history of speech, language, hearing, neuro-
logical, pulmonary, or voice disorders. They did not have
any trained singing experience beyond grade school and
were nonsmokers. All participants were screened for healthy
vocal function via auditory–perceptual assessment and
flexible nasendoscopic laryngeal imaging by a certified
speech-language pathologist (SLP). A written consent, ap-
proved by the Boston University Institutional Review Board,
was acquired from all participants before the start of the
protocol.

Procedure
Participant Training

Participants were trained to produce vowel–consonant–
vowel utterances of /ifi/. An /ifi/ string was two sets of
four /ifi/ productions, resulting in eight total /ifi/ produc-
tions per string (e.g., /ifi ifi ifi ifi/, pause, /ifi ifi ifi ifi/).
The combination of phonemes in the utterance /ifi/ pro-
vided the abductory and adductory vocal fold gestures
needed to calculate kinematic estimates of laryngeal
McKenna et al.: Physiological Mechanisms of Vocal Effort 817
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Figure 1. Example of surface EMG sensor placement on the
submandibular region (suprahyoid) and anterior neck (infrahyoid).
stiffness and created an open pharyngeal configuration
to better view the larynx during flexible nasendoscopy
(McKenna et al., 2016). The participants were instructed
to produce the /ifi/ strings at different vocal rates (slow,
regular, and fast) and different levels of vocal effort (mild,
moderate, and maximal) for a total of six voice conditions.
A metronome was used to train vocal rate at three levels:
Slow rate was at 50 beats per minute (bpm), regular rate
was at 65 bpm, and fast rate was at 80 bpm. These targets
were chosen because previous research has indicated that
increased speech rate increases stiffness of oral articulators
(Hertrich & Ackermann, 2000; Ostry & Munhall, 1985)
and intrinsic laryngeal muscles (Stepp, Hillman, et al., 2010).
Next, participants received instructions to vary their vocal
effort using the following script: “Now we would like you
to increase your effort during your speech as if you are try-
ing to create tension in your voice as if you are trying to
push your air out. Try to maintain the same volume while
increasing your effort.” They were instructed to maintain
their comfortable speaking rate and vocal volume. Mild
effort was described as “mildly more effort than your reg-
ular speaking voice.” Moderate effort was described as
“more effort than your mild effort,” and maximal effort
was “as much effort as you can, while still having a voice.”
Participants practiced these productions for approximately
10 min with a certified SLP to verify appropriate produc-
tions of rate and effort.

Participants were trained to make self-perceptual
ratings of vocal effort on a horizontal 100-mm visual ana-
log scale (VAS) after each /ifi/ string. The VAS is sensitive
to small changes in self-perceived effort when analyzed
within speaker and has been used with anchors at the ex-
tremes of the scale when rating vocal effort immediately fol-
lowing voice productions (Fujiki, Chapleau, Sundarrajan,
McKenna, & Sivasankar, 2017; Sandage et al., 2013;
Solomon & DiMattia, 2000; Solomon et al., 2003; Sundarrajan,
Fujiki, Loerch, Venkatraman, & Sivasankar, 2017; Tanner
et al., 2016). The left side of the scale was anchored with
the description of “no effort at all” and labeled as No Ef-
fort, and the right side of the scale was anchored with
the description of “the most effort you can imagine” and
labeled as Most Effort. The labels No Effort and Most
Effort were provided superior to the line at each end,
whereas the numbers “0” and “100” were inferior to the
line (placed on the left and right ends, respectively). A
set of 13 lines were presented on a single sheet of paper
and given to each participant on a clipboard. Participants
were instructed to mark the scale with a single vertical line
to indicate the amount of vocal effort employed in each
/ifi/ string. No specific experiential anchors were pro-
vided, and no retraining was provided at the time of
data acquisition.

Experimental Setup and Calibration
Participants were seated throughout the study. First,

three Delsys Bagnoli surface EMG (sEMG) sensors were
affixed with adhesive tape to the anterior surface of the neck.
Prior to sensor application, the skin on the anterior neck
818 Journal of Speech, Language, and Hearing Research • Vol. 62 • 8

Downloaded from: https://pubs.asha.org Boston University on 05/02/2019
was abraded and exfoliated (Stepp, 2012). A single-differential
sensor was configured in the submandibular region, just
posterior to the mandible. This sensor captured suprahyoid
muscle activation of the mylohyoid muscles (and less so,
the geniohyoid and the anterior belly of the digastrics due to
variation in these muscle fiber orientations). Then, two
double-differential sensors were placed approximately 1 cm
to the right and left side of the thyroid prominence to tar-
get extrinsic infrahyoid muscles, including the thyrohyoids,
omohyoids, and sternohyoids. A double-differential elec-
trode was chosen to reduce conduction volume by mini-
mizing cross-talk from the surface musculature common to
all electrode contacts (Rutkove, 2007). Of note, the pla-
tysma muscle (a thin, superficial muscle of the neck) over-
lies all of the suprahyoid and infrahyoid muscles targeted
in this study, meaning that the signals gathered from the
surface electrodes may have also included platysma activity.
A certified SLP identified and verified sensor locations via
palpation during various tasks (e.g., hum, swallow). Figure 1
provides an example of sensor placement on the anterior
neck. A ground electrode was placed on the acromion of the
right shoulder to account for environmental and physio-
logical noise (e.g., heartbeat). Participants completed a series
of maximal voluntary contraction (MVC) tasks including
neck flexion, saliva swallows, throat clears, and isometric
contraction against resistance (see Appendix A). The MVCs
were later used to normalize sEMG voltages.

Next, a BU series 21771 accelerometer (Knowles
Electronic) was placed on the anterior neck with double-
sided adhesive tape, superior to the thyroid notch, and in-
ferior to the cricoid cartilage. A directional headset micro-
phone (Shure SM35 XLR) was placed 45° from midline of
the vermilion and 7 cm from the corner of the lips. In or-
der to calculate sound pressure level (dB SPL) for all voice
recordings, electrolaryngeal pulses were played at the lips
while a sound pressure level meter measured dB SPL at the
microphone. The known sound pressure levels were later
used to calibrate the microphone recordings.
15–834 • April 2019
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Experimental Recordings
Once the training, equipment setup, and equipment

calibration procedures were completed, a flexible pediatric
endoscope (Pentax, Model FNL-7RP3, 2.4 mm) was
passed transnasally over the soft palate into the hypopharynx
to visualize the larynx. A numbing agent was not admin-
istered, so as not to affect laryngeal sensory feedback
(Dworkin, Meleca, Simpson, & Garfield, 2000); however,
a nasal decongestant was provided to decrease discomfort
while the endoscope was passed through the nasal cavity.
Participants completed a minimum of two recordings per
condition (slow rate, regular rate, fast rate, mild effort,
moderate effort, maximal effort), for a total of 12 record-
ings. If the endoscopist was unsure whether an adequate
view of the vocal folds was appropriately captured, the
condition was repeated. The need for repetition ultimately
produced a total of seven extra recordings analyzed in the
study (four slow rate, two regular rate, and one maximal
effort). Immediately following each recording, participants
completed a self-rating of their vocal effort on the 100-mm
VAS. A paper version on a clipboard was used so that the
participants could easily move the clipboard to a place they
could see during the flexible endoscopy. The total time of
the laryngoscopy was approximately 5–10 min, whereas the
time leading up to the experimental recordings (including
consent, training, equipment setup, and calibration) was
approximately 1 hr.

The pediatric endoscope was attached to a FASTCAM
Mini AX100 camera (Model 540K-C-16GB) operating at
a resolution of 256 × 256 pixels with a 40-mm optical lens
adapter. A steady xenon light was used for imaging (300 W
KayPentax Model 7162B), and video images were acquired
with Photron Fastcam Viewer software (Version 3.6.6).
Because of the frame rate and memory capacities of the
camera system, each recording was limited to 8 s in duration.
The microphone and accelerometer signals were preamplified
(Xenyx Behringer 802 Preamplifier) and digitized at 30 kHz
with a data acquisition board (DAQ; National Instruments
6312 USB). Neck sEMG signals were acquired using a
16-channel Delsys Bagnoli EMG System (DS-160) and
an analog bandpass filtered with roll-off frequencies of 20
and 450 Hz and a gain of 1,000. The sEMG signals were re-
corded at 30 kHz through the same DAQ as the microphone
and accelerometer. Recordings were triggered via a custom
MATLAB algorithm that time-aligned the endoscopic video
images with the signals from the accelerometer, microphone,
and sEMG sensors at the time of acquisition.

Postrecording Tasks
Following the experimental recordings, the endoscope

and sEMG sensors were removed, leaving the accelerometer
and headset microphone in place. Participants then com-
pleted a corresponding subglottal pressure task with the Pho-
natory Aerodynamic System (PAS; Model 6600, PENTAX
Medical) to determine the relationship between intraoral
estimates of subglottal pressure and measurements made
from the accelerometer. Full details on the task and pro-
cessing can be found in Appendix A. In brief, participants
Downloaded from: https://pubs.asha.org Boston University on 05/02/2019
produced a series of /pi/ repetitions while varying vocal
effort. Correlations between intraoral estimations of sub-
glottal pressure and simultaneous measurements made
with the accelerometer revealed that all participants met
the prespecified cutoff criterions (r > .50), verifying the
accelerometer measure as an indirect indicator of sub-
glottal pressure.

Measures
Microphone and Neck Surface Accelerometer

A semiautomated algorithm was developed to extract
the root-mean-square (RMS) of each vowel for each indi-
vidual /ifi/ production in the accelerometer signal, re-
ferred from here forward as NSVMag (i.e., the magnitude
of neck surface vibration). The accelerometer signal was
first full-wave rectified and filtered using a first-order low-
pass Butterworth filter at 12 Hz. A threshold to distinguish
voicing onset and offset was empirically determined during
pilot testing as four times the mean amplitude of a 500-ms
period of rest in the filtered signal. The RMS was calculated
for the vowel segment between voicing onset and offset in
the raw accelerometer signal, resulting in an NSVMag (VRMS)
value for each /i/ production. NSVMag values were then aver-
aged across each recording.

The vowel segments were extracted from the corre-
sponding microphone signal and calibrated to the sound
pressure level gathered at the microphone with the sound
pressure level meter. Sound pressure level was then aver-
aged across each recording and is referred to as mean SPL.
Because previous studies have reported strong correlations
between sound pressure level and subglottal pressure estimates
(Fryd, Van Stan, Hillman, & Mehta, 2016; Holmberg,
Hillman, & Perkell, 1988; Lamarche & Ternstrom, 2008;
Sundberg, Titze, & Scherer, 1993; Tanaka & Gould, 1983),
we examined the variance inflation factors (VIF) between
NSVMag and mean SPL when predicting ratings of vocal
effort. Results revealed VIF values of less than 10, indicating
no violation of multicollinearity (Hair, Anderson, Tatham,
& Black, 1995) and no need to correct for mean SPL.

Neck sEMG
The sEMG signals were digitally bandpassed with a

second-order Butterworth filter between 20 and 500 Hz to
ensure minimization of ambient noise. Individual /ifi/ pro-
ductions were segmented from each /ifi/ string. The initiation
and termination of voicing were determined from the ac-
celerometer signal (see Appendix A for more information
on data processing), with the addition of a 250-ms prepho-
natory segment to account for muscle activity prior to the
manifestation of voicing in the acoustic signal (Shipp, 1975;
Stepp et al., 2011). Two target measures were then extracted
for each recording: (a) percent activation, the activation
amplitude compared to each sensor MVC, and (b) percent
duration, the percentage of time the signal was “active”
above a designated quiet rest level for each sensor.

Percent activation. The RMS of each individual
/ifi/ segment was divided by the MVC value determined
McKenna et al.: Physiological Mechanisms of Vocal Effort 819
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for each sensor during the calibration procedure. The entire
/ifi/ segment was chosen for analysis because muscle activa-
tion has been shown to increase at both the initiation and
termination of voicing due to quick dynamic laryngeal
movements for speech (Hirose & Gay, 1973; Sawashima,
Kakita, & Hiki, 1973). The resulting activation value was
a percentage of the possible maximum at each sensor for
each /ifi/ segment. These were then averaged across each
recording and are represented as a single percent activation
per recording for each sensor placement.

Percent duration. First, sEMG signals were rectified
and low-pass filtered at 12 Hz with a first-order Butterworth
filter. A segment of quiet rest was extracted over 500 ms
of recording during a slow rate production in which the
participant was not voicing or swallowing (confirmed via
the accelerometer signal). From the filtered rest signal, the
mean and standard deviation of quiet rest were determined.
We then empirically assessed a range of threshold values.
The mean plus 3 SDs away from the mean was a sufficient
threshold to minimize activation during quiet rest (i.e., in
which no activity was occurring), yet still provide reason-
able activation durations during /ifi/ segments that met a
normal distribution without a ceiling effect. Finally, /ifi/ seg-
ments (also processed with the same specifications of the rest
threshold) were directly compared to the rest thresholds for
each speaker. This comparison resulted in a percent dura-
tion of each /ifi/ segment during which the sEMG signal
was greater than the rest threshold. These percent dura-
tions were averaged over each recording for each sensor.
High-Speed Video Imaging
Kinematic stiffness ratios. High-speed videoendo-

scopic data were processed by trained technicians via a
user-assisted algorithm. Appendix A provides a descrip-
tion of the training protocol and in-depth information on
the user-assisted algorithm. In brief, the user-assisted algo-
rithm determined vocal fold glottic angles extending from
the anterior commissure along the medial vocal fold edge
to the vocal process (see Figure 2a). The glottic angle was
extracted over a series of images during the gross abductory
and adductory gestures surrounding the /f/ in each /ifi/ pro-
duction. The raw angles were plotted over time (McKenna
et al., 2016; Stepp, Hillman, et al., 2010) and smoothed
with a zero-phase 15th-order finite impulse response low-
pass filter at 25 Hz. The maximum angular velocity dur-
ing the adductory gesture was determined from the smoothed
data within a range of 20%–80% of the maximum abduc-
tory angle (Dailey et al., 2005; Stepp, Hillman, et al.,
2010) in order to minimize the effect of vibratory arti-
facts in the signal. The maximum angular velocity was
then divided by the maximum abductory angle during
the /f/ and reported as the kinematic stiffness ratio for
each /ifi/ instance. These ratios were then averaged for
each recording. Figure 2b provides a schematic of the
raw angle waveform, the smoothed data, and determi-
nation of the maximum abductory angle and angular
velocity.
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Supraglottal compression ratings. A certified SLP
was trained to complete supraglottal compression ratings
(see Appendix A for training information) with the Voice-
Vibratory Assessment With Laryngeal Imaging (VALI;
Poburka, Patel, & Bless, 2017) in both the M-L direction
(in which the false vocal folds compress medially to cover
the true vocal folds) and the A-P direction (in which the
distance between the arytenoids and petiole of the epiglot-
tis is shortened). The VALI uses a 0–5 rating scale for M-
L and A-P ratings, with 0 representing no constriction and
a rating of 5 representing complete obstruction of the true
vocal folds.

During data extraction, the SLP was blinded to par-
ticipant and voice condition. First, the SLP watched a
muted video of the entire recording to provide context into
the relationship between the structures of the larynx. Then,
separate ratings were made for A-P and M-L compression
on images extracted ahead of time. Images were extracted
from the midpoint time of each /i/ vowel in which the mem-
branous portion of the vocal folds were adducted (± 10 ms
from vowel center). The midpoint was chosen as it repre-
sents a more static compression that is due to overall
glottal positioning, instead of dynamic, quick supraglot-
tic articulatory actions that could occur during phonemic
changes in running speech (Stager et al., 2000). Only one
certified SLP was trained to complete compression rat-
ings due to the large number of ratings (2,280 /ifi/ pro-
ductions × 2 /i/ vowels each × 2 compression ratings =
9,120 total ratings). Ratings took approximately 2–3 hr
per participant.

Interrater and intrarater reliability on the experimental
data were completed on two randomly selected partici-
pants (i.e., 367 images, or 734 ratings), with the second rater
being the first author of this article. The reliability was
completed on averaged data for each recording as those
were the data used in the experimental statistical analysis.
Both raters were blinded to the participant, voice condi-
tion, and previous ratings. A two-way intraclass correla-
tion coefficient (ICC) analysis for consistency revealed
interrater reliability of ICC(2, 1) = .61 for M-L compres-
sion and ICC(2, 1) = .78 for A-P compression. Intrarater
reliability analysis revealed an ICC(2, 1) = .56 and .71
for M-L and A-P compression, respectively.

Self-Perceptual Ratings
Each self-perceptual rating on the 100-mm VAS was

manually measured with a ruler and reported to the near-
est millimeter. The measurements were made by a single
technician and checked by the same technician at least 1
month after the first measurement. No discrepancies arose.
The self-ratings were used as the outcome variable in
this study.

Statistical Analysis
To be included in the final analysis, each physiological

measure had to be calculated from at least three /ifi/ repeti-
tions per recording (chosen as the slow rate productions
15–834 • April 2019
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Figure 2. (a) View of the vocal folds under flexible laryngoscopy. The glottic angle has been marked from the anterior
commissure to the vocal processes. (b) Raw vocal fold angles with smoothed data overlay. Maximum angle (circle),
maximum angular velocity (square), and the range of 20%–80% of the maximum angle are identified.
often only had four /ifi/ repetitions). To evaluate our first
hypothesis, individual mixed-effects regression models were
completed. The independent variables were each physiological
predictor and participant (random factor), whereas the
dependent variable was the self-perceptual ratings of vocal
effort (rated on the 100-mm VAS). Alpha level was set a
priori to p < .05, and the adjusted coefficient of determina-
tion (adjusted R2) was determined for each individual
model. To evaluate our second hypothesis, a mixed-effect
backward stepwise regression model was completed with
participant (random factor) and all physiological predic-
tors. The outcome variable of this combined model was the
self-perception of vocal effort. Predictor variable significance
was set to p < .05, and adjusted R2 was determined for each
model iteration. Variable effect sizes (ηp

2) were calculated
for each significant predictor in the final model.

Results
Three hundred nineteen recordings were made with

an average of 7.15 /ifi/ productions each and 2,280 /ifi/ rep-
etitions in total. Across all recordings, there were eight
instances in which there were fewer than three usable kine-
matic stiffness ratios available for averaging, accounting
for approximately 2% of missing data points for that mea-
sure. These missing data points occurred across five dif-
ferent participants in the conditions of slow rate, regular
rate, mild effort, moderate effort, and maximal effort.
There was also one instance in which M-L compression and
A-P compression could not be rated for any vowel in the
high-speed video recording due to an unclear image (i.e.,
mucous on the endoscope). Therefore, the only missing
data across all 10 physiological measures were these 10 in-
stances, resulting in 3,181 total data points for analysis
(319 recordings × 10 measures − 10 missing data points).

All variables met the assumptions of the statistical
models, except that the percent activation and percent dura-
tion measures of the left and right infrahyoid were too highly
related to one another in the combined model (VIF > 10;
Hair et al., 1995). In order to reduce multicollinearity,
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the two sides were collapsed into a single measure by av-
eraging the left and right values together. The measures
are here forward referred to as averaged percent activation
of infrahyoids and averaged percent duration of infrahyoids.
Averaging these measures reduced the number of physio-
logical predictors from 10 total measures to eight measures.
Table 1 provides summary information of the mean and
95% confidence interval for each of the eight physiologi-
cal measures and the self-ratings of vocal effort for each
speaking condition.

Individual Mixed-Effects Regression Models
Individual statistical models revealed that all of the

physiological predictors, except for kinematic stiffness ratios,
significantly predicted vocal effort ratings. The strength of
the predictions ranged from weak to moderate with adjusted
R2 values of .09–.53. Inspection of the beta coefficients re-
vealed that all of the physiological measures in the study
were positively associated with self-perceptual ratings of
vocal effort. Results of the individual models can be found
in Table 2.

Combined Mixed-Effects Backward Stepwise
Regression Model

A mixed-effects backward stepwise regression model
was calculated to analyze the relationship between the eight
physiological measures and self-ratings of vocal effort.
During the analysis, the variable with the largest p value
was excluded in each iteration until all remaining vari-
ables met the criterion of p < .05. Results indicated that
NSVMag, M-L compression, and percent activation of
the suprahyoids were significant predictors of the self-
perception of vocal effort. NSVMag had a large effect size,
M-L compression had a medium effect size, and percent
activation of the suprahyoids had a small effect size (Witte
& Witte, 2010). The model accounted for 60% of the vari-
ance in self-ratings of vocal effort (adjusted R2 = .60). Inspec-
tion of the beta coefficients revealed that all three predictors
McKenna et al.: Physiological Mechanisms of Vocal Effort 821
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Table 1. Mean and 95% confidence interval for each physiological measure and the self-rating of vocal effort for each condition.

Measure

Condition

Slow rate Regular rate Fast rate Mild effort Moderate effort Maximal effort

Kinematic
stiffness ratios
(1/s)

14.35 [13.46, 15.24] 14.50 [13.7 4, 15.26] 15.29 [14.41, 16.17] 14.63 [13.78, 15.48] 14.70 [13.80, 15.59] 14.97 [14.09, 15.85]

Percent
activation of
suprahyoids

10.05 [9.95, 11.15] 10.01 [8.76, 11.26] 10.44 [9.20, 11.69] 10.38 [9.03, 11.73] 11.62 [10.03, 13.21] 14.07 [12.01, 16.13]

Percent duration
of suprahyoids

68.52 [60.45, 76.60] 68.23 [61.01, 75.45] 72.40 [65.94, 78.85] 68.39 [60.06, 76.72] 74.17 [66.51, 81.84] 81.75 [75.38, 88.11]

Average percent
activation of
infrahyoids

9.59 [7.76, 11.42] 10.13 [8.13, 12.13] 10.15 [8.33, 11.96] 10.22 [8.35, 12.09] 10.92 [8.92, 12.92] 11.79 [9.55, 14.02]

Average percent
duration of
infrahyoids

68.40 [62.14, 74.67] 68.72 [61.88, 75.57] 72.34 [65.45, 79.23] 72.21 [65.74, 78.67] 73.94 [66.98, 80.91] 77.47 [71.26, 83.68]

A-P compression
(0–5 scale)

2.20 [1.97, 2.43] 2.19 [1.96, 2.42] 2.25 [2.01, 2.50] 2.28 [2.06, 2.50] 2.43 [2.20, 2.66] 2.50 [2.27, 2.73]

M-L compression
(0–5 scale)

1.57 [1.40, 1.75] 1.57 [1.42, 1.73] 1.71 [1.52, 1.91] 1.84 [1.63, 2.05] 1.95 [1.75, 2.15] 2.15 [1.95, 2.35]

NSVMag (VRMS) 0.14 [0.12, 0.15] 0.14 [0.12, 0.16] 0.15 [0.13, 0.17] 0.16 [0.14, 0.18] 0.21 [0.18, 0.23] 0.27 [0.23, 0.31]
Vocal effort rating

(mm)
13.14 [10.64, 15.65] 14.69 11.37, 18.00 17.22 [12.95, 21.49] 26.09 [23.06, 29.11] 43.77 [40.02, 47.52] 68.17 [62.48, 73.85]

Note. A-P = anterior–posterior; M-L = mediolateral; NSVMag = magnitude of neck surface vibration.
increased as the self-perception of effort increased. A sum-
mary of significant findings can be found in Table 3, and
the order of variable elimination and adjusted R2 of each
model can be found in Table 4.

Discussion
This study sought to evaluate physiological mecha-

nisms of vocal effort, specific to the larynx, in order to
determine which measures are the most salient to self-
perceptual ratings of vocal effort. As expected, the ma-
jority of physiological measures significantly predicted
self-ratings of vocal effort when analyzed in separate sta-
tistical models, with positive relationships with vocal ef-
fort ratings. Unexpectedly, the measure of intrinsic laryngeal
tension was not a significant predictor in the individual
Table 2. Results of mixed-effects regression models between individual

Physiological measure Beta Coef

Kinematic stiffness ratios (1/s) 1.1
Percent activation of suprahyoids 240.0
Percent duration of suprahyoids 46.0
Average percent activation of infrahyoids 159.8
Average percent duration of infrahyoids 51.0
A-P compression (0–5 scale) 15.9
M-L compression (0–5 scale) 22.2
NSVMag (VRMS) 229.1

Note. Asterisks (*) are placed for significant predictors. Coef. = coefficien
of neck surface vibration.
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model, although the results approached significance (p =
.057). Therefore, our first hypothesis was not supported
because not all of the physiological measures proposed in
this study were significantly predictive of self-ratings of
vocal effort.

To address our second research question, we completed
a combined statistical analysis to determine which measures
were the most salient to vocal effort ratings. Importantly,
when all eight physiological measures were analyzed in the
initial combined regression model, the adjusted R2 value
was .61. After removal of nonsignificant measures (when
the p value was greater than .05, see Table 4 for a review),
the adjusted R2 of the final model was a value of .60. These
results indicate that removal of five of the physiological
variables only reduced the model fit by 1%, further support-
ing the design of the study and the need for combined
physiological predictors and self-ratings of vocal effort.

. p Adjusted R2

.057 .09
< .001* .18
< .001* .15
.003* .11

< .001* .13
< .001* .15
< .001* .26
< .001* .53

t; A-P = anterior–posterior; M-L = mediolateral; NSVMag = magnitude
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Table 3. Summary of significant variables in the final mixed-effects backward stepwise regression statistical model.

Physiological measure Beta Coef. SE Coef. t p Effect size (ηp
2 )

Effect size
interpretation

NSVMag 194.6 13.7 14.24 < .001 .41 Large
M-L compression 12.6 2.1 6.12 < .001 .11 Medium
Percent activation of suprahyoids 91.6 29.1 3.15 .002 .03 Small

Note. Coef = coefficient; SE = standard error NSVMag = magnitude of neck surface vibration; M-L = mediolateral.
statistical analysis in vocal effort research. The final model
only yielded three significant predictors of vocal effort that
fell across three of the four hypothesized mechanisms:
subglottal pressure, supraglottal compression, and extrinsic
laryngeal tension. Therefore, our second hypothesis was not
supported as we had expected that one measure of each of
the four proposed mechanisms would be significant.

The present findings support the supposition that
speakers perceive effort partially based on sensory feedback
from the laryngeal and paralaryngeal structures, which can
be quantified via these physiological measures. Although
the three significant predictors accounted for 60% of the
variance in self-ratings of vocal effort, there continued to
be 40% of unaccounted for variance. It is quite possible
that other physiological (e.g., respiratory, articulatory),
acoustical (i.e., auditory feedback), and cognitive–emotional
factors also contribute to the self-perception of vocal effort.
For example, there is beginning evidence that personality
factors may contribute to the development and persistence
of voice problems (Roy & Bless, 2000; Roy, Bless, &
Heisey, 2000) and that negative emotional valence (induced
via visual imagery or stressful environments) directly in-
crease perceived vocal effort in some speakers (Dietrich &
Abbott, 2012; van Mersbergen, Patrick, & Glaze, 2008). In
order to elucidate a more comprehensive profile of vocal ef-
fort, we suggest that future researchers consider a com-
bined analysis of the significant physiological predictors
identified in our study results with additional factors that
may contribute to self-perceived vocal effort.

Physiological Measures of Vocal Effort
The working hypothesis of McCabe and Titze (2002)

proposed that the perception of vocal effort is partially
based on physiological changes that are supposed to
Table 4. Order of variable elimination during backward stepwis

Order of removal Variable removed

1 Average percent activation of infr
2 Percent duration of suprahyoids
3 A-P compression
4 Average percent duration of infra
5 Kinematic stiffness ratios

Note. A-P = anterior–posterior.
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maintain or improve the intensity and quality of the voice.
With that in mind, we suspect that each of the significant
physiological predictors could be a manifestation of a strat-
egy to improve the acoustical output of each speaker.

First, the physiological predictor with the largest ef-
fect size was our indirect measure of subglottal pressure. A
laryngeal model by Zanartu et al. (2014) indicated that
greater posterior glottal gap size yielded a reduction of en-
ergy transfer to the vocal folds and a simultaneous reduc-
tion in sound pressure level. When a compensatory model
was created that specifically increased subglottal pressure,
there was also an increase in sound pressure level. Based on
this work, it is likely that subglottal pressure is a strategy
to increase the amplitude of vocal fold vibration and thereby
increase sound pressure level (i.e., vocal intensity).

It is then unsurprising that elevated subglottal pressure
would be consistently documented across a wide variety of
speakers with voice disorders, including those stemming from
both structural and functional causes. Subglottal pressure
may be elevated in speakers with vocal fold lesions such as
phonotraumatic vocal hyperfunction (Dastolfo et al., 2016;
Espinoza et al., 2017; Holmberg et al., 2003; Kuo et al.,
1999) and glottic cancer (Friedman et al., 2013; Zietels
et al., 2008), as well as in speakers without lesions, such
as nonphonotraumatic vocal hyperfunction (Dastolfo
et al., 2016; Espinoza et al., 2017; Hillman et al., 1989)
and glottal incompetence (e.g., unilateral vocal fold paraly-
sis, vocal fold atrophy; Dastolfo et al., 2016). It is likely that
an increase in subglottal pressure is a universal strategy
to compensate for a reduction in vocal abilities, regardless of
reason for reduced vocal abilities (e.g., nodules, vocal fold
paresis). Whether the increased amplitude of vibration then
increases collision forces and results in additional contact
stress of the vocal folds (possibly leading to phonotruama) is
still an area of continued investigation.
e regression analysis.

p Model adjusted R2

ahyoids .946 .61
.889 .61
.710 .61

hyoids .171 .61
.162 .61
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In the same vein, M-L supraglottal compression may
be a physiological strategy to increase vocal fold contact
and the amplitude of the acoustic signal via effects on sub-
glottal pressure and glottal resistance. This strategy has
been reported elsewhere, specifically in speakers with glottal
incompetence due to vocal fold paralysis or paresis. In a
study by Bielamowicz, Kapoor, Schwartz, and Stager (2004),
speakers with greater M-L compression had airflow, pres-
sure, and acoustical measures that were within normal
ranges. The authors concluded that M-L compression re-
duced glottal gap size and improved phonatory function.

Measures of M-L compression continue to be quanti-
fied subjectively, and although that allows for direct clinical
translation, it also increases the possibility of rater variabil-
ity and error. The interrater reliability of M-L compression
ratings reported here are somewhat lower than other studies
that used high-speed videoendoscopy (Parker, Kunduk,
Fink, & McWhorter, 2017; Poburka et al., 2017); however,
these other studies were completed using rigid endoscopy
with a protruded tongue and sustained vowel, possibly
impacting laryngeal configuration and improving rating re-
liability. Even with the increased variability of our ratings,
M-L compression was a significant predictor of vocal ef-
fort with a medium effect size. These results suggest that
the degree of M-L compression is a robust physiological
indicator of vocal effort and that measures can be obtained
during more natural speech contexts. M-L compression is,
therefore, a promising metric of vocal effort and should
continue to be investigated across speakers with primary
symptoms of vocal effort.

Finally, percent activation of extrinsic suprahyoid
muscles significantly predicted self-ratings of vocal effort in
the combined analysis. Interpretation of these results in
the context of the working hypothesis would indicate that
increased extrinsic laryngeal tension is a compensatory be-
havior to change vocal output. In vocally healthy speakers,
the suprahyoid muscles act to pull the hyoid bone anteri-
orly, which subsequently raises and rotates the thyroid car-
tilage (Honda, Hirai, Masaki, & Shimada, 1999). This
configuration changes laryngeal muscle tension (both ac-
tive and passive) and impacts vocal fold vibratory char-
acteristics (Shipp, 1975; Sundberg & Askenfelt, 1981).
Therefore, an increase in suprahyoid tension could result
in vocal quality changes and be a strategy to change output
in some speakers. However, it is thought that some voice
disorders develop because speakers continue to use a com-
pensatory voicing strategy when it is no longer needed
(Hillman et al., 1989). The persistence of a strategy (in this
case, tension of the suprahyoid muscles to increase vocal
effort) could ultimately become maladaptive. For example,
Lowell, Kelley, Colton, Smith, and Portnoy (2012) deter-
mined that speakers with nonphonotraumatic vocal hyper-
function exhibited significantly higher positioning of the
hyoid bone and larynx during phonation when directly com-
pared to vocally healthy speakers. More work is needed to
determine when increased extrinsic laryngeal muscle ten-
sion is compensatory and how it may persist in some speakers
with voice disorders.
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Previous literature has shown the role of supra-
hyoid and infrahyoid muscle groups in the context of
voice pathology to be variable. The fact that suprahyoid
activation was a significant predictor of vocal effort whereas
infrahyoid measures were not is an interesting finding in this
study. This could be because sEMG sensors only provide in-
formation on active, phasic isotonic muscle contractions
and are less apt at identifying passive tonic isometric
muscle activation that can result from muscle stretch.
As such, increased activation of the suprahyoid muscles
could have passively stretched infrahyoid muscles, limit-
ing the utility of sEMG to assess tension in these mus-
cles. An alternative would be to use manual palpation of
the laryngeal structures to assess extrinsic laryngeal ten-
sion (Aronson, 1990; M. Morrison, 1997; Roy, 2008;
Roy et al., 1997, 1996; Roy & Leeper, 1993); however,
it remains unclear whether manual palpation techniques
are sensitive to small degrees of change in muscle ten-
sion (e.g., there was a 4% change noted from the regular
speaking rate to the maximal effort condition for supra-
hyoid activation). For these reasons, manual palpation
and sEMG in conjunction may provide the most accu-
rate assessment of extrinsic laryngeal muscle tension in
speakers with voice disorders and should be investigated
further in vocal effort research.

Vocal Rate, Effort, and Intrinsic Laryngeal Tension
We designed this study to incorporate modulations

of vocal rate and vocal effort in an attempt to create varia-
tion in self-perceived vocal effort. Examination of averaged
data across the different voicing conditions revealed that
self-ratings of effort were relatively consistent across varia-
tion in vocal rate (range of 13.14–17.22 on the 100-mm
VAS). This was a surprising finding because previous stud-
ies reported that increased speech rate acts to increase
tension in both oral articulators (Hertrich & Ackermann,
2000; Ostry & Munhall, 1985) and laryngeal muscles
(Stepp, Hillman, et al., 2010), but it seems that the partici-
pants in this study did not perceive this tension as increased
effort.

The fact that perceived effort did not increase during
modulations of rate likely contributed to the nonsignificant
findings between self-perceptual ratings of vocal effort and
the measure of intrinsic laryngeal tension (kinematic stiff-
ness ratio) leading to the rejection of both of the hypothe-
ses laid out at the beginning of the study. As expected,
kinematic stiffness ratios tended to increase as speech rate
increased (Stepp, Hillman, et al., 2010), with the greatest
stiffness ratios produced during the fast vocal rate, but
kinematic stiffness ratios remained relatively unchanged
during tasks that increased effort (range of 14.63–14.97 1/s).
These ratios are inconsistent with the trends seen in ratings
of vocal effort. We had theorized speakers would be able
to perceive tension from sensorimotor feedback, possibly
from muscle spindles in the intrinsic laryngeal muscles
(S. Koike, Mukudai, & Hisa, 2016). However, the con-
scious perception of muscle tension via sensory feedback
15–834 • April 2019
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from these spindles is still debated (Ludlow, 2005). It may
be that intrinsic laryngeal muscle spindles affect unconscious,
reflexive responses to muscle stretch and tension. To date,
few studies have evaluated reflexive responses in the intrin-
sic (and extrinsic) laryngeal muscles in human subjects
(Loucks, Poletto, Saxon, & Ludlow, 2005; Sapir, Baker,
Larson, & Ramig, 2000), making it difficult to determine
the role of sensory feedback from intrinsic laryngeal mus-
cles in self-perceived voice symptoms.

Participant Variability
In order to evaluate individual variability of the par-

ticipants in this study, per-participant Pearson product–
moment correlations were calculated for all physiological
variables. Appendix B provides a list of all individual cor-
relations and the percentage of speakers who revealed
strong relationships, per a cutoff criterion of r ≥ .70. Only
two of the 26 participants (approximately 8%) had strong
correlations across all three physiological measures with
their self-ratings of vocal effort. This provides evidence that
these physiological events can act in isolation of one an-
other and, furthermore, that the likelihood of an individ-
ual incorporating all three physiological strategies while
increasing vocal effort is quite low.

Participant variability could be due to individual
physiological preferences that result in a primary or
“dominant” mechanism to increase effort. In a simple com-
parison of correlations within each speaker, 16 of the
26 participants (approximately 62%) exhibited the strongest
correlations between effort ratings and the subglottal pres-
sure measure (NSVMag), four speakers (approximately 15%)
had their strongest correlations between effort ratings and
M-L compression, and two speakers (approximately 8%)
had the strongest correlations between effort ratings and
percent activation of the suprahyoid muscles. Thus, the
physiological profiles of the majority of speakers would
fall into a category of subglottal pressure dominant as
their primary contributor to vocal effort. Based on the
findings of participant variability, we recommend that
clinicians continue to investigate all three of the signifi-
cant physiological predictors identified in this study (i.e.,
subglottal pressure, M-L compression, suprahyoid activa-
tion), as these were the dominant physiological mechanisms
in approximately 88% of the speakers enrolled in the study.

Limitations and Future Directions
This study employed indirect estimation techniques

for all physiological measures. It is widely believed that di-
rect estimates may provide more accurate measurements of
the mechanisms that underlie different physiological systems;
however, direct physiological measures of the larynx often
require techniques that are invasive (e.g., intramuscular
EMG, tracheal puncture). The measures described in this
article are less invasive and more clinically feasible, pro-
viding benefits for translation of the present work to the
clinical setting. Still, it is possible that these indirect measures
Downloaded from: https://pubs.asha.org Boston University on 05/02/2019
may be more variable or less related to direct measurements
taken during aberrant voice productions. For example, neck
surface accelerometry is an exciting new prospect for estima-
tion of specific aerodynamic parameters during more
natural speech contexts (Mehta et al., 2015), but NSVMag

has yet to be fully vetted against direct subglottal pressure
estimates in speakers. Therefore, the methods described
in this work, in relation to spontaneous speech and natu-
ral prosody, require further investigation before clinical
application.

The present work was based on the presumption that
vocal effort can be reliability quantified via a 100-mm VAS.
A simple VAS with anchors at each end has been used to
measure self-perceptual ratings of vocal effort, and those
ratings have been associated with physiological measures
(Solomon et al., 2003; Tanner et al., 2016). It should be
noted that the perceptual literature is replete with examples
of how the type of scale, the use of anchors and defini-
tions, and the amount of training provided can influence
perceptual ratings. Despite this knowledge, there is cur-
rently no universally accepted scale to subjectively quan-
tify vocal effort, leading to ambiguity in choosing the
correct scale for research and clinical purposes. To date,
self-perceptual rating scales of vocal effort include a simple
0–10 equal interval scale (Hunter & Titze, 2009; McCabe
& Titze, 2002), direct magnitude estimation (Dietrich &
Abbott, 2012; Sivasankar & Fisher, 2002; Verdolini et al.,
1994; Verdolini-Marston, Burke, Lessac, Glaze, & Caldwell,
1995), and the Borg Category Ratio 10 (Herndon, Sundarrajan,
Sivasankar, & Huber, 2017; Steinhauer, Grayhack, Smiley-
Oyen, Shaiman, & McNeil, 2004; van Mersbergen et al.,
2008). The Borg Category Ratio 10 is derived from a scale
that was originally developed in the exercise physiology
literature to characterize physical exertion (Borg, 1982;
Neely, Ljunggren, Sylven, & Borg, 1992; Noble, Borg,
Jacobs, Ceci, & Kaiser, 1983) and is undergoing psycho-
metric evaluation as a perceptual measure of vocal effort
(Baldner et al., 2015; van Leer & van Mersbergen, 2017).
As these scales continue to be developed, the field would
benefit from consensus on a self-perceptual scale of vocal ef-
fort in order to make effort ratings comparable across studies.

Finally, further work is needed to examine physio-
logical manifestations of vocal effort in speakers with voice
disorders. Although the physiological mechanisms reported
in this study have been shown to be elevated in speakers
with primary symptoms of vocal effort, it is not clear how
vocal effort may manifest in different etiologic groups.
Specifically, it remains unknown whether modulations of
vocal effort in healthy speakers are applicable to those
with structural changes (e.g., nodules), neurological-based
voice disorders (e.g., spasmodic dysphonia), or functional-
based dysphonia. Moreover, our study elicited increased
vocal effort via instructions to do so, instead of employing
a vocally fatiguing task, such as vocal loading. It is possi-
ble that the physiological measures associated with elevated
vocal effort in healthy speakers may be different following
a more challenging vocal task or during instances of con-
current vocal fatigue.
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Conclusion
Vocal effort manifests as a combination of physio-

logical mechanisms, including increases in indirect measure-
ments of subglottal pressure, M-L supraglottal compression,
and activation of extrinsic syprahyoid muscles. These mecha-
nisms could be compensatory strategies to improve vocal
fold vibration amplitude and improve the acoustical signal;
however, exactly how these mechanisms play a role in indi-
viduals with voice disorders and how they interact with
physiological, acoustical, and cognitive–emotional factors
warrant further investigation. A better understanding of the
mechanisms driving clinical presentations of voice disor-
ders would improve diagnostic and therapeutic approaches to
individuals with primary symptoms of excessive vocal effort.
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Data Acquisition and Processing
This appendix includes additional data acquisition and processing information for data acquired with sEMG sensors,
neck surface accelerometry, the PAS, and high-speed videoendoscopy.

Neck sEMG
Following placement of the sEMG sensors, participants then completed a series of tasks to determine an MVC value for

each sensor and to verify electrode placement over muscle groups. Participants completed three repetitions of each of the
following tasks: saliva swallow, throat clear, neck flexion, and isometric contraction against resistance. The isometric contraction
involved placing a dynamometer below the chin and countering the force of downward contractions. On average, participants
produced a force of 14.2 lbf during this task. The maximal MVC was determined for each task for each of the three sensors via a
sliding RMS window of 125 ms with 50% overlap (Stepp, 2012). The largest MVC value was determined for each sensor and
used during data normalization of the neck sEMG signals.

The voicing onset and offset for each /ifi/ was determined from the accelerometer signal. Then, a 250-ms prephonatory
time period was added at the voice initiation time point in order to account for muscle activity in the sEMG signal prior to the
manifestation of voicing in the acoustic signal. If there was less than 250 ms between /ifi/ repetitions, the selected /ifi/ segment
was only analyzed to the voicing offset of the previous /ifi/; this most often occurred during the fast rate productions. Figure A1
used to determine the onset and offset of voicing for each /ifi/
a time period set to 250 ms prior to each phonation onset.

ing segment plus the prephonatory segment. The lower panel is an
frahyoid location. In this example, the analysis of Segment 1 and
an duration of activation of 100%.
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Data Acquisition and Processing
provides two examples of /ifi/ segmentations during a fast rate recording in which there were large enough time blocks to
segment a full 250-ms prephonatory segment. From here, two measures were determined for each recording: (a) percent
activation and (b) percent duration.

Postrecording Task With the PAS
The post experimental recording task was completed using the PAS to verify a relationship between intraoral estimates

of subglottal pressure and measures taken with the accelerometer. Participants were trained to produce a series of /pi/
syllables at a slow, steady rate of approximately 1.5 syllables per second (Hertegard, Gauffin, & Lindestad, 1995; Holmberg,
Perkell, & Hillman, 1984). A single /pi/ string began with an /i/ vowel, followed by five /pi/ productions (i.e., /i pi pi pi pi pi/).
Participants produced /pi/ strings at a comfortable pitch and speaking volume and then produced /pi/ strings with the addition
of increasing levels of vocal effort in which they incremental increased vocal effort at each /pi/ string. Participants utilized the
visual feedback provided by the PAS display to view their increases in intraoral pressure and to maintain the same amount of
intraoral pressure within a /pi/ string. Because of the instructions to monitor vocal effort via intraoral pressure feedback, the
task needed to be completed after the experimental recordings, so as not to confound the strategies speakers used to increase
vocal effort during the study.

The accelerometer signals gathered during the postrecording task were processed with the same semiautomated algorithm
to extract the RMS of the vowel segments during experimental data processing of /ifi/ segments. As such, the algorithm
determined the RMS of the vowel segments in each /pi/ string. Then, the maximum intraoral pressure was also determined for
each /p/ production and the relationship between the two variables was assessed via Pearson product–moment correlation
coefficients. The correlations were moderate to strong (M = .86, range .58–.97) for all 26 speakers, which met a prespecified
cutoff criterion of r > .50 (McKenna et al., 2017) and verified a relationship between the accelerometer measure and intraoral
estimate of subglottal pressure.

Training for Supraglottal Compression Ratings
Training was completed prior to experimental data processing. The first author and the certified SLP independently

completed VALI ratings of M-L and A-P compression on 108 randomly extracted images, for a total of 216 ratings. The laryngeal
images were from the experimental data in order to provide relevant examples of compression ratings. Following the independent
ratings, any discrepancies greater than 1 point on the rating scale were discussed to consensus (n = 18 for M-L compression
ratings and n = 1 for A-P compression ratings). Discrepancies were most commonly due to variation in endoscope viewing
angle or image quality.

High-Speed Videoendoscopy: Kinematic Stiffness Ratios
This section describes the process with which kinematic estimations of stiffness were determined using a semiautomated

algorithm. First, technicians underwent glottic angle identification training. This initial training was completed on flexible
laryngoscopic images at a standard sampling rate (30 fps) and halogen light source that provided bright, unobstructed images of
the vocal folds during /ifi/ utterances. The angle markings of the technicians were directly evaluated against angle markings made
by the first author, meeting a two-way ICC analysis for consistency ≥ .80. The technicians then completed training with a custom
interactive algorithm. The interactive algorithm required the technician to center the glottis, identify the anterior commissure,
identify pixels for shading differences, and then make judgments on the appropriateness of vocal fold edge detection, glottic
angle tracking, and velocity curves. Once again, the technicians had to meet reliability standards of ICC(2,1) ≥ .80. After these
two steps were completed, the technicians could proceed to processing experimental data.
Figure A2. (a) Laryngoscopy image with glottic midpoint identified. (b) Laryngoscopy image with glottic space identified (circles) for algorithm
pixel differentiation. (c) Regression lines (- -) placed along the vocal fold edges to determine the glottic angle.
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First, the technician identified the midline of the glottis, from the anterior commissure to the bilateral vocal processes
(Figure A2a). The points along the line assisted in creating a restriction window for the possible locations of the anterior
commissure during glottic angle tracking. Next, the technician identified the space within the glottis (Figure A2b) to provide
representative pixel shades for differentiating the glottis from the vocal fold edge. From this information (i.e., the location
of the anterior commissure and the edge points determined from the shading differences), two regression lines were fit to
the vocal fold edge via a least squares regression model. Perpendicular error was minimized in order to yield more accurate
vocal fold edge tracking. The intersection of the two lines created an angle that could be measured and used as the raw
glottic angle for tracking glottic angle over time.

The raw glottic angles were plotted over time from the vibration during the initial /i/ vowel, through the abduction and
adduction behavior of the /f/, and finally through the oscillations of the following /i/. In order to filter out vocal fold vibration
prior to and after the /f/ segment, upper and lower envelopes were generated from the vocal fold data. A custom function
tracked the local maximum and minimum angles related to the opening and closing behavior of vocal fold vibration. The raw
vocal fold angles were kept for further analysis at the point in time at which the low and high envelopes converged, which
indicated onset and offset of the /f/ segment. Outside the /f/ segment, raw values of the lower envelope (the minimum angle
during vocal fold vibration) were used for further analysis and are referred to as “pruned angles.” Figure A3 provides an
example of raw angles as well as low and high envelopes with arrows pointing to the convergence zones.

The pruned vocal fold angles (during the vibration) and the raw vocal fold angles during the /f/ phoneme were then
zero-phase filtered using a low-pass FIR filter of order n = 15, with a cutoff frequency of 25 Hz. Adduction was then determined
as the time from the maximum angle (from the low-pass filtered data) to the point where vocal fold angle dropped to less than
20% of the maximum vocal fold angle. To account for the quick drop in vocal fold angles at the onset of vocal fold vibration, an
empirically derived filter window was applied to the data. This window prevents large velocities associated with vocal fold
vibrations at the onset of voicing from being extracted in the final determination of gross vocal fold adductory velocity.
Thus, the maximum angle velocity was identified as the minimum derivative value (i.e., the most negative slope) of the
low-passed vocal fold angles within the adduction window. Figure A4 provides the smoothed data and the range of points
from which the maximum angular velocity was determined.

In approximately 28% of samples, the algorithm did not track vocal fold edges due to the images being too dark or
because supraglottic structures were covering the view of the true vocal folds (e.g., epiglottis, false vocal folds). In these
cases, the user was able to manually mark glottic angles at a reduced sampling rate of 50 frames per second; the algorithm
then incorporated the new anterior commissure information to create new restrictions for solving the vocal fold edge detection.
From here, the angles are plotted, pruned, and analyzed with the same methodology as with the algorithm-generated angles.
Following the manual markings, the technicians accepted 75% of these /ifi/ productions (of the 28% that required manual
marking). Finally, the technicians discarded any /ifi/ productions that could not be determined by the algorithm or by manual-
assisted angle estimations, which accounted for only 7% of all individual /ifi/ productions in this study.

This same process was repeated for every /ifi/ production, resulting in kinematic stiffness ratios that could be averaged
across a single voice recording. Users were able to see the results of the automated algorithm and intervene if they suspected
the algorithm did not track vocal fold edges accurately. The visual screen they used to determine this incorporated the raw
video information, the microphone and accelerometer signals, the raw glottic angles over time, and the angular velocity estimations
(see Figure A5).
Figure A3. Raw vocal fold angles with low and high envelopes. Arrows indicate point of convergence of the envelopes. The raw angles were
used within the space between the arrows and the low angles were used outside the arrows for further processing.
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Figure A5. Schematic of the interactive screen during data processing. The user was able to see the videoendoscopic image, microphone
and accelerometer signals, raw angle waveform (here, the angles have been smoothed during the /f/ segment), and the angular velocity
waveform derived from the processed angle data.

Figure A4. Image of the smoothed angle data. The maximum abductory angle and the maximum angular velocity have been determined in
the range of 20%–80%, with consideration of the filter window.
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Data Acquisition and Processing
The initial data processing was rechecked by a second trained technician, with a total processing time of approximately
6–8 hr per participant. To determine the validity of the algorithm, we directly compared the smoothed angle data from the
algorithm to two additional trained technicians who were blind to the data set. Two individual /ifi/ productions per participant
were randomly extracted (one from a speed condition and one from an effort condition). These extractions were only in the
72% of the data that were automatically calculated via the algorithm. The glottic angles were manually identified by the additional
technicians at a down-sampled rate of 100 fps. Table A1 provides a summary of ICC results for the technicians. A final two-way
ICC analysis for consistency was calculated between the smoothed angle data and an average of the additional technicians’
manual makings resulting in an ICC(2, 1) = .85 (95% CI [.81, .89]).
Table A1. Two-way intraclass correlation coefficients (ICCs) and 95% confidence
intervals between the trained technicians and the semiautomated glottic angle
algorithm.

Comparison Reliability

Technician 1 vs. Algorithm .82 [.77, .86]
Technician 2 vs Algorithm .84 [.80, .88]
Technician 1 vs. Technician 2 .89 [.86, .91]
Averaged technicians vs. Algorithm .85 [.81, .89]
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Appendix B

Individual Correlations (r) Between the Physiological Measures and Self-Perceptual Ratings of Vocal Effort
Participant

Correlations (r) with self-ratings of vocal effort

NSVMag

Kinematic
Stiffness
Ratio

Percent
activation of
suprahyoids

Percent
duration of
suprahyoids

Average
percent

activation of
infrahyoids

Average
percent

duration of
infrahyoids

M-L
compression

A-P
compression

P1 .83 .01 .78 .73 .81 .55 .51 .26
P2 .92 .72 .88 .53 .75 .63 .04 −.48
P3 .67 −.17 .87 .67 .83 .75 −.19 −.35
P4 .97 −.13 −.46 −.71 −.01 −.11 .85 .80
P5 .94 .01 .80 .67 .77 .03 −.30 −.60
P6 .02 .26 .95 .74 .82 .72 .47 .07
P7 .71 .33 .60 .54 .67 .47 .37 .26
P8 .63 .22 .71 .38 .21 .66 .72 −.84
P9 .67 .57 .07 .26 −.53 −.41 −.12 .19
P10 −.70 .35 .28 −.03 −.53 .02 .74 .69
P11 .86 −.16 .05 .10 .58 .76 .77 .64
P12 .96 .69 −.45 .62 .33 −.70 −.24 −.60
P13 .49 .40 .24 .42 .38 .63 .45 .18
P14 .86 −.17 −.78 −.86 −.43 −.81 .18 .32
P15 .94 −.34 .94 .80 −.47 .80 .10 .57
P16 .93 −.18 .44 .05 .87 .42 .74 .29
P17 .93 −.32 .59 .39 −.55 −.63 −.48 .38
P18 .94 .34 .86 .86 .65 .42 .88 .96
P19 .96 .01 .90 .76 −.57 −.40 .30 −.50
P20 .96 .02 .88 .70 .61 .83 .10 .11
P21 −.66 −.72 .71 .35 .48 .77 .87 .79
P22 .62 .22 .42 .18 .66 .66 .75 .71
P23 .96 .57 −.25 −.29 −.77 −.65 .92 .82
P24 .97 −.25 .94 .86 .54 .39 .82 .79
P25 .95 −.12 .52 .67 .05 .63 .85 .77
P26 −.02 .62 .48 .06 .39 .04 .61 .34
Number of

speakers with
r ≥ .70

17 (65%) 1 (4%) 12 (46%) 7 (27%) 6 (23%) 6 (23%) 11 (42%) 7 (27%)

Note. Correlations that met the criterion of r ≥ .70 are bolded. NSVMag = magnitude of neck surface vibration; M-L = mediolateral; A-P =
anterior–posterior.
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