Research Note

Formant-Estimated Vocal Tract Length
and Extrinsic Laryngeal Muscle Activation
During Modulation of Vocal Effort
in Healthy Speakers

Matti D. Groll,>® Victoria S. McKenna,® Surbhi Hablani,® and Cara E. Stepp®"¢

Purpose: The goal of this study was to explore the
relationships among vocal effort, extrinsic laryngeal
muscle activity, and vocal tract length (VTL) within healthy
speakers. We hypothesized that increased vocal effort
would result in increased suprahyoid muscle activation
and decreased VTL, as previously observed in individuals
with vocal hyperfunction.

Method: Twenty-eight healthy speakers of American
English produced vowel-consonant—vowel utterances
under varying levels of vocal effort. VTL was estimated
from the vowel formants. Three surface electromyography
sensors measured the activation of the suprahyoid and

infrahyoid muscle groups. A general linear model was used
to investigate the effects of vocal effort level and surface
electromyography on VTL. Two additional general linear
models were used to investigate the effects of vocal effort
on suprahyoid and infrahyoid muscle activities.

Results: Neither vocal effort nor extrinsic muscle activity
showed significant effects on VTL; however, the degree of
extrinsic muscle activity of both suprahyoid and infrahyoid
muscle groups increased with increases in vocal effort.
Conclusion: Increasing vocal effort resulted in increased
activation of both suprahyoid and infrahyoid musculature in
healthy adults, with no change to VTL.

ocal hyperfunction is a common symptom of voice
s / disorders, defined as “abuse and/or misuse of the

vocal mechanisms due to excessive and/or ‘imbal-
anced” muscular forces” (Hillman et al., 1989). Excessive
vocal effort is a primary component of vocal hyperfunction
(Roy et al., 2007, 1996). By extension, excessive vocal
effort is also thought to be a correlate of increased tension
in the intrinsic and extrinsic laryngeal muscles (Boone &
McFarlane, 1988; Laver, 1980; Roy et al., 1997). It has
been suggested that the presence of vocal hyperfunction
and the accompanying increase in vocal effort and laryn-
geal tension result in a change in vocal tract length (VTL),
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primarily due to laryngeal elevation and reduced hyolar-
yngeal space (Aronson & Bless, 2009; Roy & Ferguson,
2001). Indeed, radiographic measures show that individ-
uals with vocal hyperfunction exhibit a significantly
higher laryngeal position than individuals with healthy
voices (Lowell et al., 2012). Raising of the larynx is a con-
sequence of increased extrinsic laryngeal muscle activation;
specifically, activation of the thyrohyoid, digastric, stylo-
hyoid, mylohyoid, geniohyoid, hyoglossus, and/or genio-
glossus muscles can all elevate the larynx (Hixon et al., 2008;
Ludlow et al., 2007).

Changes in VTL cause a change to all formant fre-
quencies, with a shorter VTL corresponding to increased
formant frequencies (Roy & Ferguson, 2001; Shipp, 1987;
Stevens, 1998). A simple relationship between VTL and
formant frequency can be derived by modeling the vocal
tract as a uniform tube that is closed at one end and open
at the other, which exhibits odd quarter-wave harmonic
resonances (Resnick & Halliday, 1966). The vocal tract is
assumed to be open at its proximal end (lips) and effec-
tively closed at its distal end (phonating vocal folds). Equa-
tion 1 shows the resulting inverse relationship between
VTL and formant frequencies (Stevens, 1998), where n is
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the formant number, £, is the formant frequency, and ¢ is
the speed of sound.
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Several studies have explored the relationship between
formants and VTL. For example, a study by Lindblom and
Sundberg (1971) showed that simulated lowering of the la-
ryngeal position by 10 mm decreased all formant frequen-
cies. Another study by Sundberg and Nordstréom (1976)
showed that the first formant (F1) of close front vowels (/i/)
remained unaffected, whereas the second (F2), third (F3),
and fourth (F4) formants increased when the larynx was
raised. Thus, increases in formant frequencies, particularly
in higher formants, may be used to approximate a shorten-
ing of the VTL. Furthermore, higher formant frequencies in
a given vocal tract shape tend to be regularly spaced and
do not greatly deviate from higher formant frequencies of
a uniform tube with the same length, therefore maintaining
the relationship in Equation 1 (Lammert & Narayanan,
2015; Wakita, 1977). Thus, Equation 1 can be used to es-
timate VTL by measuring higher formant frequencies.

Manual circumlaryngeal massage has been used as a
therapeutic technique to lower the larynx in order to relieve
laryngeal tension and decrease excessive vocal effort. A
study by Roy and Ferguson (2001) observed that the F1,
F2, and F3 of speakers with vocal hyperfunction signifi-
cantly decreased following manual circumlaryngeal mas-
sage. The authors reasoned this to be due to a lowering of
the larynx from an elevated position to an optimal posi-
tion as a result of a decrease in laryngeal tension (Roy &
Ferguson, 2001). However, this lowering could have oc-
curred by a decrease in suprahyoid muscle activation or a
rebalancing of activation between the suprahyoid and infra-
hyoid musculature for a neutral laryngeal position.

A commonly used methodology to noninvasively
measure extrinsic laryngeal muscle activity is through sur-
face electromyography (SEMG). Previous studies have
shown that individuals with vocal hyperfunction (and pre-
sumably increased vocal effort) exhibit increased levels of
sEMG at the larynx during phonation when compared to
individuals with healthy voices (Milutinovic et al., 1988;
Redenbaugh & Reich, 1989). Similarly, Hocevar-Boltezar
et al. (1998) found that individuals with vocal hyperfunc-
tion exhibit greater levels of SEMG at the supralaryngeal
muscles during phonation when compared to individuals
with healthy voices. However, more recent studies have
not observed differences in the neck SEMG of individuals
with vocal hyperfunction (Stepp et al., 2010; Van Houtte
et al., 2013). Thus, the relationship between vocal hyper-
function and laryngeal muscle tension measured by SEMG
remains unknown.

Recent work by McKenna et al. (2019) observed
changes in SEMG when individuals with healthy voices
modulated their vocal rate and vocal effort to simulate la-
ryngeal tension. The level of activation of an SEMG sensor
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placed over the extrinsic suprahyoid muscles (i.e., digastric,
stylohyoid, mylohyoid, geniohyoid, hyoglossus, and genio-
glossus) was a significant predictor of the degree of self-
reported vocal effort, whereas the level of activation of
SEMG sensors placed over the left and right infrahyoid
muscles (i.e., sternohyoid and omohyoid) were not. One
interpretation of these results from McKenna et al. (2019)
is that the increased activation of the suprahyoid muscles
during increased vocal effort could indicate a heightening
of the larynx, similarly to the elevated laryngeal position
observed in individuals with vocal hyperfunction (Lowell
et al., 2012; Roy & Ferguson, 2001). However, an increase
in muscle activity does not explicitly indicate that the lar-
ynx has been raised. Indeed, it is possible that muscle ac-
tivation may be independent of laryngeal position. For
example, the co-contraction of contradictory muscles (e.g.,
the suprahyoid and infrahyoid muscles) could result in in-
creased muscle activation without a net change in laryngeal
position. This could indicate a difference in the mecha-
nisms by which vocal effort manifests in healthy individ-
uals and individuals with vocal hyperfunction.

This study expands on the analysis of acoustic data
collected in the study by McKenna et al. (2019) in order to
investigate the relationships between VTL, extrinsic laryn-
geal muscle activity, and increased vocal effort, thereby
providing insight into the mechanisms behind vocal hyper-
function. Specifically, we estimated VTL from vowel for-
mants and measured suprahyoid and infrahyoid muscle
activity during phonation at different levels of vocal effort.
We explored the following research questions: (a) Is VTL
related to vocal effort and sSEMG of extrinsic laryngeal
muscle activity, and (b) does SEMG change with increased
vocal effort? Our hypotheses were that VTL would be
inversely related to both the level of vocal effort and supra-
hyoid muscle activity and that suprahyoid muscle activity
would increase with increased vocal effort.

Method
Participants

This study included all 26 participants from the
previous study described by McKenna et al. (2019). An
additional two participants, who were excluded from the
previous study due to poor laryngeal imaging data, were
included in this study, because laryngeal imaging data
were not used in the present analysis. In total, 28 healthy
adult speakers (12 men, 16 women) aged 18-29 years
(M = 20.8 years, SD = 2.76 years) participated. All par-
ticipants were native speakers of American English, were
nonsmokers, did not have any trained singing experience
beyond grade school, and reported no history of neurolog-
ical, speech, or hearing disorders. All participants were
screened for healthy vocal function by a certified speech-
language pathologist (SLP). Prior to starting the experi-
mental protocol, all participants completed written consent
in compliance with the Boston University Institutional
Review Board.
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Experimental Design

Details of the full experimental protocol and setup can
be found in the study by McKenna et al. (2019). In brief,
participants were seated in a sound-treated booth and produced
a series of vowel-consonant-vowel (VCV) utterances during
flexible laryngoscopy. Videoendoscopic images, acoustic
signals, sSEMG, and neck surface vibrations via an acceler-
ometer were collected across six experimental conditions
consisting of different vocal rates and vocal efforts. In this
study, only the acoustic, accelerometric, and SEMG data
during a regular vocal rate (referred to as no effort in this
study) and at increased levels of vocal effort were analyzed.

For each experimental condition, participants produced
a set of eight uniform /ifi/ utterances. There were four experi-
mental conditions of interest in this study: no effort, mild
effort, moderate effort, and maximum effort. Each experi-
mental condition was repeated at least twice to obtain 16 /ifi/
utterances per condition. For all experimental conditions, par-
ticipants were instructed to maintain a comfortable speaking
rate and loudness. For the no effort condition, no additional
instructions were given. For increased effort levels, partici-
pants were asked to modulate their vocal effort using the
following instructions: “Now we would like you to increase
your effort during your speech as if you are trying to create
tension in your voice as if you are trying to push your air
out. Try to maintain the same volume while increasing your
effort.” Mild effort was described as “mildly more effort than
your regular speaking voice.” Moderate effort was described
as “more effort than your mild effort,” and maximal effort
was described as “as much effort as you can, while still hav-
ing a voice.” All participants practiced each vocal effort
condition with a certified SLP for approximately 10 min to
ensure they understood the task and were comfortable pro-
ducing different levels of vocal effort.

Instrumentation and Calibration

Prior to recording, three Bagnoli SEMG differential
sensors (Delsys) were placed on the anterior neck using
medical-grade adhesive. The electrodes of each SEMG
sensor were 10 mm x 1 mm diameter and spaced 10 mm
apart. Prior to sensor placement, the skin surface of the
anterior of the neck was abraded and exfoliated to enhance
skin-electrode contact and reduce artifacts and noise in
the sSEMG signal (Stepp, 2012). A certified SLP manually
palpated the submandibular region (mandible, soft tissue)
during a swallowing maneuver. A single differential sensor
was placed at the midline, posterior to the mandible in the
submandibular region, in order to capture suprahyoid muscle
activation (specifically, the mylohyoid muscles and, to a
lesser extent, the geniohyoid and the anterior belly of the di-
gastrics). The single differential sensor was used to simulta-
neously capture activity from the left and right suprahyoid
muscles and minimize error resulting from activity compari-
sons between the two sites. Next, the SLP palpated the thy-
roid cartilage and located the thyroid prominence during tasks
such as humming and swallowing. Two double-differential

sensors were placed approximately 1 cm to the left and
right sides of the thyroid prominence. This placement cap-
tured the activity of the external infrahyoid muscles (i.e.,
the thyrohyoids, omohyoids, and sternohyoids), without
capturing the activity from the more lateral sternocleido-
mastoids. Double-differential electrodes were used here to
reduce electrical signals that were common across all elec-
trodes (Rutkove, 2007). To account for environmental noise,
as well as physiological noise such as heartbeat, a ground
electrode was placed on the acromion of the right shoulder.
Participants then completed a set of maximal voluntary
contraction (MVC) tasks, including neck flexion, saliva
swallows, throat clears, and isometric contraction against
resistance, which were later used to normalize SEMG volt-
age measurements. All SEMG sensors are also likely to cap-
ture activation of the platysma muscle due to its superficial
location compared to surrounding musculature (Stepp, 2012).

Acoustic data were collected through a directional
headset microphone (Shure SM35 XLR) placed at 45° from
the midline of the vermilion and 7 cm from the corner of the
lips. Accelerometric data were obtained via a BU-21771-000
accelerometer (Knowles Electronic) placed on the ante-
rior of the neck with double-sided adhesive tape, superior
to the thyroid notch and inferior to the cricoid cartilage.
Neck sEMG signals were acquired using a 16-channel Delsys
Bagnoli EMG System (DS-160) and analog bandpass
filtered with roll-off frequencies of 20 and 450 Hz and
a gain of 1,000. Microphone and accelerometer signals were
first preamplified (Xenyx Behringer 802 Preamplifier). All
signals were simultaneously time-aligned and digitized at
30 kHz via a data acquisition board (National Instruments
USB-6312).

Data Analysis

Formants

Author S. H. manually calculated formants of /ifi/ ut-
terances using acoustic recordings. For each VCV utterance,
a wide-band grayscale spectrogram was generated, and the
first four formants were identified for both vowel segments
using Praat (Boersma, 2002). For each vowel segment, the
accuracy of the automated formant tracking was inspected
visually, and the default settings of the formant-tracking
tool were adjusted to ensure that formant tracking aligned
with spectral representation on the grayscale spectrogram
(Hillenbrand et al., 1995). Formants were estimated over
the central stable portion of the vowel, omitting both the
onset and offset of the vowel, because the vocal tract move-
ments needed to transition from voiced to voiceless speech
result in rapidly changing formants (Lehiste & Peterson, 1961;
Ohman, 1966; Stevens & House, 1955). If an individual for-
mant could not be confidently identified in the spectrogram,
the formant was rejected from analysis. An entire vowel seg-
ment was rejected from analysis if the sample was aperiodic,
glottalized, misarticulated, or lacking steady-state voicing.
Mean formant values for each experimental condition were
computed in hertz by averaging across all usable vowel
segments for that condition.
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Vocal Tract Length

VTL was estimated from formant values using the
relationship in Equation 1. Estimates of VTL based on the
third formant and the fourth formant were averaged to
compute a mean VTL estimate per participant for each ex-
perimental condition. The third and fourth formants were
used because higher formants are more stable and a better
estimate of VTL using Equation 1 (Wakita, 1977).

Neck sSEMG

The sEMG signals were digitally band passed with a
second-order Butterworth filter between 20 and 500 Hz in
order to remove movement artifacts at low frequencies and
electrode and equipment noise at high frequencies (Stepp,
2012). Strings of /ifi/ utterances were segmented into individ-
ual VCV productions. Voicing was identified from the accel-
erometer signal and an additional 250 ms of prephonation
was added to account for muscle activity prior to the start
of voicing in the acoustic signal (Shipp, 1975; Stepp, Heaton,
Stadelman-Cohen, et al., 2011). The percent activation
(amplitude compared to each sensor MVC) was calculated.
The root-mean-square of each individual /ifi/ utterance
was divided by the root-mean-square of the MVC tasks as
determined for each sensor during the calibration process.
The entire /ifi/ utterance, as well as the preceding 250 ms,
was chosen for analysis, because muscle activation has been
shown to increase at both the initiation and termination of
voicing as a result of quick dynamic laryngeal movements
for speech (Hirose & Gay, 1973; Sawashima et al., 1973).
The resulting activation value was a percentage of the max-
imum possible value for each sensor for each /ifi/ segment.
Due to a strong correlation (Pearson correlation of r = .82),
the percent activation values for the left and right infra-
hyoid muscles were averaged together, resulting in a sin-
gle activation value for the infrahyoid muscles per /ifi/
segment (McKenna et al., 2019). These values were then
averaged within an experimental condition resulting in two
final average percent activation values per condition—one
corresponding to suprahyoid activity and the other corre-
sponding to infrahyoid activity—per participant.

Statistical Analysis

All statistical analyses were completed using Minitab
Statistical Software (Version 17; Minitab, Inc.). Significance
for all statistical testing was set a priori at p < .05.

To determine interrater reliability for formant mea-
surements, author M. G. measured formants for four
randomly selected participants. A two-way intraclass cor-
relation (ICC) analysis was conducted for F3 and F4 mea-
surements between the two raters, with an ICC(2, 1) of .95
and .93, respectively. Two weeks after initial analysis, author
S. H. reanalyzed three randomly selected participants, and
ICC analysis was performed for F3 and F4 measurements
in order to determine intrarater reliability. The ICC values
for intrarater reliability for F3 and F4 measurements were
ICC(2, 1) = .99 and .99, respectively. These values all indi-
cated excellent reliability for formant estimates (Koo &
Li, 2016).
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To address the first research question, we performed
a general linear model (GLM) using VTL as the outcome
measure, with effort level as a fixed factor, participant as a
random factor, and percent activation of the suprahyoid
and infrahyoid muscle groups as covariates. Upon initial
analysis, muscle activity was found to have high collinearity
(variance inflation factors > 10) with the participant factor.
In order to reduce collinearity, Z scores were computed for
both muscle groups within individual participants.

To address the second research question, we performed
two separate GLMs for the percent activation of the supra-
hyoids and infrahyoids, with effort level as a fixed factor
and participant as a random factor. Partial eta squared
(npz) was calculated to determine effect size for signifi-
cant factors (Witte & Witte, 2010). Post hoc Dunnett’s tests
were used to evaluate significant differences between no
effort and effortful conditions. Cohen’s d was used to calcu-
late effect sizes for significant differences (Witte & Witte,
2010).

Results

Across all participants, a total of 1,643 /ifi/ utterances
were recorded, resulting in 3,286 individual vowels for for-
mant estimations. In order to maintain a relationship be-
tween formants and the muscle activation calculated across
an entire VCV utterance, an /ifi/ utterance was only accepted
for analysis if F3 and F4 were successfully calculated in both
/il vowels. In total, 392 third formants and 522 fourth for-
mants could not be confidently identified in the spectrogram,
and 241 vowels were rejected due to utterances that were
aperiodic, glottalized, misarticulated, or lacking steady-state
voicing. Thus, 541 /ifi/ utterances were rejected (32.9% of all
data), resulting in an average of 9.8 usable /ifi/ utterances per
condition per participant. The average number of usable /ifi/
utterances was not meaningfully different across conditions,
with averages of 10.4, 10.6, 9.7, and 8.7 for no, mild, moder-
ate, and maximum effort conditions, respectively.

Vocal Tract Length

The average and range of VTL values for male and
female participants across all effort conditions are shown
in Table 1, with no effort means of 14.20 and 15.92 cm for
female and male participants, respectively. The results of
the first GLM, shown in Table 2, revealed that neither
effort level nor muscle activity was significant predictors
of VTL.

Vocal Effort and Laryngeal Muscle Activation

Table 3 shows the results of the two ANOVAs per-
formed on the muscle activation of the suprahyoid and
infrahyoid muscles. Effort level had a significant effect on
the percent activation of the suprahyoid muscles (p < .001)
with a np2 of .30, indicating a large effect size. Effort level
also had a significant effect on the percent activation of the
infrahyoid muscles (p = .027), with a npz of .11 indicating
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Table 1. Mean (range) of vocal tract length estimates for male and female participants for each effort condition.

Vocal tract length (cm)

Gender No effort Mild effort Moderate effort Maximum effort
Female 14.20 14.14 14.20 14.15
(12.79-15.52) (12 .91-15.50) (13.08-15.41) (13.11-15.53)
Male 15.92 16.04 16.03 16.01
(14.70-16.81) (14.60-17.54) (14.83-17.32) (14.15-17.58)
Note. Vocal tract length was estimated from measures of the third and fourth formants.

a medium effect size. Mean values and confidence intervals
for the percent activation of the suprahyoid and infrahyoid
muscles are plotted per experimental condition in Figure 1.
Post hoc Dunnett’s tests were used to compare muscle ac-
tivity at increased effort levels to muscle activity at no ef-
fort. For the percent activation of the suprahyoid muscles,
moderate effort (p,qj = .015) and maximum effort (p,qj <
.001) conditions were significantly higher than at no effort,
with Cohen’s d values of 0.44 and 0.75, indicating small
and medium effect sizes, respectively. For the percent acti-
vation of the infrahyoid muscles, only the maximum effort
condition was significantly higher (p,q; = .032) than at no
effort, with a Cohen’s d value of 0.21, indicating a small
effect size.

Discussion

Adult vocal tracts can range from 13 to 20 cm in
length (Lammert & Narayanan, 2015). Average female
and male VTLs have been reported across literature in the
ranges of 13.88-15.14 and 15.54-17.04 cm, respectively
(Fitch & Giedd, 1999; Stevens, 1998; Vorperian et al.,
2011). The average VTL for female (14.20 cm) and male
(15.92 cm) participants were both near previously reported
means. However, it is important to note that VTL esti-
mates from formants taken during a VCV utterance are
not directly comparable to those during a sustained isolated
vowel, as the consonant preceding or following the vowel
would likely influence vocal tract configuration as well as
formant stability. These effects were minimalized by reject-
ing unstable utterances, only selecting the central part of
each vowel, and using the same utterance type across all
conditions.

We predicted that an increase in activation of the
suprahyoid muscles with increased effort would result in
a shortening of the VTL (McCabe & Titze, 2002; Roy &
Ferguson, 2001). However, neither vocal effort nor sSEMG
had a significant effect on VTL, which did not support our
first hypothesis. Nevertheless, we did find that vocal effort
had a significant effect on suprahyoid muscle activity with
a large effect size, supporting our second hypothesis. Thus,
increased suprahyoid activation at increased vocal effort
was not accompanied by a shortening of the VTL. Given
that the suprahyoid muscles can elevate the larynx, these
results were unexpected (Hixon et al., 2008; Shipp, 1975).

Vocal effort also had a significant effect on the SEMG
of the infrahyoid muscles with a small effect size. In contrast
to the suprahyoid muscles, the infrahyoid muscles are largely
responsible for depressing the larynx (Hixon et al., 2008).
This co-contraction of opposing muscles is consistent with
the theoretical framework that vocal hyperfunction is due
to inefficient and imbalanced levels of laryngeal muscle ac-
tivity (Hillman et al., 1989). When individuals with healthy
voices are asked to speak with increased vocal effort, they
may be engaging in hyperfunctional behavior. Thus, an in-
crease in activity of both the suprahyoid and infrahyoid
muscles could be seen as an increase in general muscular ac-
tivation. This may explain why the SEMG of the extrinsic
laryngeal muscles increased with increased vocal effort even
though VTL remained unchanged.

The present findings are inconsistent with previous work
in individuals with vocal hyperfunction. Roy and Ferguson
(2001) showed that formant frequencies decreased in a pop-
ulation of individuals with vocal hyperfunction following a
session of manual laryngeal massage. The authors argued
that this decrease in formant frequencies indicated a length-
ening of the vocal tract caused by the larynx being lowered

Table 2. Analysis of variance model results for vocal tract length with participant as a random factor, effort level as a
fixed factor, and the percent activation of suprahyoid and infrahyoid muscles as covariates.

Effect df F P Effect size (npz) Qualitative effect size
Participant 27 64.29 < .001 .96 Large

Effort level 3 0.15 .93 — —
Suprahyoid muscle activation 1 0.02 .88 — —
Infrahyoid muscle activation 1 2.41 13 —_ —

Note.

Significance was set a priori at p < .05. Dashes indicate nonsignificant findings.
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Table 3. Separate analysis of variance model results for the percent activation of suprahyoid and infrahyoid muscles with participant and

effort level as model factors.

Suprahyoid muscle activation

Effect df F P Effect size (npz) Qualitative effect size
Participant 27 13.37 < .001 .82 Large
Effort level 3 11.21 <.001 .30 Large

Infrahyoid muscle activation

Effect df F P Effect size (npz) Qualitative effect size
Participant 27 31.87 < .001 .92 Large
Effort level 3 3.23 .027 11 Medium

Note. Effect sizes reported for factors with significant effects at a significance level of p < .05.

from an atypically high position to an optimal, lower one
following therapy (Aronson & Bless, 2009; Roy & Ferguson,
2001). More recently, Lowell et al. (2012) used radiography
to show that individuals with muscle tension dysphonia
have an elevated laryngeal position during phonation

Figure 1. Mean and 95% confidence intervals of the level of muscle
activation (measured as a percentage of the maximum voluntary
contraction) across each effort level for (a) the sensor corresponding
to the suprahyoid muscle placement and (b) the average of the
two sensors corresponding to the left and right infrahyoid muscle
placement. Black bars indicate significant differences between
effort levels at a value of p,q; < .05.
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when compared to individuals with healthy voices. How-
ever, unlike prior research on VTL, studies of anterior
neck sSEMG in individuals with vocal hyperfunction have
resulted in conflicting findings. Several studies using single
sensors placed on the anterior of the neck reported increased
activation in individuals with vocal hyperfunction (Milutinovic
et al., 1988; Redenbaugh & Reich, 1989). Another study
observed a six- to eightfold increase in SEMG placed at
the perioral and supralaryngeal muscles in individuals with
vocal hyperfunction (Hocevar-Boltezar et al., 1998). How-
ever, more recent studies observed no differences in the ante-
rior neck sSEMG of individuals with vocal hyperfunction
(Stepp et al., 2010; Van Houtte et al., 2013).

An elevated hyolaryngeal complex accompanied by
potentially no change in SEMG suggests that the mecha-
nisms resulting in increased vocal effort in individuals with
vocal hyperfunction may be different than those used by
individuals with healthy voices. One clear difference be-
tween these two populations is the timing and duration of
vocal effort. In this study, individuals with healthy voices
were instructed to make brief, unsustained modulations to
their vocal effort. In contrast, individuals with vocal hyper-
function experience prolonged and unrelenting increases in
vocal effort that are accompanied by chronic vocal fatigue
(Solomon, 2008). Though it is unclear whether vocal hyper-
function precedes or is a result of vocal fatigue, this inter-
play is not present during the shorter modulations of vocal
effort in healthy individuals. Thus, laryngeal elevation may
be a compensatory mechanism to alleviate chronic vocal ef-
fort and vocal fatigue, whereas increased extrinsic laryngeal
muscle activity may be a response to acute increases in vocal
effort. Future work should investigate the relationship between
extrinsic laryngeal muscle activity and VTL during chronic
increases of vocal effort in individuals with healthy voices.

Although the relationship between VTL and formant
values in Equation 1 is well established, acoustic measures
can only estimate VTL (Lammert & Narayanan, 2015).
However, as this study was concerned with changes in
VTL across experimental conditions as opposed to the ex-
act measure of each participant’s VTL, we reasoned that
an acoustic estimate of VTL was appropriate. Nevertheless,
changes in acoustic estimates of VTL are not necessarily an
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indication of a repositioning of the larynx. Roy and Ferguson
(2001) comment on these problems, indicating that several
changes in articulators such as tongue height, degree of
mouth opening, posterior—anterior position of the tongue,
epilarynx configurations, and constriction at the level of
the vocal folds may affect individual formants, and alterations
in lip position can also cause a change in VTL (Roy &
Ferguson, 2001). In this study, we used higher formants
(F3 and F4), which are less sensitive to changes from articu-
latory movements (Lammert & Narayanan, 2015; Wakita,
1977), yet it is possible that higher formants are still affected
by small changes to the cross-sectional area of the vocal
tract or the position of the articulators. Because it is unclear
how exactly individuals produce increased vocal effort, it is
important to note that a combination of oral and laryngeal
changes could occur in conjunction with laryngeal eleva-
tion, resulting in a constant VTL despite a raising of the
larynx. For example, suprahyoid muscles are part of the
complex musculature that can depress the mandible, partic-
ularly during mastication (Luschei & Goldberg, 1981).
When the hyoid is fixed, the digastric muscle depresses the
mandible (Moller, 1966). When combined with additional
suprahyoid muscle activation as a result of increased effort,
this could result in no overall change to VTL. Direct imaging
of the vocal tract via magnetic resonance imaging (MRI)
could provide a better understanding of the true nature of
changes in VTL during increased vocal effort (Baer et al.,
1991; Lowell et al., 2012). However, the use of MRI for VTL
estimations has several limitations as well. The complex
shape of the vocal tract can make it difficult to get a reliable
length measurement from MRI during articulator move-
ments. Additionally, MRI is incompatible with the SEMG
equipment used in this study, making it impossible to observe
the real-time relationships between VTL, vocal effort, and
the activation of separate laryngeal muscle groups. One
possible solution to this could be to use MRI to perform
calibrations prior to SEMG placement in order to determine
and validate a direct relationship between VTL and for-
mant values. Due to the retrospective nature of the current
investigation, this was not completed in this study. MRI
calibration should be implemented in future studies explor-
ing the relationship between SEMG and VTL.

There are limitations to this study that should be con-
sidered. A challenge that routinely comes with measure-
ment of extrinsic laryngeal SEMG is contamination from
the platysma muscle, which extends over the anterolateral
aspect of the neck, from the mandible to the supraclavicular
regions. As a result, platysma activation is not associated
with changes to the laryngeal structure. However, the pla-
tysma lies superficial compared to surrounding muscles and
therefore dominates the electrical signal when active (Stepp,
2012). Thus, increased SEMG at increased effort levels may
be attributed to increased activation of the platysma instead
of extrinsic laryngeal muscles.

Formants were only analyzed during the vowel portion
of each VCV utterance, whereas SEMG was calculated over
the entire utterance. Therefore, the relationship between
sEMG measures and formants is not strictly observing the

same task. However, SEMG was calculated over the entire
utterance, as well as the preceding 250 ms, because muscle
activation has been shown to increase at both the initia-
tion and termination of voicing as a result of quick dy-
namic laryngeal movements for speech (Hirose & Gay,
1973; Sawashima et al., 1973; Stepp, Heaton, Braden, et al.,
2011). Thus, recording SEMG over more than just the vowel
portions is necessary for capturing the activation of laryngeal
muscles that may be affected by increased vocal effort and
laryngeal tension.

Additionally, VTL measures were estimated from
[ifi/ utterances during laryngoscopy. The purpose of this
was to capture additional potential correlates of laryngeal
tension, which have been discussed in previous articles
(McKenna et al., 2019; McKenna & Stepp, 2018). It is
possible that, under endoscopy, participants may employ
altered physiological mechanisms of vocal effort. Thus, it
may be useful to examine VTL during increased levels of
vocal effort in a more typical and comfortable speaking
environment. Relatedly, /ifi/ utterances were selected be-
cause the /i/ vowel provides an optimal view of the vocal
folds during endoscopy (McKenna et al., 2016). Future
studies should investigate the relationship between vocal
effort, muscle activity, and VTL in different phonetic con-
texts, such as in the vowel /u/, during which lip rounding
is known to increase VTL and lower formants (Roy &
Ferguson, 2001).

Conclusions

Formant values were used to estimate VTL during
modulation of vocal effort. Suprahyoid and infrahyoid
muscle activation measured via SEMG significantly increased
when vocal effort was increased. VTL did not change as a
result of increased vocal effort. These findings are seem-
ingly in contrast with the shortening of VTL previously ob-
served in individuals with vocal hyperfunction, indicating
that there may be a difference in physiological mechanisms
between how vocal effort manifests in these two populations.
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