Research Article

Intrinsic Laryngeal Muscle Response to
a Public Speech Preparation Stressor:
Personality and Autonomic Predictors

Leah B. Helou,?
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Wei Wang,%° and Katherine Verdolini Abbott

Purpose: Laboratory stressors have been shown to impact
the activity of the intrinsic laryngeal muscles (ILMs), which
may be part of the final causal pathway in some stress-
induced voice disorders. Previous research suggests that
personality traits such as stress reaction might increase
one’s susceptibility to these problems. Also, the autonomic
nervous system response is implicated in the pathogenesis
of voice disorders putatively involving ILM hyperfunction.
The purpose of this study was to investigate personality and
autonomic nervous system predictors of ILM responses to
stressor exposure.

Method: Thirty-seven physically and vocally healthy female
adults completed a personality questionnaire and were
subjected to a speech preparation task intended to induce
stress. Fine wire electromyography of the ILMs was performed
so that the activity of these muscles could be measured

prior to and during the stressor. Participants’ trait stress
reaction was measured as a personality-based predictive
variable, as was respiratory-corrected respiratory sinus
arrhythmia, a putative measure of vagal outflow to the
heart.

Results: The personality measure trait stress reaction
uniquely predicted thyroarytenoid, trapezius, and tibialis
activity, whereas respiratory sinus arrhythmia uniquely
predicted the activity of all muscles studied. Differences
were observed in the autonomic predictor variable as a
function of whether or not effects of respiration were
accounted for in the variable’s calculation.

Conclusions: This study explores the potential mediating
roles of personality and autonomic function in ILM activity
during a stressor. Both variables have value in predicting
ILM activity during stressor exposure.

e previously examined the claim that the intrin-
sic laryngeal muscles (ILMs) respond to physi-
cal and psychosocial stressors with increased

activation and characterized the nature of the ILM stress
response (Helou et al., 2013, 2018). In cohorts of vocally
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and physically healthy women, we showed that rapid acti-
vation of the ILMs is a common response to experimen-
tally induced stress. However, underlying mechanisms of
this laryngeal stress response remain unknown. In this study,
which was conducted in the same cohort described by Helou
et al. (2018), we sought to probe potential mechanisms un-
derlying the ILM stress response. A number of psychologi-
cal variables (e.g., trait anxiety) and physiological variables
(e.g., glottal closure as viewed endoscopically, electroglot-
tography) were considered, and we ultimately selected car-
diac vagal control as a physiological variable and trait stress
reaction as a psychological variable that may predict ILM
response to stress.

Respiratory Sinus Arrhythmia
as an Autonomic Predictor

Autonomic function has been proposed as one possi-
ble mechanism relevant to ILM response, by this group

and others (e.g., Dietrich & Verdolini Abbott, 2012; Scherer,
1986). Cardiac vagal control is conceptualized as the strength
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of the inhibitory effect or “brake” of the parasympathetic
vagus nerve over the excitatory effects of the sympathetic
nervous system on the heart. In healthy individuals, para-
sympathetic dominance over sympathetic influences is main-
tained in the heart during rest conditions; that is, the heart
is under tonic inhibitory control by the parasympathetic
nervous system (Thayer & Sternberg, 2006). Individuals
with purportedly low parasympathetic/vagal tone are more
likely to suffer from recent stress, depression, anxiety, low
self-esteem, or other such disorders (e.g., Davis et al., 2002;
Delaney & Brodie, 2000; Jonsson, 2007; Licht et al., 2009;
Martens et al., 2008).

To capitalize on the accessibility of the electrocardio-
graphic (ECG) signal for providing a general snapshot of
autonomic function, we measured respiratory sinus arrhyth-
mia (RSA). RSA, a measure extracted from the ECG sig-
nal, is thought to index cardiac vagal control. It reflects
rhythmic increases (during inspiration) and decreases (during
expiration) of efferent cardiac vagal effects on the sinoatrial
node (Berntson et al., 1997; Grossman & Taylor, 2007). Also
known as high-frequency heart rate variability, RSA repre-
sents the high-frequency variation in the beat-to-beat cardiac
rhythm and is measured by calculating the time between R
spikes (i.e., the R-R interval, also referred to as interbeat in-
terval) on an electrocardiograph trace and submitting this
time series to a spectral or autoregressive analysis.

Of relevance to this study, states of acute anxiety,
worry, and stress are often accompanied by a cardiac auto-
nomic imbalance in the direction of depressed cardiac va-
gal (i.e., parasympathetic) control (Friedman, 2007; Sheps
& Sheffield, 2001). The preponderance of findings suggests
that a broad array of stressful states (e.g., panic, recollec-
tion of stressful events, exposure to traumatic stimuli) trig-
ger cardiac vagal withdrawal, as do laboratory stressors
such as mental arithmetic and shock avoidance. These find-
ings corroborate analogous outcomes in several animal
models (Goldstein, 2001). Moreover, anxiety disorders (e.g.,
panic disorder, posttraumatic stress disorder, generalized
anxiety disorder, specific phobias, childhood anxiety disor-
ders) are generally linked to low RSA (Friedman, 2007).

Of course, the parasympathetic nervous system tends
to exhibit a high degree of specificity across autonomic ef-
fectors, and activity observed in the heart may be of little or
no relevance to activity observed in the laryngeal muscles.
However, for a number of reasons, we elected to press RSA
into service for this study. First, RSA is thought to provide
some general insight about an individual’s autonomic state
and health and could also serve to validate whether a stressor
impacted the participants’ autonomic status. While an ana-
tomical substrate for parasympathetic outflow to the la-
ryngeal region is likely negligible and certainly debatable
(Hisa et al., 1999; Ibanez et al., 2010; Maranillo et al., 2008;
Ramaswamy et al., 1994), higher order regions of the cen-
tral nervous system do have the capacity to impact the out-
flow to laryngeal musculature in the face of a stressor.
Coordinated autonomic effects of a functional nature are
likely at play in the ILMs, on the basis of the fact that they
(a) comediate airway resistance with the smooth musculature

of the airways and (b) valve for the lungs. Since the respi-
ratory system falls under profound autonomic control, we
reason that the larynx likely plays a functional role as auto-
nomic status varies. Thus, while we do not endorse a causal
mechanism per se for Autonomic Nervous System (ANS)
impacting the laryngeal muscles, we do seek to interrogate
the functional response of the ILMs during a stress-induced
shift in participants’ autonomic status.

Trait Stress Reaction as a Personality Predictor

Roy and Bless proposed a seminal theory regarding
how personality might be involved in the pathogenesis of
muscle tension dysphonia and vocal fold lesions (Roy &
Bless, 2000a, 2000b; Roy et al., 2000). This theory, today
referred to as the “trait theory of voice disorders,” draws
from theories relating to the intertwinement of mind (i.e.,
personality) and body (i.e., biology). The trait theory of
voice disorders holds that personality is a predisposing fac-
tor that influences how individuals respond—emotionally,
cognitively, and vocally—to environmental cues. These
trait-specific responses are thought to be conditioned and
therefore predictable within adult individuals. Findings of
other investigators generally support the trait theory of
voice disorders. Relatively elevated levels of neuroticism
or negative emotionality (and subfactors of these constructs)
are commonly observed in and thought to hold a causal
role in certain voice disorders, such as primary muscle
tension dysphonia and vocal fold nodules (Freidl et al., 1990,
Gerritsma, 1991; House & Andrews, 1987; Kinzl et al., 1988;
McGrory et al., 1997; Pfau, 1975).

Both neuroticism and negative emotionality are broad
constructs composed of several facets such as anxiety and
stress reaction. Of particular interest in the proposed study,
stress reaction is a core affective facet of negative emotional-
ity that is closely linked to questionnaire measures of anxi-
ety (Patrick et al., 2002). Thus, in general, individuals with
high scores on a stress reaction measure are relatively more
likely to feel easily upset, anxious, worried, tense, vulnera-
ble, and so forth, than others. Conversely, those with low
stress reaction scores are generally more likely to recover
quickly from upsetting experiences, can put worries and
fears aside, and do not tend to feel especially vulnerable
(Patrick et al., 2002).

Perceptions of and responses to stressors are idiosyn-
cratic and variable across individuals (i.e., a person-by-
situation interaction exists). When individual traits are
poorly matched to a situation (e.g., a shy person being called
upon to lead a group), the stress response is greater than
when traits are well matched to a situation (e.g., an outgo-
ing person being called upon to lead a group; Cohen &
Hamrick, 2003). While responses across individuals may
vary greatly, individual responses within tasks are quite
reliable over time (Cohen & Hamrick, 2003). This person-
by-situation interaction is situated at the topmost level of
the psychobiological framework advanced by Dietrich and
Verdolini Abbott (2012).
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Overall, the trait theory of voice disorders seems to
be supported empirically. However, studies testing this the-
ory have primarily examined higher order aspects of per-
sonality (e.g., neuroticism), setting aside finer parsing of
broader constructs such as negative emotionality. Negative
emotionality (comparable in certain ways to both introver-
sion and neuroticism) seems to be causal in certain types of
voice disorders such as primary muscle tension dysphonia,
but multiple subfactors of negative affect (for instance,
social closeness, alienation, aggression) also exist. It is un-
likely that all of these subfactors are equally relevant to the
voice and disorders of the voice, and other investigators
have proposed a special role of trait stress reaction in so-
called “functional” voice disorders (Dietrich et al., 2012,
2019). The relationship between subfactors of negative emo-
tionality and ILM response to stress has not yet been
explored.

This study seeks to address this gap by investigating
trait stress reaction as measured by the Multidimensional
Personality Questionnaire-Brief Form (MPQ-BF). Trait
stress reaction is included in the proposed study because it
represents a finer element of a broad personality construct—
negative emotionality, broadly vis-a-vis introversion—that
has been empirically shown to be germane to the develop-
ment of primary muscle tension dysphonia (Roy & Bless,
2000a, 2000b).

Research Questions

We sought to determine whether trait stress reaction
scores and RSA predict magnitude of at-rest' ILM response
to an experimental stressor. We hypothesized that higher
values of trait stress reaction, which is strongly related to
neuroticism and anxiety, would predict greater magnitude
of electromyographic (EMG) activity for each of the ILMs
and the upper trapezius muscle (a positive control muscle),
but not for the anterior tibialis muscle (a negative control
muscle). Also, if strong and fast-resolving physiological la-
bility is a sign of autonomic health as proposed by numer-
ous investigators (e.g., see McEwen, 2007), then in a healthy
cohort of participants, higher values of RSA (i.e., stronger
parasympathetic outflow) should predict greater activity of
the ILMs. While stress tends to be more strongly associated
with sympathetic rather than parasympathetic nervous sys-
tem activity, we chose RSA as a key variable because of its
known relationship to anxiety and sensitivity to stress. These
questions are schematized in Figure 1.

Method

The study was approved by the institutional review
boards at the University of Pittsburgh and University of

!At-rest ILM response was used instead of a vocal or speech task in
order to avoid known effects of speech breathing on RSA (Reilly &
Moore, 2003) and to simplify the paradigm and subsequent analysis
so that vocal intensity, frequency, and other parameters need not be
experimentally controlled.

Pittsburgh Medical Center (PRO12110063), and written in-
formed consent was obtained from the study participants
prior to initiation of the study. All research questions were
investigated using a single-subject experimental design with
multiple subjects. Some methods for this study are described
in detail in the companion article by Helou et al. (2018),
which was based on findings in the same cohort during
the same experimental session. A brief recapitulation of
the study follows, with additional detail provided as needed.
Physically and vocally healthy women aged 18-30 years
were invited to participate in a study aimed at measuring
muscle responses during “different speech and nonspeech
tasks,” when in fact the intention was to experimentally in-
duce stress. Thus, this element of the study was the first of
several moments of intentional deception in the paradigm,
all aimed at minimizing anticipatory stress responses in ad-
vance of the stressor or maximizing stress responses during
the stressor. Women in a narrow age range were included
in this preliminary study in an attempt to minimize the het-
erogeneity of physiological responses to stress.

At the time of screening, which was web-based, par-
ticipants completed the paper-and-pencil version of the
MPQ-BF in its entirety according to test instructions (Patrick
et al., 2002). The stress reaction subscore (SRscore) of the
MPQ-BF (Tellegen, 1995) was calculated for each partici-
pant according to test instructions and using a custom SPSS
script provided by the authors (research permissions obtained
from the University of Minnesota Press). The SRscore, one
of the predictive independent variables used in this study, has
a high internal consistency (Cronbach’s o = .84) in a cross-
validation sample (Patrick et al., 2002).

Following the web-based screening (Stage I) and a
live screening session (Stage II) on a separate day, eligible
participants attended an experimental session. At the be-
ginning of this session, participants were fitted with (a) a
left arm cuff for measuring average heart rate and blood
pressure; 20-mm bipolar Ag/AgCl surface electrodes (Grass
Technologies, Astro-Med, Inc.) positioned over (b) the left
upper trapezius muscle (selected as a positive control site)
to measure EMG activity, (c) the left anterior tibialis mus-
cle (selected as a negative control site) to measure EMG
activity, and (d) the thorax to measure ECG activity in a
three-lead configuration; (e) Piezo Crystal respiratory effort
transducers situated on the chest wall between Ribs 5 and
8, at the point where maximal expansion was observed
during inhalation; and (f) ground and reference electrodes
on the right olecranon and the right earlobe, respectively.

Next, participants engaged in Stage III, a paced
breathing task, during which recordings were made from
all of the devices listed above. This paced breathing task
was conducted according to Egizio et al. (2011), for the
purpose of later controlling for the confounding effects of
respiratory rate and tidal volume on RSA values. The re-
spiratory band measured pressure changes due to expan-
sion and contraction of the thoracic cavity with breathing.
After a brief (approximately 1 min) practice trial, partici-
pants were paced across four breathing conditions (8, 10.5,
13, and 18 breaths/min) for 2 min per condition, using
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Figure 1. Schematic of research questions. RSA = respiratory sinus arrhythmia; ILM = intrinsic laryngeal muscle.
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audiovisual cues provided by a computer software program
(EZ Air Plus 1.0, 2009, Biofeedback Foundation of Europe).
Breaks of approximately 2 min were given between each set
of breathing conditions. ECG and respiratory band—derived
signals were simultaneously recorded for later analysis.

Next, participants engaged in Stage IV, a “true base-
line” condition during which the participant rested quietly
in a seated position for 180 s while exposed to emotionally
neutral video stimuli (participants watched a video of waves
crashing on the beach, with no humans in the scene). Next,
participants underwent Stage V, which involved inserting
hook wire electrodes (see Helou et al., 2013, for electrode
construction details) into the right posterior cricoarytenoid
(PCA), bilateral thyroarytenoid (TA)/lateral cricoarytenoid
(LCA) muscle complex, and bilateral Cricothyroid (CT)
according to previously published methods (Helou et al.,
2018; Hillel, 2001; Munin et al., 2003). ILM EMG record-
ings were made using g.USBamp Biosignal Amplifiers and
BCI 2000 acquisition software (Albany). Signals were digi-
tized using a sampling rate of 9,600 samples/s/channel, and
no online filtering was applied during data acquisition.

Next, heart rate and blood pressure were monitored
until they returned to true baseline levels (Stage VI), at which
point participants engaged in two (counterbalanced) base-
line conditions aimed at obtaining at-rest data from all
equipment during a second restful video-watching condition
(baseline rest, Stage VIIa) and a nonstressful, nonverbal
activity designed to be as parallel as possible to the upcom-
ing stressor without actually being stressful (baseline sub-
vocalization condition, hereafter referred to as “Baseline
Subvoc,” Stage VIIb).

At this point, corresponding to Stage VIII of the ex-
periment, participants were told they had 3 min to prepare
an opening speech on the theme of a job interview, which
must include the following: (a) present three of your best
and worst characteristics; (b) use math to make a case for
how much this job is worth to you (i.e., how much you want
to be paid)—factor in how much you have spent to date on
education, travel and living expenses, and any other relevant
financial details; and (c) describe your goals for the future
in the form of a “5-year plan.” Participants were told that
they must present to an audience for 5 min. Four confeder-
ates were shown on a computer screen who had “skyped in

to observe the speech preparation and delivery and make
ratings of participants’ nonverbal communication behaviors.”
Participants were also told that one confederate would be
videotaping them in order to have groups of students observe
and rate their nonverbal communication at a later date. This
stage involves multiple elements of intentional deception:
Participants were not actually being observed by a real live
audience (i.e., the four confederates were prerecorded),
the participants would silently prepare but not verbally
deliver a speech in this experiment, and they were not
being videotaped during the speech preparation task (SPT).
Following the stressful SPT, participants were debriefed and
engaged in a repeat baseline task (Stage 1X) during which
they sat quietly while attending to the emotionally neutral
video.

During all tasks involving measurement of ILM ac-
tivity, overt contaminants to the signal were marked, such
as coughing, sneezing, throat clearing, and so forth. As
needed and able, the investigator slightly extended that
epoch’s recording time to account for the post hoc removal
of the contaminant to ensure a sufficient amount of uncon-
taminated data for analysis. Such events were rare in this
study. Other intermittent events such as swallow and breath
holding were also marked in the recording file when pat-
ently obvious, which was not always the case, but were not
marked as contaminants or removed prior to data analysis.
The logic for nonremoval was that these behaviors should
be roughly equal over time within participants, and if they
increased during a certain epoch (e.g., the stressor), we have
no reason to rule that behavior out as a legitimate manifes-
tation of a stress response.

Following the experimental session, values for the
second Independent variable (IV) were calculated. Respiratory-
corrected values of RSA (RSACORR_DIFF), the two-channel
files calculated for the true baseline and SPT epochs were
loaded into MindWare (MindWare 3.0.21, MindWare Tech-
nologies LTD), which automatically marked each QRS peak
in the ECG waveform and calculated output variables. ECG
data were visually inspected, and any errors were corrected
manually. Respiratory band data were inspected to ensure
that the program’s automatic calculation matched the num-
ber of breaths reflected in the waveform. Corrections were
then applied for the confounding influences of respiratory
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rate® according to previously utilized methods (Egizio et al.,
2011; Jain et al., 2011). In short, the spectral power of the
0.15- to 0.40-Hz frequency band (hereafter referred to just
as RSA) using fast Fourier transform on interbeat intervals
was obtained from the MindWare output. To correct for
the effects of respiration, (a) average respiratory cycle length
in seconds was calculated for each task by dividing the total
time of the task (approximately 3 min) by the respiration
rate during that period; (b) separate within-subject regres-
sions were calculated regressing RSA on average respiratory
rate (Egizio et al., 2011); (c) regression data were inspected
to ensure R” values were above .70 and/or direct inspection
of scatter plots showing the relationship between RSA and
respiratory rate confirmed that each parameter’s activity in-
creased with that of the other parameter; and (d) the regres-
sion line of RSA on respiratory variables was then utilized
to estimate the task-related changes in RSA that were sys-
tematically lower or higher than anticipated values (i.e.,
respectively reflecting cardiac vagal decline or augmenta-
tion; Grossman & Taylor, 2007). To correct for the effects
of respiration on RSA, these predicted RSA values for true
baseline and SPT were subtracted from the measured RSA
values for each respective task. It is this value, RSAcorr_pirr,
which served as one independent variable in subsequent
regression analyses and will be described in greater detail
below.

Data Reduction and Analysis

Data reduction and analysis were performed using
MATLAB 7.8.0 (R009a). A 10-Hz high-pass filter was ap-
plied to all EMG channels in order to remove drift and off-
set. Notch filters of 60, 120, and 180 Hz were applied to all
data channels, and all data channels were full-wave rectified
for analysis. For RSACORR_DIFF processing, true base-
line and SPT data files were (a) duplicated, (b) filtered as
above and down-sampled to 1000 Hz, (c¢) modified so that
only the ECG and respiratory band channels remained, and
(d) converted to two-channel (ECG and respiratory band)
comma delimited text files.

Obtaining Dependent Variables

To obtain values for each dependent variable (DV),
the following data reduction procedures were performed
for signals from each ILM and the two control sites. First,
the magnitude of ILM/trapezius/tibialis activity change
(from baseline) was calculated. Recall that two baseline

’The initial intention was to also include tidal volume data in the
corrections methods. However, data were contaminated as described
in the Results section. To maintain consistency of methods without
omitting large amounts of data, rate corrections were made on the
RSAcorr data, but tidal volume corrections were not made. Others
have corrected for effects of respiration on RSA in the same fashion
(e.g., Overbeek et al., 2014), and some consider respiratory rate a
substantially more important variable to control than tidal volume in
RSA research (Berntson et al., 1997). Further consideration of this
issue will follow in the Discussion section.

epochs were obtained in this study—Baseline Rest and Base-
line Subvoc—and that for the primary research question(s)
relating to the predictive roles of trait stress reaction and
RSA, the Baseline Subvoc epoch served as the baseline to
which the experimental condition was compared. The Base-
line Subvoc value was represented by calculating the mean
of the entire Baseline Subvoc 120-s task epoch. The EMG
value during SPT was calculated in the same fashion.
Values representing magnitude of ILM/trapezius/tibialis
activity change were recorded as the absolute difference
from Baseline Subvoc to SPT for EMG values. These
values were used as the DV for regression models.

Because the TA/LCA and CT muscles were sampled
bilaterally to protect against loss of data in the event of
electrode displacement, the muscle displaying the clearest
change from baseline in absolute value was included for
analysis in the regression model. Hence, data from three
ILMs were included in separate statistical analyses for each
subject: PCA, one TA/LCA complex (left or right), and
CT (left or right). In addition, only data from these three
muscles were included in the resolution latency analysis,
described next.

Statistical Approach

Five separate multiple regressions were run to predict
the magnitude of change in the three ILMs and two control
muscles of interest, by the independent variables RSAcorgr
and SRscore. In addition, the same multiple regressions
were rerun using the “raw,” uncorrected RSA values calcu-
lated as a difference score from true baseline to the SPT
(RSAraw _pirr). Participants with outlier values were re-
moved from the analyses (n = 2 for all muscles, n = 1 for
all ILMs, n = 1 for the CT, n = 1 for the upper trapezius
muscle, and n = 1 for the anterior tibialis muscle). Regres-
sions were then rerun, and results are given below. Data
from no more than two participants were removed from
any analysis based on outlier status.

Finally, this article represents the second main part
of a larger study, the first part of which was described pre-
viously. In the partner article, we showed that the ILMs
commonly increase in activity during a silent SPT that healthy
female participants considered to be stressful (Helou et al.,
2018). Data in this study are derived from the same cohort.
Subject-level data for change in heart rate, blood pressure,
and respiration can be referenced in our previous publication.

Results

Seventy-eight potential participants completed the
web-based screening survey, and 50 potential participants
attended the face-to-face screening. Forty participants sat-
isfied all of the inclusion criteria and participated in the
study. Of those 40 participants, one could not tolerate the
placement of the fine wire electrodes and was dismissed
from the study. Data from two participants were corrupted
for unknown reasons and could not be analyzed. Thus,
complete data sets for 37 individuals are presented herein.
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Of the 37 participants who engaged in all tasks from
which RSA values were to be derived, RSA data from n =
32 were usable. Two participants’ data became corrupted
toward the end of the experimental session, including dur-
ing the SPT task (one lost respiratory band trace, the other
lost ECG trace), and three participants’ ECG data were
corrupt for all tasks. With respect to within-subject regres-
sions to correct for the effects of respiration on RSA, most
participants (n = 24) had R? values ranging from .701 to
974 (M = .847, SD = .088). A remaining n = 8 participants
had values just below .70, but visual inspection of their data
confirmed the positive relationship between RSA and rate,
and thus, their data were included in analyses.

Visual inspection of respiratory band signals indicated
that respiratory depth measures were contaminated by over-
saturation of the signal during the 8 and 10.5 breaths/min
conditions of the paced breathing tasks. This occurred in ap-
proximately one third of participants and was likely a function
of the respiratory band being slightly tighter than necessary
to accommodate the more exaggerated thoracoabdominal
expansion observed during slow, deep breathing (though
participants were asked about their physical comfort level
and none reported discomfort with the respiratory band).

SRscore values for this cohort (n = 37) were well
within the range of normative data (7-score mean = 44.01,
SD = 9.40). Table 1 provides high-frequency heart rate
variability (i.e., RSA) change values without correction for the
effects of respiration on the heart rate signal (RSAraw DIFF).
Values suggested to relate to sympathetic activity are also
provided, though it should be noted that some scientists
have compellingly challenged whether the low-frequency
band indeed reflects sympathetic contributions to heart
rate variability (Reyes del Paso et al., 2013). Finally, the
natural log values (In) for both low- and high-frequency
power and the ratio of low- and high-frequency power are
also provided.

For analyses where muscle activation was predicted
by RSAcorr_pirr and SRscore, values for some partici-
pants were found to include outliers and were thus removed

Table 1. Heart rate variability descriptive data.

from the analyses. Regressions were then rerun, and results
are given below. For analyses where muscle activation was
predicted by RSAraw pirr and SRscore, values for some
participants were found to include outliers that led to viola-
tion of statistical assumptions and were thus removed from
the analyses. Data from no more than two participants were
removed from any analysis based on outlier status. Regres-
sions were then rerun, and results are given below. Negative
values of the DV reflect a decrease in muscle activity from
baseline to stressor, whereas positive DV values reflect an
increase.

Individual multiple regressions were performed to pre-
dict magnitude of change in the muscle of interest using
RSAcorr and SRscore, and all assumptions were met. The
relationship between RSAcorr_prrr and SRscore was not
found to be statistically significant, p = .408. The relation-
ship between RSAgraw prrr and SRscore was also assessed
and found to be nonsignificant, p = .210. Regression coeffi-
cients and errors for each model can be found in Table 2.

PCA

A multiple regression was run to predict magnitude
of change in the PCA by RSAcorr_prrr and SRscore.
The overall model statistically significantly predicted PCA
activity, F(Z, 16) = 5081, p= 020, R2 = .388. RSACORR_DIFF
added statistically significantly to the prediction, p = .016,
but trait stress reaction did not, p = .170. An additional
multiple regression was run for the same variables, but with
RSAgAw pirr as the first IV. All assumptions were met.
The model did not statistically significantly predict PCA
activity, F(2, 17) = 1.373, p = .280, R* = .139.

TA/LCA Complex

A multiple regression was run to predict magnitude
of change in the TA/LCA by RSAcorr_prrr and SRscore.
The overall model statistically significantly predicted
TA/LCA activity, F(2, 26) = 4.838, p = .016, R* = .271.

Variable M SD Min Max

True baseline
Interbeat interval (ms) 959.76 142.93 683.22 1251.64
High-frequency power (RSAgaw, Ms?) 1974.45 2010.45 34.51 9235.80
Low-frequency power (ms?) 1095.78 1502.02 52.36 6675.41
Low frequency—high frequency ratio 0.83 1.31 0.06 7.72
In high-frequency power (In ms?) 3.05 0.54 1.54 3.97
In low-frequency power (In ms?) 2.74 0.53 1.72 3.82

Speech preparation task
Interbeat interval (ms) 725.28 145.40 485.15 975.38
High-frequency power (RSAgaw, ms?) 567.10 613.42 7.95 2976.17
Low-frequency power (ms?) 462.89 386.36 25.93 1541.86
Low frequency—high frequency ratio 1.20 0.90 0.35 3.79
In high-frequency power (In ms?) 2.51 0.54 0.90 3.47
In low-frequency power (In ms?) 2.49 0.45 1.41 3.19

Note. RSA = respiratory sinus arrhythmia.
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Table 2. Summary of multiple regression analyses.

Variable B SEg B Variable B SEg B
Posterior cricoarytenoid

Intercept 100.54 143.49 Intercept 262.02 221.49

RSAcorr 0.083 0.031 529" RSARaw 0.030 0.137 .050

SRscore 40.27 28.02 .282 SRscore 66.12 39.99 .380
Thyroarytenoid/lateral cricoarytenoid complex

Intercept 864.01 243.75 Intercept 856.01 333.54

RSAcorr 0.116 0.055 .355* RSARaw 0.044 0.185 .046

SRscore -125.83 52.443 -.402* SRscore -28.51 61.46 -.091
Cricothyroid

Intercept 192.44 151.03 Intercept 400.28 169.81

RSAcorr .100 0.034 530" RSARaw 125 0.097 .265
SRscore 15.81 30.18 .094 SRscore 33.19 34.46 .198
Upper trapezius (positive control)

Intercept 2.63 2.22 Intercept 5.37 2.46

RSAcorr .001 0.000 377 RSARaw 0.001 0.001 .252

SRscore 1.23 0.431 446* SRscore 1.48 0.514 ATT*
Anterior tibialis (negative control)

Intercept 12.62 5.29 Intercept 18.85 5.13

RSAcoRrr .002 0.001 347 RSARaw 0.003 0.002 313

SRscore 2.39 0.958 407 SRscore 3.40 0.99 .536*

Note. B = unstandardized regression coefficient; SEg = standard error of the coefficient; B = standardized coefficient; RSAcorr = respiratory-

corrected value of RSA; SRscore = stress reaction subscore.
*o < .05 for the full model and for the variable.

RSAcorr_pirr added statistically significantly to the
prediction, p = .044, as did trait stress reaction, p = .024.
An additional multiple regression was run for the same
variables, but with RSAg aw pirr as the first IV. The model
did not statistically significantly predict TA/LCA activity,
F(2,26) = .142, p = .868, R* = —.011.

Cricothyroid

A multiple regression was run to predict magnitude
of change in the CT by RSAcorr_pirr and SRscore. The
overall model statistically significantly predicted CT activ-
ity, F(2, 22) = 4614, pP= 021, R2 =.296. RSACORRiDlFF
added statistically significantly to the prediction, p = .007,
but trait stress reaction did not, p = .606. An additional
multiple regression was run for the same variables, but with
RSARraw pirr as the first IV. This model did not statistically
significantly predict CT activity, F(2, 22) = 1.123, p = .343,
R* = .093.

Upper Trapezius

A multiple regression was run to predict magnitude
of change in the upper trapezius muscle by RSAcorr_prrr
and SRscore. The model statistically significantly predicted
upper trapezius muscle activity, F(2, 28) = 6.542, p = .005,
R’ = 318. Both RSAcorr_pirr and SRscore contributed
significantly to the overall prediction, p < .023 and p < .008,
respectively. An additional multiple regression was run
for the same variables, but with RSAraw prrr as the
first IV. The model statistically significantly predicted
upper trapezius muscle activity, F(2, 26) = 5.217, p = .012,
R> = .286. RSARraw pirr did not contribute significantly
to the overall prediction, p = .140, but SRscore did, p = .008.

Anterior Tibialis

A multiple regression was run to predict magnitude
of change in the anterior tibialis muscle by RSAcorr pIFF
and SRscore. The overall model statistically significantly
predicted tibialis activity, F(2, 28) = 4.945, p = .014, R* =
.261. Both RSAcorr_pirr and SRscore contributed signif-
icantly to the overall prediction, p < .042 and p < .019, re-
spectively. An additional multiple regression was run for
the same variables, but with RSAraw prrr as the first IV.
The model statistically significantly predicted anterior tibia-
lis muscle activity, F(2, 26) = 7.730, p = .002, R* = .373.
RSARaw pirr did not contribute significantly to the overall
prediction, p = .054, but SRscore did, p = .002.

Additional regressions were run to determine if the
results for the derived indices might be due to differences
in their fundamental components. We examined models
using baseline heart rate, heart rate change, baseline RSA,
baseline blood pressure, and blood pressure change (baseline
minus SPT values) as variables in place of RSA. None were
equivalent predictors to the RSA indices described above.

Discussion

This study explored autonomic and personality-based
predictors of ILM responses to a psychosocial stressor. We
previously described robust physiological and self-reported
stress responses that were observed in this same cohort of
physically and vocally healthy young women and showed
that increased activation of the ILM was commonly ob-
served in the face of stress. Here, we describe the value of
RSA (a physiological variable) and trait stress reaction (a
psychological variable) in predicting the ILM response. We
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hypothesized that for every unit increase in RSA and trait
stress reaction, we would observe an increase in ILM activ-
ity. We examined RSA values that were both corrected
(RSAcorr_pirr) and uncorrected (RSAgraw) for respira-
tory effects. Consistent with RSA literature (e.g., Berntson
et al., 1997; Grossman & Taylor, 2007; Ritz, 2009), the re-
gression models were substantially impacted by whether the
RSA value was corrected or not.

RSAcorr pirr as a Predictor of ILM Activity

In the model where SRscore and RSAcorr_pirr pre-
dicted the magnitude of change in muscle activity from
baseline to stressor, the independent variable RSAcorr_pirr
significantly predicted the activity of all the muscles exam-
ined. Specifically, higher values of RSAcorr prrr Were asso-
ciated with increases in muscle activity from Baseline Subvoc
to SPT. This relationship is consistent with the proposal that
the characteristic laryngeal response in healthy, non-voice-
disordered women is one of dramatic yet fast-resolving mus-
cular activity increases (Helou et al., 2018). This liability
might be related to parasympathetic/vagal influences in the
body, which should not dismiss the possibility of concurrent
sympathetic mechanisms at play. Indeed, evidence of sym-
pathetic activation also coexisted by way of increases in
heart rate, blood pressure, and respiratory rate. It should be
emphasized that a causal autonomic mechanism at the level
of the ILMs is not suggested here, and indeed, a causal
model was not employed in this study. Rather, we interpret
these findings as reflecting some functional response of the
ILMs during a stressor-induced shift in autonomic status.

Findings herein are consistent with the concept of
healthy allostatic resilience proposed by McEwen (2002).
That is, participants in this study generally exhibited physi-
ological flexibility, as is expected in healthy normal indi-
viduals. They demonstrated robust cardiovascular, state,
and somatic muscle responses to a potent stressor and then
rapidly returned to baseline values once the perceived threat
was removed. One implication for these findings relates to
the visual observation of laryngeal hyperfunction during
clinical diagnosis of disorders such as muscle tension dys-
phonia. Laryngeal hyperfunction (excessive laryngeal ten-
sion) is thought to underlie vocal hyperfunction (Hillman
et al., 1989), which is a broad term used to describe con-
ditions in which the vocal mechanism is misused such that
the muscular forces are excessive and/or imbalanced (e.g.,
Aronson, 1980; Koufman & Blalock, 1991; Morrison et al.,
1983). For many patients, flexible laryngoscopy and perhaps
even the clinical environment might trigger stress; thus, the
laryngeal hyperfunction that can be appreciated on physical
exam might partially be due to acute stress. Alternatively
or additionally, it may be highly valuable for patients with
suspected muscle tension dysphonia to undergo some stress
provocation protocol under flexible laryngoscopy to observe
the laryngeal muscle response to induced stress. Analogous
practices are commonplace in asthma and allergy clinics,
and the (cardiovascular) reactivity hypothesis described by

Obrist (1981) also relates to classifying and predicting dis-
ease via reactivity measures.

Experts in the measurement and interpretation of RSA
caution investigators against assuming that what is true for
cardiac parasympathetic control is also true for other sys-
tems in the body. Fractioning of responses occurs com-
monly across organ systems (Grossman & Taylor, 2007; Ritz,
2009). Regarding the airway, solid evidence exists that vagal
excitation is associated with smooth muscle constriction and
subsequent narrowing of the airway (see a review by Ritz,
2004). It appears that this study is the first to examine RSA
changes associated with the ILMs, which play a critical air-
way valving role. Unfortunately, it remains unknown to
what extent the larynx is yoked to the needs of the lungs
versus to what extent it “acts on its own behalf.” Combin-
ing that particular gap in knowledge with the fact that this
study did not examine the glottic response to the stressor
exposure, the airway status (i.e., dilated vs. constricted) of
these participants cannot be described empirically. Germane
to the present discussion, laryngeal muscle activity, specifi-
cally as a function of increased vagal outflow to the airway,
remains wholly unknown.

Also in this model, stress reaction score (SRscore)
significantly predicted the activity of the upper trapezius
and anterior tibialis muscles, such that for every unit in-
crease in SRscore, a greater magnitude of change in muscle
activity was observed from Baseline Subvoc to SPT. This
directionality was consistent with our hypothesis that the
higher the SRscore, the greater the activity of the muscles
would be. High scorers on this subscale of the MPQ-BF
tend to be tense and nervous, often feel worried, anxious,
and emotionally volatile, and feel vulnerable (Patrick et al.,
2002). On the other hand, low scorers are able to quickly
recover from upsetting situations, rarely feel emotional tur-
moil, and can easily set fears and worries aside.

SRscore also significantly predicted the activity of
the TA/LCA muscle, but the direction of the relationship
unexpectedly differed from that of SRscore and the control
muscles. For every unit increase in SRscore, an increase
in TA/LCA muscle activity was expected from baseline to
stressor. However, the opposite was observed in that SRscore
increases predicted a decrease in TA/LCA muscle activity.
Assuming this finding is not spurious, it could be that the
high stress reaction—low muscle activation relationship is
aligned with others’ empirical observations of behavioral
inhibition as it pertains to voice disorders (Dietrich &
Verdolini Abbott, 2012; van Mersbergen et al., 2008).
Those studies found that individuals with muscle tension
dysphonia scored higher on stress reaction as measured
by the MPQ-BF and also exhibited blunted facial and extra-
laryngeal muscle responses to emotion induction. Although
this study involved participants with unimpaired voices and
did not utilize an emotion induction paradigm, its observa-
tions are consistent with the notion that behavioral inhibition
might be related to high levels of stress reaction.

The prediction of SRscore on the PCA and CT mus-
cles was not statistically significant. Although it is possible
that the SRscore indeed has no predictive value in the
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context of these muscles, it is also possible that the regres-
sion tests for the laryngeal muscles were insufficiently pow-
ered or the muscle responses were of insufficient magnitude
to detect a predictive effect of SRscore on those particular
muscles. To this point, the magnitude of change in the TA/
LCA muscle (which was significantly predicted by SRscore)
was the greatest of all muscles examined in this study.
Moreover, if SRscore is actually associated with behav-
ioral inhibition during stress as postulated, then it stands
to reason that the regression models would be insufficiently
powered to reveal this relationship, because so few partici-
pants in this study actually exhibited diminished muscle ac-
tivity during the stressor as compared to baseline.

RSAg 4w pirr as a Predictor of ILM Activity

In the second model-—SRscore and RSAgaw pirr
predicting the magnitude of change in muscle activity from
baseline to stressor—RSAgaw prrr did not significantly
predict the activity of any of the muscles in this model. The
effects of respiration may actually obscure the relationship
between vagal outflow and muscle activity, even in the mus-
cles with the greatest responses from baseline to stressor. It
is important to bear in mind that the signals measured via
EMG were miniscule relative to the far more robust heart
rate and respiratory signals; for instance, the activity of the
ILMs during rest would be measured in tens of microvolts.
Respiration can heavily influence RSA within individuals.
In fact, even when heart rate remains relatively stable across
paced breathing tasks ranging from 8 to 18 breaths/min, up
to 55% of RSA variance is due to rate and depth of respira-
tion (rate > depth; Grossman et al., 1991; Ritz, 2009; Ritz
et al., 2001). Thus, it should not be surprising that respira-
tory effects on RSA might obscure other relationships.

Ritz (2009) reports the concordance within studies
that examined both RSARAW_DIFF and RSACORR_DIFF-
Of the 10 studies reviewed, eight showed different findings
as a function of which RSA variable was utilized, and most
of these differences were in the direction of RSAcorr_pIFE
revealing a finding that was otherwise obscured by using
RSARaw pirr. Although the experimental paradigms differ
from that employed in this study—emotion induction, erotic
imagery, facial expressions, and forehead cooling versus
stress induction—our data support others’ claim that RSA-
corr_pIFF and RSAgaw prrr are two completely different
variables rather than slightly adjusted versions of each other
(see review by Ritz, 2009). In this study, the latter measure
was an ineffective predictor of muscle activity for any of the
sites investigated.

In this model, SRscore significantly predicted the ac-
tivity of both the upper trapezius and anterior tibialis mus-
cles such that increases in SRscore were associated with
greater magnitudes of change in muscle activity from base-
line to stressor. SRscore did not predict the activity of the
laryngeal muscles. We did hypothesize that the upper tra-
pezius muscle activity would be predicted by SRscore, but
the significant prediction of anterior tibialis activity was
not originally anticipated. Potential explanations regarding

the response of the control muscles were delineated earlier
and are relevant here as well.

It is possible that no relationship exists between
SRscore and the magnitude of ILM change, although there
may be other explanations as well. It could be that the par-
ticipants in this normal cohort were essentially “too normal”
to observe the anticipated relationship. In the present co-
hort, the distribution of trait stress reaction scores was some-
what skewed toward lower (i.e., less stress reactive) scores,
perhaps reflecting a self-selection bias in the present sample,
since people high in trait stress reaction may be less likely to
sign up for an invasive study involving needles in the neck.
Nonetheless, all participants exhibited some physiological
effects consistent with a sympathetic stress response (e.g., in-
creased heart rate, blood pressure, and/or respiration rate)
in addition to self-reported increases in state stress and anxi-
ety (Helou et al., 2018). Also, despite the seemingly large ef-
fect sizes for the ILMs observed during the stressor (Helou
et al., 2018), it may be that without the correction for the ef-
fects of respiration on RSA, the predictive value of SRscore
on those variables could not be realized.

Limitations

It remains unknown how well the RSAcorr pIFF
variable would predict the activity of the laryngeal muscles
if it had included the element of tidal volume; this limita-
tion is discussed subsequently. This omission might be con-
sidered a substantial limitation with regard to determining
how autonomic changes impact the muscles of interest.
Nevertheless, respiratory rate apparently trumps tidal
volume in terms of its power to impact RSA values (Berntson
et al., 1997; Ritz, 2009). In addition, the idiosyncratic respi-
ratory behaviors (e.g., sighing, breath holding) of some
participants (such as those whose data were highlighted in
Helou et al., 2018) should be expected to substantially
impact RSA measures and thus would not likely be well
represented by average values of respiratory rate or vol-
ume (Grossman & Taylor, 2007). Thus, RSA-related find-
ings in this study should be interpreted with prudence
and attention to the possibility of outstanding respiratory
confounds.

However, this very line of thinking may be flawed.
Berntson et al. (1991) emphasize that autonomic control is
not a continuum extending from parasympathetic to sym-
pathetic outflow. Rather, in the face of stress, a number of
modes of autonomic engagement might be seen. For in-
stance, it is possible for both parasympathetic and sympa-
thetic outflow to increase during times of stress. Adding
to this consideration the argument by Ritz (2004, 2009)
that parasympathetic outflow to the airway might actu-
ally be quite different than to the heart, it is entirely possi-
ble that RSA, which indexes cardiac vagal outflow, is a
poor proxy for airway vagal control, thus rendering in-
terpretations of RSA within the context of airway stress
responses fallacious. For instance, could the classically antic-
ipated withdrawal of parasympathetic outflow to the heart
during stress be reciprocally complemented by increased
parasympathetic outflow to the airway (including to the
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upper airway comprised, in part, by the laryngeal muscles)?
The characteristics and boundaries of the autonomic—cardiac—
airway relationship remain to be seen. However, the main
point here is that the importance and relevance of sympa-
thetic outflow in laryngeal muscle response perhaps should
not be assumed. It may very well be that laryngeal stress
responses stem from parasympathetic influences—whether
withdrawal or engagement—above and beyond sympathetic
influences.

Conclusions

This study explored the potential mediating (not causal)
roles of personality and autonomic function in ILM activity
during an experimental psychosocial stressor. Both vari-
ables evidenced some value in predicting ILM activity dur-
ing stress. Specifically, after correcting for the effects of
respiration rate, increased vagal outflow to the heart pre-
dicted increased activity in all muscles studied. With re-
spect to personality, increased trait stress reaction scores
predicted increased activity of the upper trapezius and ante-
rior tibialis muscles, and increased trait stress reaction scores
predicted decreased activity in the TA muscles. Future stud-
ies could build on the existing knowledge base by seeking
to disambiguate sympathetic and parasympathetic nervous
system contributions to stress-related ILM activity, by ex-
ploring whether additional features of personality might also
predict ILM stress responses, by examining ILM responses
in the context of vocal and speech tasks, and by studying
ILM stress responses in individuals with voice disorders.
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