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Summary: Introduction. Primary muscle tension dysphonia (pMTD) is a functional voice disorder that re-
duces communicative abilities and adversely impacts occupational productivity and quality of life. Patients with
pMTD report increased vocal effort, fatigue, discomfort, and odynophonia. Although laryngeal and para-
laryngeal muscle tension and hyperfunction are the most commonly proposed mechanisms underlying these
symptoms, recent studies suggest pMTD may have more to do with the somatosensory system. However,
relationships between voice symptoms and somatosensory mechanisms are poorly understood, creating chal-
lenges for mechanistic-based pMTD management. The first objective was to compare laryngeal, paralaryngeal,
and global somatosensation between subjects with and without pMTD. The second was to determine re-
lationships between pMTD symptoms and somatosensation.

Methods. Fifty-two (20 pMTD and 32 control) subjects underwent laryngeal sensory testing with aesthesi-
ometers, as well as peripheral mechanosensory and dynamic temporal summation testing to paralaryngeal and
limb regions. Voice symptom severities (vocal effort, fatigue, discomfort, and odynophonia) were collected on
100-mm visual analog scales before and after laryngeal sensory testing. Participants also completed the Central
Sensitization Inventory.

Results. Patients with pMTD reported significantly higher laryngeal sensations (P = 0.0072) and voice
symptom severities (P < 0.001) compared with the control group, and had significantly more vocal tract
discomfort postlaryngeal sensory testing compared with the prelaryngeal sensory testing timepoint (P = 0.0023).
However, there were no significant group differences in laryngeal airway protection responses suggestive of
peripheral laryngeal hypersensitivities (P = 0.444). There were also no significant group differences on para-
laryngeal or global sensitivities (P > 0.05), and no correlations between severity of voice symptoms and per-
ceptual laryngeal sensations or hypersensitivities (P > 0.05).

Conclusion. Patients with pMTD perceive more sensitivities in the larynx and feel more sensations related to
the voice (vocal effort, fatigue, discomfort, and pain). However, in general, patients with pMTD do not have
abnormal peripheral laryngeal hypersensitivities, increased global somatosensation, or heightened central
sensitivity. The lack of significant correlations between peripheral laryngeal hypersensitivities and voice
symptom severity ratings suggests these outcome variables target distinct mechanistic constructs.

Key Words: Vocal effort—Vocal fatigue—Vocal tract discomfort—Odynophonia—Mechanosensation—

Central sensitization.

INTRODUCTION
Primary muscle tension dysphonia (pMTD) is a functional
voice disorder that reduces communicative abilities and
adversely impacts daily living, occupational productivity,
and quality of life." Of the 20 million individuals in the
United States with voice disorders, an estimated 2—-8 mil-
lion struggle with pMTD and calculations suggest pMTD
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causes about $2 billion in lost annual productivity costs due
to absenteeism.” Although pMTD leads to the same emo-
tional, social, financial, and occupational hardships as or-
ganic, structural, and neurological voice disorders, there is
significantly less effort to study its underlying mechanisms
or understand its pathophysiology. Patients with pMTD
report increased vocal effort, vocal fatigue, vocal tract
discomfort, and odynophonia, and may exhibit aberrant
vocal qualities.” * However, these voice symptoms are also
common in many other types of voice disorders, making it
challenging to accurately diagnose pMTD."’

The level of vocal dysfunction resulting from pMTD
voice symptoms does not align with the relatively normal
laryngeal presentations (ie, lack of overt structural or
neurological laryngeal abnormalities) observed on lar-
yngoscopy.”“* These challenges can lead to protracted
periods before a formal diagnosis can be reached, and
end in a diagnosis based on exclusion after other potential
diagnoses have been ruled out.” The lack of diagnostic in-
dicators and poor understanding of pathophysiological
mechanisms underlying clinical presentations in pMTD
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also makes the voice disorder challenging to treat with
precision. A better understanding of pMTD etiology and
its pathophysiological mechanisms is needed to refine di-
agnostic paradigms and optimize treatment for more ef-
fective management.

The most commonly proposed pathophysiological me-
chanisms underlying pMTD symptoms are laryngeal and
paralaryngeal muscle tension and hyperfunction. However,
these theoretical mechanisms have traditionally been based
largely on anecdotal observations in the voice clinic and
have often been defined without well-validated quantitative
metrics or control subject comparisons. More recent de-
velopments in novel, well-vetted physiologic metrics to
quantify tension and hyperfunction in the laryngeal and
paralaryngeal muscles have challenged this theory. Across
multiple studies—including investigations using shear wave
elastography,”’ optical flow,'’ and motion capture'' tech-
nologies to track extrinsic laryngeal and paralaryngeal
motor patterns, vocal fold tracking'” to quantify vocal fold

adduction, and the use of various supraglottic metrics™'”* '

to quantify supraglottic compression—patients with
pMTD had similar motor patterns to vocally healthy in-
dividuals." In contrast, across all studies, patients with
pMTD reported significantly higher levels of vocal effort
and vocal tract discomfort compared with vocally healthy
subjects.”” ¥ There were also poor correlations between
these somatosensory voice symptoms and (para)laryngeal
motor patterns, suggesting these constructs do not have
direct influences on one another. Previous work also found
that patients with pMTD who had more difficulties at-
tending to body sensations had higher Voice Handicap
Index-10 (VHI-10)'° and Vocal Fatigue Index (VFI)'/
scores, * suggesting the somatosensory system may play a
role in perceptions of vocal fatigue (VFI) and vocal impact
(VHI-10).

In summary, results across these various studies suggest
clinical presentations of pMTD may have more to do with
somatosensation than aberrant motor patterns within and
around the laryngeal system. However, the role of soma-
tosensation in the laryngeal system, in general, and in
pMTD, specifically, has been poorly understood and de-
fined. In contrast, there is a well-established relationship
between mechanosensory tactile stimulation and perceived
sensations of physical effort, fatigue, discomfort, and pain
in the limbs.'” ** Altered sensitization in the limbs can re-
sult in muscle aches, pain, and tenderness (eg, myalgia,
hyperalgesia), as well as increased sensitivity to muscu-
loskeletal stimuli that do not normally provoke discomfort

! The one exception was increased severity of mediolateral supraglottic
compression in the pMTD group. However, many vocally healthy in-
dividuals also had this supraglottic pattern, suggesting the presence of
mediolateral compression on laryngoscopy is not a diagnostic indicator of
pMTD. One reason why there was more severe mediolateral supraglottic
compression in a subcohort of subjects with pMTD may have something
to do with the role the ventricular folds play in airway protection, com-
monly observed in laryngeal hypersensitivity syndromes.

or pain (eg, allodynia).”* Heightened global sensitization in
the body is thought to be fundamental to various central
sensitization disorders like fibromyalgia, chronic fatigue,
and chronic pain disorders.”” ** Chronic activation of
peripheral nociceptive signaling has shown to underlie
certain types of peripheral nociceptive musculoskeletal
disorders like chronic tension-type headaches—originally
thought to largely be due to neck muscle tension.”’ ** Al-
though anecdotal, it is not uncommon for patients with
pMTD to report tension headaches and migraines when
asked about muscle tension in the head and neck.

Considering the significantly higher vocal effort, vocal
fatigue, vocal tract discomfort, and odynophonia reported
by patients with pMTD, especially in the absence of overt
aberrant (para)laryngeal motor patterns, there is a possi-
bility pMTD could share commonalities with these other
types of central sensitization or peripheral nociceptive
musculoskeletal disorders. Previous literature on pMTD
has also alluded to the somatosensory system contributing
to pMTD in the context of central sensitivity syndromes,””
as part of the irritable larynx syndrome constellation,’’
and has proposed pMTD to be a somatoform disorder.”®
As such, the roles of pMTD clinical presentations specific
to the sensory laryngeal system and global somatosensation
in pMTD require elucidation.

The overarching goal of this study was to evaluate the
role of localized (ie, laryngeal, paralaryngeal) and global
(ie, upper and lower limb) somatosensation in pMTD. The
first objective was to compare laryngeal, paralaryngeal, and
limb somatosensation between individuals with and
without pMTD. The second was to compare voice-specific
symptom severity ratings of vocal effort, fatigue, dis-
comfort, and odynophonia to somatosensory sensitivity
testing. We hypothesized that (1) patients with pMTD
would have more localized sensitivities in the laryngeal
region and global hypersensitivities in the limbs than pa-
tients without pMTD, and that (2) there would be a sig-
nificant relationship between voice symptoms and
laryngeal, paralaryngeal, and global sensory testing.

METHODS

Participants

The study was approved by the University of Texas (UT)
Southwestern Medical Center Institutional Review Board.
Twenty patients diagnosed with pMTD and 32 vocally
healthy controls provided written consent and were en-
rolled in the study at the UT Southwestern Center for
Voice Care between 2023 and 2024 (Table 1 for demo-
graphic information). To be eligible for the pMTD group,
participants had to have laryngeal examinations with no
observable structural (eg, benign vocal fold lesions) or
neurological (eg, vocal fold paralysis) laryngeal abnorm-
alities and needed to meet three out of five of the following
criteria, based on previous studies’ '': (1) score more than
11/40 on the VHI-10'°, (2) have a direct magnitude esti-
mation of perceived phonatory effort (DME of at least 200,
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TABLE 1.

Subject Demographics*

Group Gender Age in Years (SD) Race Ethnicity

pMTD 43% men 42.91 (18.59) 57% Caucasian 10% Hispanic/Latino

57% women

5% Asian
19% Black or African American

76% Non-Hispanic/Latino
14% Other/not disclosed

19% Other/not disclosed

17% men
83% women

Controls 32.05 (14.08)

27% Caucasian
7% Asian
7% Black or African American

10% Hispanic/Latino
27% Non-Hispanic/Latino
63% Other/not disclosed

59% Other/not disclosed

Abbreviation: SD, standard deviation.

* Inclusion of a demographics table, especially race and ethnicity, is a direct response to the Special Interest Group (SIG3) Voice and Upper Airway panel at the
2022 American Speech-Language and Hearing Association (ASHA) Convention on Voice as an Expression of Identity: A Cultural Construct. Collecting data on
race helps understand and address health disparities and the social and economic conditions associated with them. Gathering information on ethnicity allows
researchers to capture the cultural context, practices, and values that may influence health outcomes, behaviors, and access to health care. This practice will help
ensure that research accurately represents the diversity of the population and is especially important for historically excluded groups whose experiences and

perspectives may differ from dominant groups.

or twice as effortful compared with 100 preimpaired
voices),” (3) have a report of muscle tension or su-
praglottic compression in their medical chart, (4) score
more than 4 on the Vocal Tract Discomfort Scale,”’ and (5)
score more than 24 on Factor 1 of the VFL'’ All partici-
pants with pMTD took part in the study before starting
voice therapy. The participants in the vocally healthy
control group had to meet the following inclusion criteria:
(1) no incidences of lost workdays within the last 6 months
due to vocal impairments/dysfunction, (2) no laryngeal
abnormalities on laryngoscopy, and (3) none of the five
inclusionary characteristics defining the pMTD group.
Both pMTD and control groups also had to have sufficient
nasal patency and little-to-no nasal discomfort when pas-
sing a channeled flexible laryngoscope through the naso-
pharynx to conduct the laryngeal sensory testing.

Protocol

Laryngeal sensory testing with aesthesiometry

To quantify and compare laryngeal sensation between in-
dividuals with and without pMTD, previously validated
laryngeal aesthesiometers—ie, von Frey filaments with
known buckling forces directed to endolaryngeal mucosa
through a channeled laryngoscope—were used to study
laryngeal airway protection responses (ie, laryngeal hy-
persensitivities) and self-perceived laryngeal tactile stimuli
severities. Previous studies have validated the use of lar-
yngeal aesthesiometers using Nylon monofilaments of dif-
ferent diameters (6-0, 5-0, 4-0, and 3-0) and consistent
lengths (30 mm)."" These laryngeal aesthesiometers are
more reliable than other types of laryngeal sensory testing
protocols (eg, air puff through channeled laryngo-
scope).*”** Reflexive laryngeal airway protection responses
(eg, laryngeal adductor reflex) to these aesthesiometers are
a robust method to investigate laryngeal (hyper)sensitivities
at the end organ,”™ *° while appraisal of laryngeal stimuli is
a higher-order (eg, cognitive) somatosensory process.’’
Testing both laryngeal airway protection responses and
appraisal of tactile severity can help differentiate the role of

localized laryngeal (hyper)sensitivity at the periphery from
higher-order perceptual processing of tactile stimuli.**
Previous work using these laryngeal aesthesiometers found
that positive laryngeal airway protection responses to
thinner 6-0 aesthesiometer monofilaments that elicit lower
force stimulation was a sign of peripheral laryngeal /y-
persensitivity, while a lack of laryngeal responses to higher
4-0 monofilament force stimulation was suggestive of per-
ipheral laryngeal hyposensitivity."'

Before aesthesiometer testing, each participant’s more
patent nasal cavity was decongested and anesthetized for
5-10 minutes using cottonoid pledgets soaked in 0.05%
oxymetazoline and 4% lidocaine. This approach was
chosen to avoid anesthesia of the laryngopharyngeal region
that can occur with standard-of-care nasal spray proce-
dures used in the voice clinic.”””" After the pledget was
removed, a channeled laryngoscope (Olympus ENF-VT2)
was passed through the nasal cavity by one of two board-
certified laryngologists on the study team who trained to-
gether on the aesthesiometer protocol to ensure consistency
and reliability with the aesthesiometer protocol. Once the
endoscope was in the pharynx, laryngeal aesthesiometers
consisting of different monofilament diameters attached to
a catheter (6-0, 5-0, 4-0, and 3-0) (Figure 1C) were passed
through the working channel (Figure 1A). Perpendicular
presentation of each monofilament to the aryepiglottic
folds occurred until a 10%-30% bend of the monofilament
of the aesthesiometer had been reached (Figure 1B). Once
this brief contact was made, participants were asked to rate
the perceived severity of the sensation elicited by the
monofilament on a 0-10 Likert scale (0 = no sensation;
10 = maximum sensation) using the scale in Figure 2. Each
monofilament diameter was presented twice. The order of
the monofilaments was always presented from smallest
diameter 6-0 (lowest force) to largest diameter 3-0 (highest
force). This decision was made so as not to induce laryngeal
airway protection responses (eg, laryngeal adductor re-
flexes) prematurely in the protocol, which could heighten
sensation for subsequent trials.**
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FIGURE 1. Schematic of channeled laryngoscope used for lar-
yngeal sensory testing. A. Aesthesiometer presented through the
channel of the laryngoscope. B. Aryepiglottic areas for sensory
testing. C. Four monofilament diameters with different buckling
forces. Monofilament was randomized to the left or right ar-
yepiglottic fold.

A third negative (foil) trial was also included with the
other two positive trials for each monofilament diameter.
The foil trial consisted of the act of presenting the mono-
filament in the pharynx without touching the laryngeal
tissue. Participants were asked to rate the severity of the
sensation on a 0-10 scale the same way as the other two
trials to test for false positives that can result from random
noise in the sensory system, hypersensitivities, or to identify
potential difficulties with sensory discrimination acuity.”’
Presence (yes) versus absence (no) of laryngeal adductor
reflex responses and other airway protection maneuvers
(coughing, swallowing, gagging, throat clearing,
and guarding) in response to the monofilament presenta-
tions were determined for each monofilament across the
two positive and one negative (foil) trials. Laryngeal ad-
ductor reflex responses were defined as the first visual de-
tection of bilateral vocal fold adduction following tactile
simulation. The presence of coughing was defined as rapid
vocal fold adduction followed by rapid abduction with
expiration. Swallowing was defined based on the presence
of epiglottic occlusion followed by a whiteout period.
Laryngeal priming and guarding postures in response to
the monofilament were defined by brief arytenoid spasms
(ie, “twitchy larynx”). The laryngeal sensory testing pro-
tocol was video-recorded via standard laryngoscopy pro-
cedures and the 0-10 severity ratings audio-recorded for

offline data input and statistical analysis of self-reported
perceptual symptom severity (Image Stream Medical nCare
v10 at 30 fps, MPEG4 format)."

Paralaryngeal and global mechanosensory testing
with algometry

Mechanical pressure sensitivity thresholds were determined
using a pressure algometer to quantify paralaryngeal and
limb sensitivities in pound force (Ibf)—which measures the
force applied to an area. This method targets deep somatic
tissue™”” (eg, joints, muscles, and fascia) and preferentially
activates small/pain fibers (Ad and C nociceptive fibers) in
the musculoskeletal system. Deep afferents local to the
affected area are thought to be more active in individuals
with peripheral sensitization (eg, nociceptive musculoske-
letal pain syndromes), whereas those global to the affected
area are thought to be more active in individuals with
central sensitization.” Mechanical pressure with algometry
has previously been applied to the posterior neck, shoulder,
back, hand, and leg,” *” and validation studies found that
pressure algometry yields the least variability and is the
most reliable method to assess sensation in the muscu-
loskeletal system.” "

A pressure algometer with a 1-cm? probe tip (Wagner
FPX, Wagner Instruments) was used for this study pro-
tocol. Paralaryngeal mechanosensory pressure regions were
determined based on previously identified landmarks using
Motion Capture technology,’” as well as previous literature
on paralaryngeal areas commonly targeted in circumlar-
yngeal massage”"®” and manual therapies.”” ®” Mechan-
osensory pressures with the algometer were presented to
the following regions: (1) submental region corresponding
to base of tongue, (2) sternocleidomastoid muscles (bi-
lateral), and (3) anterior tibialis of the leg (the latter used to
study global sensory effects, based on previously validated
methods™) (Figure 3A and C). To obtain quantitative
metrics for group comparisons, gradual pressures were
applied with the algometer to each region, per standard
protocols.”” ** Mechanosensory pressure was applied until
the sensation experienced by the participant transitioned
from innocuous pressure to sensation of unpleasantness
(eg, discomfort, tenderness). Participants were instructed to
hold up their hand with the transition to the unpleasant
sensation, at which point pressures exerted via the alg-
ometer were terminated and the greatest pressure applied
within each trial and to each region was documented in an
Excel spreadsheet. Pressures for each region were repeated
three times and trials averaged. Due to concerns

0 1 2 3 4 5 6 7 8 9 10

| | | 1 | | | | | | |

! | | I | | | | | | [
No Barely Light Uncomfortable Barely Stop
Sensation Perceived Sensation but Tolerable Tolerable Now

FIGURE 2. A 0-10 Likert scale used for self-perceptual measures of laryngeal sensory testing stimuli severities.
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FIGURE 3. A. Paralaryngeal targets for mechanosensory pres-
sure algometry and dynamic temporal summation. B. Example of
dynamic temporal summation with weighted pin to the right
thyrohyoid space. C. Example of pressure algometry to the right
sternocleidomastoid muscle. BOT, submental region corre-
sponding to base of tongue; SCM, region corresponding to ster-
nocleidomastoid muscles; TH, thyrohyoid region corresponding
to the supralaryngeal strap muscles; SH, sternohyoid region
corresponding to vocal fold level; ST, sternothyroid region cor-
responding to infralaryngeal strap muscles.

surrounding application of blunt mechanical pressure forces
to the carotid artery and laryngeal cartilage, areas closer to the
larynx were only tested using dynamic temporal summation
(described in detail in the following section).

Paralaryngeal and global dynamic temporal
summation testing with weighted pin

The most common method to evaluate small/pain fibers
and deep-tissue sensitivity (eg, determine the presence of
hyperalgesia) and assess the role of central sensitization in
musculoskeletal pain disorders (eg, fibromyalgia) is dy-
namic temporal summation with a weighted pin.”'”* The
method works via repeated, equally intense noxious stimuli
presented at a consistent rate. Individuals with deep-tissue
sensitivity will perceive heightened stimuli intensities. In-
dividuals with central sensitization syndromes not only
experience exponential increases of unpleasant sensations
but will also report sensations that last longer after termi-
nation of the stimuli.”’ "

The dynamic temporal summation protocol works by
presenting 10 repetitive stimuli with a weighted pin (MRC
PinPrick Stimulator) with an interstimulus interval of
1 second within an area 1 cm in diameter of the target re-
gion. Participants are asked to rate the level of un-
pleasantness experienced on a 0-10 Likert Scale
immediately after the first stimuli, the 10th stimuli trial,
15 seconds after the 10th stimuli trial, and 30 seconds after
the 10th stimuli trial. Local target regions in this study were
the paralaryngeal regions marked DTS in Figure 3A and B
(thyrohyoid [TH], sternohyoid [SH], and sternothyroid
[ST]), and the dominant thenar eminence of the palm to test
global sensitivities in the body. Ratings were recorded on
an Excel spreadsheet. Because temporal summation has not
been validated in the neck, the weighted pin that 10 sub-
jects with and without pMTD were able to feel but still
tolerate without severe pain (10 on the Likert scale) after 10
trials was used. The 256 mN pin was subsequently used
across all subjects to maintain consistency across stimula-
tions and subjects.

Central sensitization inventory

Participants  completed the Central Sensitization
Inventory,”” a 25-item self-reported questionnaire that is
widely used to characterize central sensitivities. Previous
work has shown that this inventory can not only determine
the presence of central hypersensitivities, but also correlates
well with various quantitative sensory testing methods.”
Scores >33.5/100 are considered significant for central
sensitization (more widespread and persistent hypersensi-
tivities, eg, pain).”*’”

Voice-specific symptom severity ratings

Visual analog scales capture symptom severities in the
moment—whereas validated voice indices, like the VHI-10,
capture summative experiences like vocal impact over a
longer period of time, and are thus better metrics for in-
clusion criteria. As such, visual analog scales were used to
capture state voice symptom severities. Participants were
asked to rate their perceived levels of vocal effort, vocal
fatigue, vocal tract discomfort, and odynophonia by pla-
cing a tick mark on separate 100-mm visual analog scale
lines for each parameter (0=no symptoms, 100=
maximum symptoms). Each voice symptom parameter was
collected twice, once before and once after laryngeal sen-
sory testing to see if sensory testing in the larynx had an
impact on perceptions of voice symptom severities in either

group.

Acoustic voice sample recordings

Three trials of the sustained vowel /i/, each held for 3-5 seconds
at modal pitch and conversational loudness (60-75 dB), were
recorded in Praat (version 6.6.16) at a sampling rate of
44.1kHz. Audio recording was based on ASHA’s 2018
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Instrumental Assessments Recommendations,”* and our pre-
vious papers using the same methods.” '*"> Recordings were
conducted twice, once before and once after laryngeal sensory
testing, to determine if there were group differences and to
study the effects of sensory testing on acoustic vocal quality.

Data processing

Laryngeal sensory testing perceptual ratings and
laryngeal airway protection responses

Self-perceived ratings of laryngeal sensory testing stimuli
severities for each monofilament on the 0-10 Likert scale
were inputted into an Excel spreadsheet. The presence (yes/
no) of laryngeal adductor reflex responses and other airway
protection maneuvers via posthoc frame-by-frame analysis
of the video recordings was also documented in an Excel
spreadsheet by two independent raters and any disagree-
ments were reconciled by a third independent rater.
Laryngeal airway protection responses and self-perceptual
ratings of monofilament stimuli were excluded if there was
no 10%—-30% monofilament buckling or the monofilament
of the aesthesiometer could not be presented perpendicular
to the surface of the laryngeal tissue (ie, skiving). Sensory
perceptual ratings and laryngeal responses to negative (foil)
trials were also documented on the spreadsheet.

Perceptual voice-specific symptom severity ratings
(0-100-mm VAS)

Tick marks for each presensory and postsensory testing
visual analog scale rating of vocal effort, vocal fatigue,
vocal tract discomfort, and odynophonia on each re-
spective 100-mm scale were measured with a ruler and in-
putted into an Excel spreadsheet.

Voice sample acoustics (cepstral peak prominence)
All segments, except for the steady-state vowel /i/, were
removed from the voice sample in Praat so that only
10-15seconds of vowel productions remained in each
sample. Cepstral peak prominence (CPP) for each voice
sample was automatically measured using a customized
batch mode script in Praat (Phonanium CommYV).

Statistical analysis

Mann-Whitney U tests were used to compare groups on
severity of perceptual sensations to laryngeal tactile stimuli
across monofilament diameters for both positive and foil
trials (010 Likert Scale), and for Part A of the Central
Sensitization Inventory. Fisher exact tests were used to
compare groups on laryngeal adductor reflex response
rates, presence of other airway protection maneuvers (eg,
coughing, swallowing), and Part B of the Central
Sensitization Inventory. Independent ¢ tests were used to
determine group differences on pressure algometry and
voice symptom severity ratings of vocal effort, vocal fa-
tigue, vocal tract discomfort, and odynophonia (100-mm
VAS). Two-way analysis of variance was used to determine

within- and between-group differences on dynamic tem-
poral summation measures for paralaryngeal and hand
regions across four timepoints (immediately after the first
trial, immediately after the 10th trial, 15 seconds after the
10th trial, and 30 seconds after the 10th trial). All models
with multiple comparisons were corrected with Bonferroni
corrections to reduce type-I errors. Because there were no
significant differences in laterality in the paralaryngeal re-
gions for pressure algometry or dynamic temporal sum-
mation, right and left sides were averaged together to
obtain one composite number for each paralaryngeal re-
gion for correlation analysis. Correlations between voice-
specific symptom severity ratings (vocal effort, fatigue,
discomfort, and odynophonia on 100-mm VAS), laryngeal
sensation (aesthesiometers), paralaryngeal sensation (al-
gometry, 10th trial dynamic temporal summation), hand
(10th trial dynamic temporal summation), and leg (algo-
metry) were determined with Pearson’s correlations. Chi-
square analysis was also conducted on Part A of the
Central Sensitization Inventory using 33.5/100 as the cutoff
score for central sensitization to determine if there was a
difference in prevalence of participants in the pMTD and
control groups that met criteria for a central sensitivity
disorder.

RESULTS

Perceptual laryngeal sensitivities and laryngeal
airway protection responses

Patients with pMTD reported significantly higher laryngeal
sensations across the monofilaments compared with the
vocally healthy control group (U=7984.0, P=0.0072;
Figure 4). The largest group difference was with the thin-
nest 6-0 monofilament, but monofilament diameter did not
have a significant effect (P > 0.05). The pMTD group also
rated laryngeal sensations during the foil trials as sig-
nificantly higher than controls (U=388.0, P =0.0025).
However, there were no significant group differences on
laryngeal adductor reflex responses (odds ratio =0.685,
P =0.128) or other laryngeal airway protection maneuvers,
including swallowing and laryngeal guarding (odds
ratio = 1.184, P =0.444), across all monofilament diameters
(Table 2 for breakdown across monofilament diameters).

Paralaryngeal sensation (pressure algometry and
dynamic temporal summation)

There were no significant group differences on mechan-
osensation with pressure algometry for the submental re-
gion corresponding to the base of tongue muscles
(t=0.131, P=0.897), left sternocleidomastoid (z=—0.775,
P=0.442), or right sternocleidomastoid (z=—0.229,
P =0.767) muscles (Figure SA and B). There were also no
significant group differences on dynamic temporal sum-
mation stimulations for TH (F=1.945, P=0.165) and ST
regions (F=2.049, P=0.154) (Figure 6). There were sig-
nificant group differences in dynamic temporal summation
ratings for the SH region (F=4.39, P=0.038; Figure 6B).
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FIGURE 4. Laryngeal perceptual sensitivities on 0-10 Likert Scale

across monofilaments (6-0, 5-0, 4-0, and 3-0). Shaded areas, standard
error of the mean (SEM); HC, vocally healthy control subjects.

Interestingly, it was the control group that had significantly
higher sensations in this region across the four timepoints. As
to be expected, the main effect of time was significant across
the four timepoints (Ist trial, 10th trial, 15seconds post,
30 seconds post) for each paralaryngeal region (P < 0.001).
However, there were no significant interactions between group
and timepoint, suggesting that the pMTD group did not re-
spond differently to stimulations over time compared with the
control group (TH: F=0.237, P=0.871; SH: F=0.320,
P=0.810; ST: F=2.048, P=0.475).

Limb sensation (pressure algometry and dynamic
temporal summation)

There were no significant group differences on mechan-
osensation with pressure algometry for the anterior tibialis
of the leg (r =—1.31, P =0.200; Figure 5C). There were also
no group differences on dynamic temporal summation of
the hand (F=0.946, P =0.332; Figure 6D). Although there
was a significant effect of time on dynamic temporal
summation measures of the hand (F=56.871, P < 0.0001),
there were no significant interactions between group and
time (F=0.348, P=0.790).

Voice symptom severity (100-mm VAS)

Vocal effort severity ratings were significantly higher in the
pMTD group compared with the control group (P < 0.0001).
However, there were no significant differences between

TABLE 2.

Mechanosensory Pressures with Algometry

A) Base of Tongue B)Sternocleidomastoid C) Tibialis Anterior

(Leg)

(2]

< 6 30

»

4 20

<
<o
8
<o
0 0
HC  pMTD HC  pMTD HC  pMTD

N

Mechanosensation
(Algometer, Ibf)

o

FIGURE 5. Mechanosensory testing with pressure algometry re-
sults for A. submental area corresponding to the base of tongue, B.
neck area corresponding with sternocleidomastoid muscles, and C.
tibialis anterior muscle of the leg between patients with pMTD
(pMTD, red) and vocally healthy individuals (HC, blue). Error bars in
standard deviation. 1bf, pound force applied to an area.

prelaryngeal and postlaryngeal sensory testing timepoints in
either group (P =0.790). Although there were trends to-
ward significance, there were no statistically significant inter-
actions between group and timepoint for vocal effort
(P=0.063) (Figure 7A). Vocal fatigue severity ratings were
significantly higher in the pMTD group compared with the
control group (P < 0.0001). However, there were no sig-
nificant differences between prelaryngeal and postlaryngeal
sensory testing timepoints in either group (P =0.164), and no
significant interactions between group and timepoint
(P =0.130) (Figure 7B). Vocal tract discomfort severity ratings
were significantly higher in the pMTD group compared with
the control group (P < 0.0001). Patients with pMTD also re-
ported significantly higher vocal tract discomfort after lar-
yngeal sensory testing compared with prelaryngeal sensory
testing (P =0.0023). However, there were no significant inter-
actions between group and timepoint (P =0.170) (Figure 7C).
Odynophonia ratings were significantly higher in the pMTD
group compared with the control group (P < 0.0001). How-
ever, there were no significant differences between prelaryngeal
and postlaryngeal sensory testing timepoints between groups
(P=0.743), and no group-by-timepoint interactions on the
odynophonia parameter (P = 0.887) (Figure 7D).

Central sensitization inventory

There were no statistically significant group differences on
Part A (P=0.111) or Part B (P=0.089) of the Central
Sensitization Inventory. Thirty percent of participants in
the control group met criteria for a central sensitization

Prevalence of Airway Protection Responses to Laryngeal Sensory Testing

Monofilament Size Odds Ratio P Value Present in pMTD Group Present in Control Group
6-0 1.730 0.418 26% 16%
5-0 1.250 0.656 33% 28%
4-0 0.842 0.826 45% 50%
3-0 0.647 0.390 55% 65%
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Dynamic Temporal Summation
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FIGURE 6. Dynamic temporal summation results for areas corresponding to A. thyrohyoid space, B. sternohyoid muscle, C. ster-
nothyroid muscle, and D. thenar eminence of the hand. pMTD, primary muscle tension dysphonia (red); HC, vocally healthy control
subjects (blue); shaded areas, SEM; Ist, first trial, 10th, tenth trial; 15, 15 seconds after 10th trial; 30's, 30 seconds after 10th trial.

disorder, while 44% of participants in the pMTD group
met criteria for central sensitization. There were no sig-
nificant differences in prevalence of central sensitization
between the two groups, using 33.5 as the cutoff score (X*
=0.113, P=0.737).

Acoustic vocal quality (CPP)

There were no significant group differences on CPP vocal
acoustics (P =0.900) recorded before sensory testing and
timepoint (pre-postsensory testing) did not influence CPP
measures (P =0.889). Interestingly, a subset of subjects
(n =10 controls, n =9 pMTD) were asked to rate their self-
perceived severity of vocal quality before and after lar-
yngeal sensory testing. Patients with pMTD reported sig-
nificantly worse vocal quality than the control group
(P=0.013).

Correlations across laryngeal, paralaryngeal, and
global sensations and voice-specific symptom
severity ratings

There were largely no significant correlations between se-
verity of voice-specific symptoms (vocal effort, fatigue,
discomfort, and odynophonia) and laryngeal, para-
laryngeal, and global sensations for either pMTD (Table 3)
or control (Table 4) groups. The three exceptions, all in the

pMTD group, were significant positive correlations be-
tween (1) severity of vocal tract discomfort and SH region
(vocal fold level) sensitivity, (2) severity of vocal tract dis-
comfort and hand sensitivity, and (3) odynophonia and leg
mechanosensation. The pMTD group also had significant
positive correlations between vocal fatigue and vocal effort,
as well as odynophonia and vocal tract discomfort. The
control group had significant positive correlations between
vocal fatigue and vocal tract discomfort, odynophonia and
vocal tract discomfort, and odynophonia and vocal fatigue.

DISCUSSION
The relationships between voice symptoms and laryngeal,
paralaryngeal, and global somatosensation in patients with
pMTD have not been elucidated, creating challenges for
mechanistic-based diagnostics and management of pMTD.
The need to understand the role of the somatosensory
system in pMTD is especially important considering the
vital role this sensory system plays in vocal produc-
tions’® "* and the recent studies that have suggested the
somatosensory system may have more to do with pMTD
than laryngeal motor tension or hyperfunction pat-
terns.”'”'® To address this knowledge gap and provide a
better understanding of the underlying mechanisms to
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FIGURE 7. Voice-specific symptom severity ratings for A. vocal
effort, B. vocal fatigue, C. vocal tract discomfort, and D. ody-
nophonia based on 100-mm visual analog scales. pMTD, primary
muscle tension dysphonia (red); HC, vocally healthy control
subjects (blue). Error bars: SEM.

facilitate optimization of voice assessment and treatment
approaches for patients with pMTD, laryngeal, para-
laryngeal, and global somatosensation were first compared
between individuals with and without pMTD. Relation-
ships between common pMTD voice symptoms and lar-
yngeal, paralaryngeal, and global somatosensory severities
were also compared. Patients with pMTD (1) had sig-
nificantly heightened perceptions of laryngeal tactile sti-
muli, (2) reported significantly more severe voice-specific
symptoms presensory and postsensory testing, and (3) had
significantly higher ratings of vocal tract discomfort post-
sensory testing, compared with presensory testing. How-
ever, there were no significant (1) group differences on
prevalence of laryngeal motor patterns of hypersensitivity
patterns (eg, laryngeal adductor reflex, laryngeal guarding),
(2) group differences on paralaryngeal or global mechan-
osensation, (3) group differences on central sensitivity
measures, or (4) correlations between perceived laryngeal
sensation and self-reported voice-specific symptoms.

Higher perceptions of laryngeal sensations to tactile
stimulation in patients with pMTD

Patients with pMTD reported significantly higher sensa-
tions to laryngeal tactile stimuli than control participants.
Considering the laryngeal somatosensory system is in-
volved in voice production,”’’® " it is not surprising that
this system would play a role in a voice disorder that occurs
with vocal productions. Interestingly, although there were

significant group differences in the perception of laryngeal
sensitivities, there were no significant differences in the
prevalence of laryngeal motor response patterns indicative
of hypersensitivities (eg, laryngeal adductor reflexes, lar-
yngeal guarding). These findings suggest the subjective
appraisal of laryngeal sensation—a higher-order process
and perceptual construct—may better define pMTD than
lower-order peripheral sensitivities at the end organ as re-
flected by brainstem-mediated sensitivity responses.

In addition to greater perceptions of laryngeal tactile
stimuli, patients with pMTD also had significantly higher
false-positive responses to foil trials (ie, when no tactile
stimulation was presented to the larynx). There could be
several reasons for these observations. Higher somatosen-
sory appraisal might involve greater engagement of top-
down cognitive processes, such as anticipation and ex-
pectation. These cognitive processes can modulate sensory
processing, making individuals more responsive to stimuli
that they are primed to detect, even if those stimuli are part
of a foil trial. A second reason could have to do with
psychological factors. Patients with higher somatosensory
appraisal might also have heightened vigilance related to
sensory experiences. This increased psychological arousal
can enhance their perceptual responses to tactile stimuli,
including those in foil trials. Previous work has eluded to
relationships between stress responses and pMTD clinical
presentations. However, the majority of these studies in-
cluded only vocally healthy cohorts, were retrospective, or
were case studies with small sample sizes.”” * Additional
investigations into the relationships between somatosensa-
tion, higher-order sensory processing, and psychological
factors (eg, anxiety, stress) are needed to determine the
exact mechanisms underlying these clinical presentations.

A third reason could have to do with how sensory in-
formation is processed, such as differences in neural path-
ways or neurotransmitter levels related to sensory
processing. A fourth reason could have to do with reduced
somatosensory discrimination acuity in this cohort.
Patients with pMTD in this study often required additional
coaching to help them discriminate between sensations
created by the laryngoscope in the nasal cavity from sen-
sations in the larynx with monofilament stimulation. The
inability to distinguish sensations between the nose and
larynx (or other areas of the vocal tract, as suggested by the
significantly higher vocal tract discomfort ratings in the
pMTD group postsensory testing) could have confounded
perceptions of tactile stimuli targets. The need for coaching
to improve somatosensory acuity could be one reason why
voice therapy techniques provided by a licensed clinician
(ie, the coach) can be successful. Incorporation of voice
therapies that require the clinician to coach patients to feel
resonance in the nasal and oral cavities instead of the
throat (ie, somatosensory discrimination acuity) or increase
airflow through the vocal tract (eg, stretch-and-flow pho-
nation) are some of the best empirically supported ther-
apeutic approaches for patients with hyperfunctional voice
disorders.™ %
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Higher voice symptom ratings in patients with pMTD
Patients with pMTD rated all of their voice-specific
symptoms (effort, fatigue, discomfort, and odynophonia)
as significantly higher than vocally healthy controls. These
findings parallel previous studies that found significantly
higher ratings of vocal effort and vocal tract discomfort in
patients with pMTD, compared with vocally healthy co-
horts, even when laryngeal and paralaryngeal muscle ten-
sion and hyperfunctional motor patterns were similar
between groups.”® “® There were also significantly higher
ratings of vocal tract discomfort at the postlaryngeal sen-
sory testing timepoint, compared with the pretesting time-
point, that occurred in the pMTD group but not the
control group in the present study. These findings may
explain, at least in part, why patients with pMTD experi-
ence symptoms for longer and why symptoms may persist
after extinguishment of the original stimulus or instigating
event (eg, upper respiratory infections, increased vocal
demands).

No significant group differences in paralaryngeal
mechanosensation, limb mechanosensation, or
central sensitization

Patients with pMTD did not perceive more mechan-
osensation than the control group or exhibit significant
group differences on central sensitization measures. These
findings suggest differences in sensory experiences may be
specific to the larynx and may not be present externally, or
the result of central sensitization. The results of this study
contrast with previous retrospective studies that found a
higher prevalence of central sensitization disorders, in-
cluding fibromyalgia, chronic pain, and irritable bowel
disorders in patients with pMTD.”**’ The implications of
this study are that although some patients with functional
voice disorders can have comorbid central sensitization
disorders, the presence of this comorbidity is not a central
feature in patients with pMTD.

No correlations between perceived laryngeal stimuli
severities and voice-specific symptoms

There were no significant relationships between levels of
perceived laryngeal stimuli severities with aesthesiometer
testing and severity ratings of vocal effort, fatigue, dis-
comfort, and odynophonia on 100-mm VAS. There are
several potential reasons for these findings. The first is that
these outcomes may be targeting different underlying
physiological or perceptual constructs. Another reason
may have to do with the timing of when sensations and
symptoms are experienced and reported. For example,
while laryngeal sensations during sensory testing might be
triggered by specific events, vocal symptoms like vocal fa-
tigue and effort may build over time or during specific uses
of the voice, leading to nonaligned reporting and poor
correlations.

The possibility of a central sensitization or
hypersensitivity phenotype in patients with pMTD
It is important to note that although there were no sig-
nificant correlations between laryngeal stimuli severities
and voice-specific symptoms, patients with pMTD did have
significant correlations between vocal tract discomfort and
global sensitivity ratings. These data may suggest a central
sensitivity phenotype in some individuals with pMTD
where more sensory input to the body globally correlates
with greater vocal tract discomfort. Furthermore, although
not significant, there was a slightly higher prevalence of
certain laryngeal airway protection responses (eg, swal-
lowing, laryngeal guarding) in the pMTD group (odds
ratio = 1.184). These airway protection maneuvers could
either be a volitional behavioral response (eg, swallowing in
an attempt to alleviate perceived sensations in the larynx)
or specific to a subcohort of patients with pMTD. These
clinical presentations in some individuals with pMTD
could, in part, explain some of the high variability and
heterogeneity of clinical presentations common in the
pMTD population. However, because there were no dif-
ferences between groups, these voice-specific clinical pre-
sentations and their relationships to central sensitivities are
not central to the pMTD diagnosis.

Limitations and future directions

Several limitations of this study are worth mentioning. The first
is that not everyone had the nasal anatomy to easily pass a
channeled laryngoscope with minimal discomfort. The decision
to be conservative with inclusion criteria for passing the lar-
yngoscope was based on potential confounding issues with
conflicting somatosensory feedback between the laryngoscope
in the nose and sensory testing in the larynx. This phenom-
enon, known as conditioned pain modulation, involves a process
where a pain stimulus can diminish the perception of another
sensory stimulus.”’ In other words, too much pain in the nose
could influence somatosensory perceptions to tactile stimula-
tions in the larynx. This phenomenon could potentially skew
results, especially if these anatomical difficulties occurred more
often in one group than the other. However, all subjects in-
cluded in the laryngeal sensory testing data analysis cohort
experienced low levels of nasal discomfort (as per inclusion
criteria). Participants were instructed to report any pain ex-
perienced when passing the laryngoscope and the protocol was
terminated if participants reported pain or if the laryngoscope
could not be easily passed through the nasopharynx (as per
exclusion criteria). Because the prevalence of subjects who
could not tolerate the laryngoscope was similar between groups
(36% control vs 25% pMTD), it is highly unlikely that this
factor confounded study findings.

The second limitation is that measurements of laryngeal
sensitivities are limited by the accuracy of aesthesiometer
testing and ability to provide reliable tactile stimuli to specific
laryngeal sites via the aesthesiometers. Aesthesiometers were
mnitially presented to the following laryngeal regions:
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arytenoids, epiglottis, ventricular folds, pyriform sinuses, and
aryepiglottic folds. The arytenoids, epiglottis, and ventricular
folds were too sensitive for laryngeal sensory testing in vocally
healthy controls during initial protocol optimization. These
laryngeal regions were subsequently excluded from the lar-
yngeal sensory testing protocol, especially in the context of
potential hypersensitivities in the pMTD cohort. It was also
challenging to consistently apply aesthesiometer buckling
forces without skivvying the monofilaments to the lateral
pyriform sinuses. As such, monofilament forces were only
applied randomly to either the right or left aryepiglottic fold
for optimal consistency and precision. Further investigations
utilizing sensory testing methods with greater precision are
needed.

Different laryngeal regions are innervated by different
branches of the superior laryngeal nerve (superior, middle,
and inferior internal branches).”’ It is therefore possible
that because laryngeal testing did not cover all three
branches of the internal superior laryngeal nerve, the
omission of sensory testing across these different laryngeal
sites could have resulted in a missed opportunity for a more
comprehensive investigation of the laryngeal somatosen-
sory system. However, because the methods applied were
consistent between groups, omission of laryngeal sites
should not impact group comparison findings. Considering
these limitations, future work should focus on validation of
alternative approaches with greater sensitivity and preci-
sion for more comprehensive laryngeal sensory testing.

The third limitation is the lack of concrete anchoring
with laryngeal sensation ratings on the 0-10 Likert scale.
Participants were initially presented with a 3-0 monofila-
ment to the midline lower lip until 10%-30% buckling of
the monofilament had been reached, which served as an
anchor of 10 on the Likert scale, per previous methods.”
However, subjects were often confused by these anchors
because sensations on the lip substantially differ from
sensations in the larynx. As such, we ended up basing the
0-10 scale on relative sensations (eg, 0 =no sensation;
3=1light sensation; 5=uncomfortable but tolerable;
8 = barely tolerable; Figure 2). Although this method alle-
viated some confusion, patients with pMTD continued to
have more difficulties ascribing numbers representing lar-
yngeal sensory testing intensity levels on the 0-10 scale
compared with the controls. It is possible that the reason
for this could have to do with differences in somatosensory
acuity in patients with pMTD, which could be assessed
using two-point discrimination testing at laryngeal struc-
tures. Future investigations on the role of somatosensory
acuity in pMTD symptomology are needed.

A fourth limitation is related to the procedure for
quantitative sensory testing. Our protocol only focused on
static and dynamic testing of A8 and C nociceptive fibers,
both locally and globally. A more comprehensive protocol
could have included static testing of Ap fibers (eg, vibra-
tion) to inform potential deficits in large-fiber somatosen-
sory discrimination acuity, as well as a dynamic measure of
conditioned pain modulation (eg, cold pressor test) to

provide insight into the role of top-down cognitive pro-
cessing in somatosensory appraisal. Finally, the protocol
for our dynamic measure of temporal summation was
condensed to one trial for each site due to the number of
sites tested. Future studies may condense the protocol to
only include those sites showing potential for between-
group differences or correlation to voice severity (eg, SH
and hand), which would then allow for up to four addi-
tional trials to be added at each site, since windup is a
frequency-dependent increase in excitability that reaches a
plateau after about five stimuli.””

CONCLUSION

Patients with pMTD perceive laryngeal sensations as more
intense than vocally healthy controls and have significantly
higher levels of vocal effort, vocal fatigue, vocal tract dis-
comfort, and odynophonia. The lack of group differences
on prevalence of laryngeal motor airway protection re-
sponses suggestive of hypersensitivities, peripheral me-
chanosensory, and central sensitivity measures in the
perilarynx and limbs suggests these mechanisms may not
play a central role in pMTD pathophysiology, and that
heightened sensory perceptions or appraisals may be spe-
cific to the larynx. Finally, the lack of significant correla-
tions between perceived somatosensory laryngeal stimuli
and voice symptom severity ratings suggests these para-
meters target distinct underlying mechanistic constructs,
and as such, their relationships require further in-
vestigation.
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