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Abstract

Introduction: The significance of hyoid dynamics in OSA pathophysiology remains unclear.
Drug-induced sleep endoscopy (DISE) is often used for evaluating patients intolerant to
positive airway pressure (PAP) therapy. We performed DISE with concurrent hyoid-focused
ultrasonography to quantify hyoid dynamics during obstructive and non-obstructive breathing.

Methods: A cross-sectional analysis from a prospective cohort of patients undergoing DISE with
PAP titration (DISE-PAP) and hyoid-focused ultrasound was conducted. Hyoid ultrasound was
performed during obstructive breathing, and non-obstructive breathing after PAP administration.
Motion was quantified by generating displacement curves based on echo-tracking hyoid
movement. The image analysis protocol for quantifying hyoid displacement was performed
independently by two researchers and reliability of measures was assessed. Univariate and
multivariate regressions were performed for various clinical data and hyoid displacement during
obstructive breathing.

Results: Twenty patients met inclusion criteria. On average, the cohort was male (75%), elderly
(65.9+10 yrs), overweight (29.3+3.99 kg/m?), and with moderate-to-severe OSA (29.3+12.5
events/hr). Mean hyoid displacement during obstructive breathing was 5.81 mm (£3.48). In

all patients, hyoid displacement decreased after PAP administration (-3.94mm (95% CI:-5.10,
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—2.78; p<0.0001). Inter-rater reliability for measures of hyoid displacement was excellent. After
multivariate regression, hyoid displacement at baseline was associated with higher AHI (B [95%
Cl]=0.18 [0.03, 0.33], p=0.020).

Conclusion: During DISE, hyoid displacement is greater during obstructive breathing with
significant variability amongst patients. Further, these ultrasonographic measurements had
excellent intra- and inter-rater reliability. Additional, larger studies are needed to understand
contributors to hyoid mobility.

Level of Evidence: 4
Lay Summary
Ultrasound during drug-induced sleep endoscopy is a new application that allows clinicians to

measure hyoid bone movement in patients with obstructive sleep apnea. The amount of hyoid
motion is variable in OSA patients and more studies are needed to understand this variability.
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Introduction

Obstructive sleep apnea (OSA) is a sleep-breathing disorder characterized by inspiratory
flow limitation due to upper airway collapse.! This collapse results in partial (hypopneas) or
complete (apneas) airway obstruction, triggering arousals from sleep and subsequent sleep-
fragmentation. OSA affects more men than women, with estimated prevalence between
15-30% for men and 10-15% for women.2:34 Recently, the prevalence of OSA has been
shown to increase, in part reflecting the rising rates of obesity — the primary risk factor

for OSA.# Continuous positive airway pressure (CPAP) has been the mainstay of OSA, but
adherence remains low.% Difficulties with CPAP use prompt some patients to seek alternative
therapies, including upper airway surgery.

Patient selection is an important step in evaluating PAP alternative patients, as various
phenotypes of OSA have been previously identified.® Sleep surgeons may employ drug-
induced sleep endoscopy (DISE), a method of evaluating upper airway collapse.”8 DISE
enables classification of upper airway collapse patterns via a range of scoring systems such
as the VOTE, and is often used to guide surgical decision-making.®10 Recently, DISE has
been modified with the addition of CPAP (termed DISE-PAP) to quantify measures of upper
airway collapsibility such as pharyngeal critical pressure (PcriT) and pharyngeal opening
pressure (PhOP).11:12.13 phOP is the pressure level during DISE-PAP at which inspiratory
flow limitation is completely abolished. In addition, DISE-PAP allows for evaluation of both
flow-limited and non-flow-limited breathing, representing a dynamic assessment of upper
airway collapse.

Upper airway collapse is determined by a complex interplay between anatomical and
neuromuscular components.1# One anatomical structure for which the role in OSA
pathophysiology and treatment is incompletely understood is the hyoid bone. Increased
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pharyngeal length as measured by mandibular plane to hyoid distance (MPH) is associated
with increased airway collapsibility.1> However, surgical manipulation of the hyoid bone
has had mixed success in treating OSA.16:17.18 As hyoid surgery is aimed at stabilizing

or anteriorizing the bone, various studies have called for investigation of hyoid dynamics
and the impact of its stabilization in OSA patients.1519 DISE-PAP offers a unique setting
of drug-induced sleep which enables investigation of hyoid dynamics during normal and
obstructive breathing. Within this context, ultrasonography, a non-invasive and reliable
acquisition platform, permits real-time evaluation of hyoid motion.20

In the present study, our primary aim was to use submental ultrasound during DISE-PAP to
quantify hyoid dynamics during obstructive and non-obstructive breathing. We hypothesized
that hyoid displacement would be greater during obstructive breathing compared to non-
obstructive breathing. Our secondary aim was to evaluate the intra- and inter-rater reliability
of our ultrasonography analysis protocol. We also explored the relationship between hyoid
displacement and demographics, anthropometrics, and measures of OSA severity from
polysomnography.

Materials and Methods

Participants

We performed a cross-sectional analysis from a prospective cohort of OSA patients seeking
PAP alternatives. All patients underwent DISE-PAP and submental ultrasound at the
Hospital of the University of Pennsylvania. The study was approved by Institutional Review
Board at the University of Pennsylvania (IRB# 849542). Inclusion criteria were as follows:
age greater than or equal to 18 years and apnea-hypopnea index (AHI) > 5 events/hour.
Patients were excluded due to either inadequate quality or quantity of recordings captured.

Clinical Data

Demographic and anthropometric information including sex, age, weight, height, and race
were obtained from the electronic medical record. Polysomnographic data, including overall,
sleep stage-dependent and positional AHI were obtained. In addition, obstructive apnea
predominance was calculated by dividing obstructive apnea index (0Al) by total AHI.

DISE-PAP Procedure

The DISE-PAP evaluation was performed on an integrated recording platform designed to
acquire clinically relevant anatomic and physiologic characteristics of each patient’s upper
airway. A detailed description of the DISE-PAP setup has been previously published.12 In
short, the nasolaryngoscope was passed through a custom-fitted mask into the nasal cavity.
CPAP (S9 VPAP, ResMed Inc., San Diego CA) was applied and titrated using a nasal or
customized oro-nasal mask (Pulmodyne, Indianapolis, IN) attached to a pneumotachometer.
A pressure-sensitive catheter (Mikro-cath™, Millar, Houston, TX) was passed to the retro-
epiglottic space to measure respiratory effort (Millar, Houston, TX).2 Pulse oximetry was
monitored, and a dual lumen oral cannula provided supplemental O, (2-4 L/min) and
measured end-tidal CO, to detect mouth breathing. Propofol anesthesia was administered to
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achieve sedation using a probability ramp infusion system as previously described, with a
target Bispectral Index (BIS) (Medtronic, Minneapolis, Minnesota) range of 50 — 70.22

Ultrasound Acquisition

Ultrasound recordings were obtained with a Zonare S3 scanner (Mindray North America,
Mahwah, NJ, USA) using a curved array C6-2 probe. Once the desired plane of anesthesia
was reached, the ultrasound probe was placed submentally and in the midsagittal plane. The
probe tip was carefully placed at the symphysis of the mandible with both mandible and
hyoid in field of view, and minimal pressure was applied to avoid changing mouth position
during DISE (Figure 1). After observation of obstructive hypopneas and apneas, “baseline”
was called, and the first ultrasound recording was initiated. Figure 2 demonstrates a side-by-
side view of sagittal CT and hyoid-focused ultrasound. Then, PAP was administered starting
at ~ 2 cm H,0 and increased by 1 cm H,0 during respiratory arousals until flow-limited
breathing was abolished for >50% of breaths at the same pressure level. This is known

as the pharyngeal opening pressure (PhOP). A second ultrasound recording was obtained
for analysis. A detailed description of the ultrasound analysis and acquisition protocol is
outlined in S1.

Ultrasound Analysis

The ultrasound clip was viewed in Noxturnal US v6.3.1 (NoxMedical, Reykjavik, Iceland),
and both the direction and timing of hyoid displacement relative to breath cycle was
corroborated with endoscopic recordings and physiologic data. This was confirmed by three
researchers (M.H.P, R.C.D, and E.T). A video showing the synchrony of channels and
images in Noxturnal US is shown in Video S1.

Ultrasound clips were then uploaded to an analysis software Imagelab (L3HarrisGeospatial,
Colorado, US). Hyoid displacement was captured via a linear vector which spanned

across the hyoid to hyoid-shadow interface from its initial position to its point-of-maximal
displacement. Analysis of hyoid bone movement across this vector generated a motiongram.
A motiongram is a two-dimensional graphical representation of hyoid displacement over
time (seconds). For each subject, a baseline and PhOP motiongram were created. Figure 3
demonstrates the vector of hyoid motion on ultrasound and its corresponding motiongram. A
video demonstrating the generation of motiongrams is shown in Video S2.

Intra-rater and Inter-rater reliability

In a subset of ten patients, two independent raters (M.H.P and V.T.) created and measured
motiongrams at baseline and PhOP. Each breath was measured three times, and the average
of the three values were compared within and across raters to understand variability and
agreement. Reliability was determined by utilizing mixed effects modeling to determine
the proportion of total variability attributable to differences among subjects, among breaths
within subjects, among breaths within raters, and between raters.

Statistical Analysis

Continuous variables are summarized as means and standard deviations or medians
and ranges, as appropriate. Categorical variables are summarized using frequencies and
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percentages. A two-sided paired t-test was used to determine if the amount of hyoid
displacement significantly changed from baseline to PhOP, with statistical significance
based on a p<0.05. Linear regression analysis was used to explore the relationship between
amplitude of hyoid displacement and both clinical (e.g., age, sex, race, BMI, and height)
and disease severity (e.g., overall, positional, and sleep-stage-specific AHI) characteristics.
Multivariate regression was performed adjusting for age, sex, and BMI when examining
the association between hyoid displacement at baseline and clinical variables. Results

are reported as observed and standardized p-coefficients and associated 95% confidence
intervals (Cls). Complementary analyses using Pearson’s linear correlations were also
performed.

Statistical significance was based on a p<0.05 for comparisons of hyoid displacement at
baseline and during PhOP. Given the descriptive nature of association analyses, a p<0.05
was also used for determining statistical significance for association analyses. Intra-rater and
inter-rater reliability were examined by calculating the variance due to differences between
patients, breaths within patients, raters, and residual factors and determining the proportion
of total variability that was due to biological differences. Analyses were performed using
Stata/SE v14.3 (StataCorp, College Station, TX) and SAS Version 9.4 (SAS Institute, Cary,
NC).

Participant Characteristics

Between 12/1/2021 and 10/15/2022, 32 patients underwent DISE-PAP with concurrent
hyoid-focused ultrasound. Of these patients, 20 met our inclusion criteria and 12 were
excluded: 8 (25.0%) patients had poor ultrasound technique and probe motion, 3 (9.4%) had
less than three breaths available per clip, and 1 (3.1%) had excessive facial hair precluding
ultrasound probe contact with the neck. Table 1 shows the baseline demographics of our
study sample. On average, patients were older (65.9+£10.0 years), male (75%), overweight
(29.3+3.99 kg/m?2), and with moderate-to-severe OSA (29.3+12.5 events/hr).

Reduced Hyoid Displacement from Baseline to PhOP (Primary Outcome)

A total of 291 breaths were analyzed across obstructive (53.2% of breaths with 7.9+3.3
breaths per patient) and non-obstructive breathing (46.8% of breaths with 6.8+1.8 breaths
per patient). The mean of patient-level average amplitude of hyoid displacement during
baseline was 5.8+3.5 mm, with a median (interquartile range [IQR]) of 4.7 (3.1 to 7.8) mm.
Mean subject-level average amplitude of hyoid displacement at PhOP was 1.9+£1.6 mm, with
a median (IQR) of 1.3 (1.0 to 2.0) mm, (Figure 4). There was a statistically significant
change in average hyoid displacement from baseline to PhOP of —=3.9 mm (95% CI: -5.1,
-2.8; p<0.0001) (see Figure 5). Of note, all patients had a reduction in average hyoid
displacement after abolishment of flow limitation from baseline to PhOP (range: —10.0 to
-0.7 mm), reflecting qualitatively similar but variable reduction in displacement after PAP
administration.
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Reliability of Hyoid Displacement Measurements (Secondary Outcome)

The intra-rater reliability for measures of hyoid displacement at baseline obtained by
primary rater (M.H.P.) was excellent (ICC = 0.980). The inter-rater reliability for measures
of hyoid displacement at baseline was also excellent (ICC = 0.940). A detailed table
demonstrating factors of variability is shown (S2).

Associations with Hyoid Displacement (Exploratory Outcomes)

In our exploratory analyses, we sought to determine the relationship between hyoid
displacement during obstructive breathing and various demographics, anthropometrics, and
clinical factors (S3). In bivariate, unadjusted regression analysis, AHI was significantly
associated with hyoid displacement (B [95% CI] = 0.19 [0.05, 0.32], Std. § = 0.56 [0.15,
0.97], p=0.032), whereas age, sex, BMI, and race were not significantly associated with
hyoid displacement at baseline. Stage dependent AHI (REM, NREM), positional AHI (non-
supine vs supine), and obstructive apnea percentage (0Al%) were not correlated with hyoid
displacement at baseline. After adjusting for age, sex, and BMI, AHI remained significantly
correlated with severity of hyoid displacement at baseline ( [95% CI] = 0.18 [0.03, 0.33],
Std. p = 0.55 [0.10, 1.01], p=0.020). Thus, for every 1 unit increase in AHI, hyoid
displacement at baseline obstructive breathing during DISE increased by 0.2 mm.

Discussion

This is the first study utilizing ultrasonography during DISE to quantify hyoid displacement
in OSA patients. Our results inform three features of hyoid displacement during drug-
induced sleep. First, increased hyoid displacement occurs during inspiration. Second,

all patients had a reduction in inspiratory hyoid displacement after flow limitation was
abolished with PAP therapy. Third, patients exhibited varying degrees of hyoid displacement
at baseline. Additionally, our use of m-mode analysis protocol for quantification of hyoid
displacement was found to have strong intra- and inter-rater reliability. Finally, hyoid
displacement amplitude was significantly associated with total AHI but not demographics,
anthropometrics, and other PSG data.

Two prior studies have examined hyoid dynamics in OSA patients. Kohno et al examined
hyoid displacement via lateral neck radiographs of 50 patients (30 patients with OSA)
undergoing general anesthesia. Similar to our patients’ hyoid motion during inspiration,
increasing lung volumes resulted in caudal displacement of the hyoid.23 Comparisons

of values of hyoid displacement between these studies are challenging as this study did

not examine the influence of obstructive breathing and muscle paralysis differs from drug-
induced sleep.24 Hofauer et al investigated hyoid and tongue protrusion in response to
hypoglossal nerve stimulation (HGNS) using ultrasonography in 16 patients.2> The authors
showed mean hyoid displacement during stimulation to be 5.7+3.9mm. Despite differences
in hyoid directionality, our data share two features with this work: magnitude and variability
of hyoid motion. Of note, Hofauer and colleagues did not specify the sleep-wake state of
the patients during ultrasound acquisition, making difficult additional comparisons to our
dataset.
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In our study, hyoid displacement amplitude during obstructive breathing varied significantly
amongst patients. Given the hyoid’s position between the trachea and mandible, we
examined literature to better inform our understanding of hyoid motion. Tong et al used
dynamic awake MRI to evaluate tracheal displacement in normal and OSA individuals
and found caudal tracheal displacement (TD) on inspiration.28 Although their study

was not conducted during obstructive breathing, they found increased TD magnitude to
associate with AHI (r=0.47) as well. As the hyoid and trachea are linked by ligaments
and muscles, these findings support the findings in the current investigation regarding
the directionality and clinical associations of hyoid displacement. Pepin et al evaluated
mandibular motion and epiglottic pressure signals in patients undergoing PSG and found
a strong relationship between mandibular motion and respiratory effort (r>0.9).2” Given
the relationship between respiratory effort and these adjacent structures, we are currently
investigating the relationship between respiratory effort and hyoid displacement in OSA
patients during DISE.

Static hyoid position in the upper airway is associated with OSA severity.1%28 Our results
suggest increased dynamic hyoid movement in humans during DISE is also related to OSA
severity. The mechanisms which determine static hyoid position and dynamic hyoid motion
may be different altogether, though their association has not been studied.2® Previous studies
suggest increased soft tissue volume within a given cranial dimension dictates inferior hyoid
position.28:30 Other investigations suggested negative intrathoracic pressure generation to be
a driver for dynamic tracheal and hyoid displacement, and suggested caudal displacement
of these structures may be compensatory to stabilize the airway.26:2%:31 However, as this
compensatory role has not yet been demonstrated in human OSA patients, the possibility of
hyoid movement as simply a symptom of greater respiratory effort remains. Thus, we aim
to investigate the relationship and associated mechanism between static hyoid position and
dynamic hyoid motion.

Stabilization procedures targeting the hyoid bone have demonstrated mixed OSA
outcomes.17:18:32 Two common approaches for hyoid suspension, hyomandibular suspension
and hyothyroidopexy, aim to move the hyoid anteriorly and either superiorly (to mandible)
or inferiorly (to thyroid cartilage).3334 Studies have suggested this anterior movement of
the hyoid to be critical for improved airway resistance and decreased collapsibility.35:36
However, Amatoury et al showed caudal hyoid displacement to improve airway patency
and reduce extraluminal peri-pharyngeal pressure, indicating the compensatory value of
caudal hyoid displacement.2® Thus, although hyoid suspension procedures move the hyoid
anteriorly, they may also reduce hyoid mobility precluding a key compensatory mechanism
in maintaining airway patency. Therefore, evaluating caudal hyoid mobility before and
after surgery may help understand the mechanism of action and related outcomes of these
procedures.

Our study has some notable limitations. With regards to our patient population, our study
sample was both small and without control patients. With regards to DISE, instability

of sedation plane can impact respiratory function and potentially confound measures of
hyoid displacement.10 Additionally, the secondary function of CPAP as a pneumatic stent
has been described, thus it may contribute to the attenuation of hyoid displacement at
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PhOP. Further, PAP administration may have altered the position of the hyoid in the upper
airway, influencing its mobility. Our ultrasound acquisition and analysis protocol also has
limitations. Due to our acquisition learning curve, initial patients had non-standardized

data which failed to capture the hyoid during our events of interest and were thereby
excluded. The C6-2 curvilinear ultrasound probe did not fit some patients either due to body
habitus or excessive facial hair. Although care was taken to minimize the pressure of the
ultrasound probe on the submental space, this potentially could have influenced free motion
of the hyoid. Additionally, while ultrasound itself is an accessible device, the analysis
software to generate motiongrams is proprietary, limiting access. In quantification of hyoid
displacement, we did not account for mandibular motion, which may artificially augment
our measures of hyoid displacement. Finally, due to both craniocaudal and anteroposterior
variability in hyoid position and mandibular motion on inspiration, quantification of hyoid
displacement in the craniocaudal and AP axes was not feasible. Future work will consider
visualizing static anatomic reference points (e.g. cervical spine) to enable vector analysis of
hyoid movement.

However, our study bears several strengths. Our DISE platform allows for synchronous

view of physiologic, ultrasonographic, and endoscopic data (Video S2). This integration of
signals is paramount for accurate analysis across data streams. In addition, our application of
PAP enables both measures of upper airway collapsibility and observation of the non-flow
limited state. Ultrasonography is also non-invasive, non-radiating, portable, and relatively
inexpensive. Finally, our secondary outcomes showed excellent reliability, similar to other
non-OSA studies.20

Conclusion

Ultrasonography during DISE-PAP is a novel, reliable method to quantify hyoid
displacement during DISE. We observed a large reduction in hyoid displacement between
obstructive and non-obstructive breathing with significant variability among patients. While
the clinical significance of static hyoid position in OSA has been reported, this investigation
provides a methodologic framework for further study of dynamic hyoid movement in OSA
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
C6-2 probe positioned sagittal and submentally. Patient is supine with neck neutral.

Submental space is free of instruments and facial hair. Red arrow - inferior cusp of oronasal
mask has been excised for probe placement.
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Figure 2: Ultrasound Orientation Using CT Imaging
a) upright sagittal CT of the head at the level of the incisive canal: b) CT rotated and cropped

to match ultrasound image orientation. ¢) Corresponding submental sagittal ultrasound: M
= mandible. M-Sh = mandible shadow. H = hyoid bone. H-Sh = hyoid shadow. GG =
Genioglossus. T = Thyroid Cartilage. Between the white arrows are suprahyoid muscle
fibers.
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Figure 3: Generation of Motiongrams with M-mode
a) Ultrasound with landmarks. Red arrow denoting vector along which motion was analyzed

for motiongram. b) Generated motiongram of hyoid displacement at baseline. Red arrow
is the translated m-mode vector on ultrasound clip, representing the y axis in millimeters.
M-Sh = mandible shadow. H-Sh = hyoid shadow.
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b.

Figure 4:
Motiongram at Baseline vs Motiongram at PhOP. 4a: measured motiongram at baseline

(patient-mean = 10.98 mm). 4b: measured motiongram at PhOP (patient-mean = 0.97 mm).
Hyoid hyperechoic line is labeled.
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Inspiratory Hyoid Displacement Decreases after
Abolishment of Flow Limitation via PAP
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Figure 5: Inspiratory Hyoid Displacement Decreases after Abolishment of Flow Limitation via
PAP Administration

X axis shows clips taken during either obstructive (baseline) or non-obstructive (PhOP)
breathing. Y axis shows hyoid displacement during inspiration in millimeters. (-3.94 mm,
95% Cl: -5.10, -2.78; *** = p < 0.0001)
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Table 1:
Sample Characteristics (n=20).
Variable Mean£SD  Minimum Maximum Median
Age 659+10.0 48 80 68
Male 75% - - -
Boady Mass Index (kg/m?) 293+399 20 35 29.5
Apnea Hypopnea Index (AHI) | 29.3+125 15 59 26.5

Laryngoscope. Author manuscript; available in PMC 2024 November 01.

Page 17



	Abstract
	Lay Summary
	Introduction
	Materials and Methods
	Participants
	Clinical Data
	DISE-PAP Procedure
	Ultrasound Acquisition
	Ultrasound Analysis
	Intra-rater and Inter-rater reliability
	Statistical Analysis

	Results
	Participant Characteristics
	Reduced Hyoid Displacement from Baseline to PhOP (Primary Outcome)
	Reliability of Hyoid Displacement Measurements (Secondary Outcome)
	Associations with Hyoid Displacement (Exploratory Outcomes)

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Table 1:

