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Purpose: Mandibular advancement devices (MADs) are effective alternatives for obstructive sleep apnea (OSA), yet robust predictors of
response are lacking, and the phenomenon of device-induced expiratory velopharyngeal obstruction (EVO) remains overlooked. This study
conducted an exploratory clinical simulation to compare the efficacy and airway dynamics of a custom-fitted, maximally protrusive
advanced MAD simulator versus a conventional edge-to-edge oral appliance (OA) during drug-induced sleep endoscopy (DISE).
Patients and Methods: In this prospective observational study, 75 adults with OSA underwent target-controlled infusion DISE.
Upper airway obstruction (VOTE classification) and EVO were assessed in supine and head-rotated positions under three conditions:
baseline, conventional OA, and advanced MAD simulator. A monitored subset (n=18) underwent simultaneous home sleep apnea
testing to quantify apnea—hypopnea index (AHI) and lowest oxygen saturation (SpO,). The primary outcome was the change in upper
airway obstruction severity at each VOTE anatomical site.

Results: Compared to the conventional OA, the advanced MAD simulator resolved complete velum obstruction in 34.8% of cases (supine,
P =0.015) and achieved 80.0% resolution for epiglottic obstruction during head rotation (P < 0.001). Velum responders in the supine position
were younger and had a lower body mass index (BMI) and lower baseline AHI compared to non-responders (P < 0.05). In the monitored subset,
the advanced simulator reduced AHI and improved lowest SpO, compared to the conventional OA (P < 0.05). The incidence of EVO was
higher with the advanced device (64.0% vs 41.3% in supine, P < 0.001), showing no significant association with tongue pressure.
Conclusion: While the advanced MAD simulator effectively resolves inspiratory obstruction at the velum and epiglottis, it
significantly increases EVO. This exploratory simulation highlights a critical mechanical trade-off between inspiratory patency and
expiratory resistance. These hypothesis-generating results warrant further longitudinal research to determine the net clinical impact on
long-term treatment adherence and sleep quality.
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Introduction

Obstructive sleep apnea (OSA) is a common subtype of sleep-disordered breathing characterized by recurrent episodes of
upper airway obstruction during sleep, leading to reduced airflow (hypopnea) or complete cessation of airflow (apnea)
despite ongoing respiratory efforts. OSA affects nearly 1 billion adults globally and is strongly associated with serious
comorbidities, including hypertension,' type 2 diabetes,” cardiovascular events,” and excessive daytime sleepiness.*
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Given its high prevalence and systemic impact, OSA is regarded as a major public health issue worldwide. While its
hallmark is biomechanical collapse, contemporary evidence emphasizes a multifactorial etiology involving neurobiolo-
gical, genetic, and metabolic contributions.>® Recent research indicates that elevated serum dopamine levels and the
DRD?2 rs1800497 polymorphism act as independent modulators of disease severity, hypopnea, and arousal thresholds.”
Furthermore, metabolic factors such as vitamin D and uric acid levels have been linked to sleep fragmentation and
autonomic instability, particularly in patients with comorbid hypertension.® While continuous positive airway pressure
(CPAP) therapy remains the gold standard and first-line treatment for OSA.’ poor adherence is common, and many
patients find CPAP intolerable, necessitating alternative therapeutic approaches.

Mandibular advancement devices (MADs) have emerged as important and viable alternatives to CPAP, particularly
for patients with mild to moderate OSA who exhibit poor CPAP compliance.'®'? By advancing the lower jaw, MADs
enlarge the upper airway space and reduce the tendency for airway collapse during sleep, in contrast to CPAP, which
maintains airway patency by delivering continuous positive pressure through a mask.

Although MADs are generally more comfortable and better tolerated, treatment success varies considerably among
patients, and reliable predictive factors for treatment response remain elusive.''? To determine suitable treatment
modalities for specific individuals and to better phenotype patterns of upper airway collapse, drug-induced sleep
endoscopy (DISE) has become increasingly important in clinical decision-making.'>'¢

DISE is now recognized as a valuable and critical tool for evaluating upper airway dynamics and guiding persona-
lized treatment strategies.”!”'® It allows real-time assessment of airway obstruction patterns and therapeutic maneuvers
under conditions that closely mimic natural sleep, thereby elucidating the pathophysiological mechanisms underlying
specific collapse sites and configurations.'* '® Recent methodological advances, including target-controlled infusion
(TCI), positional maneuvers such as head rotation, intraoral negative airway pressure, and the application of noncusto-
mized oral appliances, have further enhanced the clinical utility of TCI-DISE and improved its accuracy in forecasting
surgical outcomes, particularly in tongue base collapse.'® Building on these developments, several studies have examined
the predictive value of DISE for MAD therapy, showing that patients with complete improvement of upper airway
obstruction during DISE with MAD or simulation bite in situ are more likely to respond to MAD treatment, with reported
positive predictive values ranging from approximately 69% to 91%.'¢-'%-2

Expanding upon these insights, contemporary clinical practice has transitioned toward systematic, individualized
titration rather than fixed edge-to-edge advancement. Standard, non-customized oral appliances (OA) are defined as
fixed-position devices typically utilized for initial response screening.>'** While previous work established the utility of
fixed edge-to-edge advancement, a critical knowledge gap remains regarding the upper physiological limit of airway
expansion and the potential adverse effects on expiratory flow during aggressive titration.'”'®

The clinical rationale for comparing maximal protrusion against standard advancement serves as an anatomical stress test.
This approach allows clinicians to determine the therapeutic window, identifying the maximum inspiratory gain achievable
before triggering expiratory velopharyngeal obstruction (EVO), which is essential for optimizing individualized MAD titration
strategies. Current practice guideline from the American Academy of Sleep Medicine (AASM) and the American Academy of
Dental Sleep Medicine (AADSM)'® indicate that while advancement may start at 30%—50%, the optimal therapeutic window is
typically achieved between 50% and 75% of the patient’s maximum comfortable protrusion (MCP).>*** These devices enlarge
the cross-sectional area by mechanically advancing the tongue and mandible, thereby reducing peripharyngeal muscle
relaxation.”> However, while DISE has been validated for establishing the physiological ceiling of inspiratory expansion,® 2
the specific behavior of the expiratory airway under differing levels of mechanical protrusion remains underexplored.

Previous work has demonstrated correlations between oral breathing patterns and the severity of sleep-disordered breath-
ing, leading to the identification of EVO, a soft-palate—related narrowing at the velopharynx during expiration that impedes
nasal airflow, as an important therapeutic consideration.”* >* In our patient population, despite various interventions aimed at
reducing mouth breathing, such as mouth taping, a phenomenon termed “mouth puffing” emerged in a substantial proportion
of patients, suggesting complex interactions between oral breathing and upper airway structure.>*>? Prior TCI-DISE studies
in these patients revealed that, when the mouth was taped or forcibly closed, some individuals exhibited EVO due to soft palate
movement, resulting in obstruction of the oropharyngeal-nasal pathway during expiration and potentially influencing
treatment outcomes.'>*°>? Although oral appliances can improve expiratory airflow, conventional OAs used in earlier TCI-
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DISE research typically employed a fixed edge-to-edge advancement length, which may not fully reflect the therapeutic
potential of larger, individualized mandibular protrusion.'®!?

Different degrees of mandibular advancement in OAs may yield varying effects on both inspiratory airway patency
and EVO. Unlike previous DISE-MAD studies that excluded patients without improvement and thus focused primarily
on positive predictive value, the present study included all patients regardless of DISE outcomes to evaluate both positive
and negative predictive values. In this study, the distance of mandibular advancement was targeted to reach each patient’s
MCP, determined while awake by simulating a forward mandibular position, and then reproduced during TCI-DISE using
an advanced MAD simulator.'!'%92%33 This position was prioritized within the 50%-75% range of the patient’s MCP.

We hypothesized that an advanced MAD simulator, customized to the MCP, would yield superior inspiratory airway
patency compared to conventional OAs, but might concomitantly increase the risk of EVO due to the aggressive
anatomical reconfiguration of the velopharynx. To test this hypothesis, the aim of this study was to compare the
effectiveness of an advanced MAD simulator with conventional OAs during DISE, assess its impact on upper airway
patency and expiratory airflow restriction, and identify baseline patient characteristics that predict favorable treatment
response and risk of EVO, thereby improving patient selection and optimizing treatment outcomes in clinical practice.

Materials and Methods
Study Design and Participants

This prospective observational study included consecutive patients with obstructive sleep apnea who underwent drug-
induced sleep endoscopy in the Division of Otolaryngology at a tertiary medical center between August 2022 and
June 2024. Patients were diagnosed with OSA by physicians using either standard polysomnography (PSG) or home
sleep testing (HST). Inclusion criteria were: age 2080 years, confirmed OSA diagnosis, ability to understand the study
purpose and content, and provision of written informed consent. Exclusion criteria were: severe cardiovascular or
cerebrovascular diseases, uncontrolled diabetes or other severe metabolic diseases, chronic obstructive pulmonary
disease or other respiratory diseases requiring long-term oxygen therapy, vulnerable populations, and patients deemed
unsuitable by the investigators. The study protocol was approved by the Institutional Review Board of Shin Kong Wu
Ho-Su Memorial Hospital (IRB No. 20231105R) and complied with STROBE guidelines for observational studies.
Figure 1 presents the participant flow diagram illustrating the screening, enrollment, and analysis process.

Sleep Studies

Patients underwent either in-laboratory PSG using the Compumedics Grael system (Compumedics Limited) or HST using the
ApneaLink Air device (ResMed Ltd)., based on participant preference. The ApneaLink Air device has been validated against
standard polysomnography, demonstrating high sensitivity (97.4%) and specificity (100%) for diagnosing moderate-to-severe
OSA,** with a strong correlation in AHI measurements.*> Sleep parameters, including apnea—hypopnea index (AHI), oxygen
desaturation index (ODI), and lowest oxygen saturation during sleep, were recorded and scored according to the 2012
American Academy of Sleep Medicine definitions.*® In a subset of participants, the ApneaLink Air device was also used
during DISE to monitor AHI and lowest oxygen saturation continuously, allowing objective assessment of respiratory events
and desaturations across different airway conditions and positional changes.

Tongue Pressure Assessment

Maximum posterior tongue pressure was assessed before DISE using the IOPI Tongue Pressure/Lip Pressure Assessment and
Training System (IOPI Medical LLC, Carnation, WA, USA), a clinically validated device for quantifying orofacial muscle
strength and endurance in neuromuscular and swallowing disorders. Measurements were performed with the air-filled bulb
positioned against the posterior tongue, and patients were instructed to press the bulb as hard as possible for approximately
2-3 seconds in three standardized postures: seated upright, supine, and head-rotated to the left. For each posture, three trials
were recorded, and the highest value was taken as the maximum tongue pressure (kPa). All measurements were obtained prior
to sedative administration for DISE to avoid the confounding effects of sedation on tongue muscle performance.
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Enroliment & Diagnosis
Patientswith snoring or suspected OSA confirmed via Polysomnography (PSG) or Home Sleep
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Inclusion Criteria Exclusion Crteria
1. Aged 20-80 years N 1. Severe cardiovascular diseases
2. Confirmed OSA diagnosis o 2. Severe metabolic orrespraory
3. Agree to join the sudy > diseases
3. Vulnerable population

4. Patientsdeemed unsuitable by
the investigators

v

Awake Tongue Pressure Assessment (N=85)
Posterior Tongue Pressure M easurement
(Sitting, Supine, and Supine with Head Rotation)

v

DISE Protocol
Sedation depth: Bspectral index scores (BIS) 50-70 (Target-controlled infusion-Propofol)
Baseline Assessment Device Evaluation
1. Supine position 5. Conventional OA Insertion
2. Head rotaion to the left Reassesment n supine & head-rotaed postions
3. Supine with mouth closed 6. Advanced MAD Simulator Insertion

4. Head rotation with mouthclosed  Maximum comfortable protrusion in supine &
head-rotaed postions

Excluded from Analysis (N=10)

_| * Missing tongue pressuredaa (n=1)
"] * Missing HST/PSG daa (n=1)

* Incomplete DISE records (n=8)

\ 4

Final Statistical Analysis
Primary Analysis (N=75): Changes in VOTE classification and EVO incidence

v
Subgroup Analysis (N=18): Simultaneous HST monitoring during DISE for objective respiratory
indices (AHI and Sp0,)

Figure | Flowchart illustrating the screening, enrollment, intervention, and analysis stages of the study in accordance with STROBE guidelines. Primary analysis included 75
patients, while a monitored subgroup of 18 patients underwent simultaneous objective respiratory monitoring.

Device Specifications

Conventional Oral Appliance

The conventional OA (Somnoguard®, Tomed GmbH, K6ln, Germany) is a prefabricated, commercially available mandibular
advancement device with an edge-to-edge configuration and a central breathing hole to facilitate airflow (Supplementary
Figure 1). It is designed as a one-size-fits-all device and is widely used in the management of mild to moderate OSA.

Advanced MAD Simulator
The advanced mandibular advancement device simulator was custom-fabricated using Regidur (Bielefelder

Dentalsilicone GmbH & Co KG, Bielefeld, Germany), a fast-curing, super-hard dental silicone commonly used for
bite registration (Supplementary Figure 2). During DISE, Regidur was molded intraorally to each patient’s maximum
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comfortable mandibular protrusion while awake, creating a patient-specific monoblock without a breathing hole to
optimally simulate maximal mandibular advancement. Specifically, the advancement was targeted to reach each patient’s
most comfortable level, representing a position within 50%—-75% of their MCP. This range was selected based on clinical
titration standards which suggest that the therapeutic effect is maximized in this window, while advancements exceeding
75% are frequently associated with significant temporomandibular joint discomfort and muscle fatigue. This custom
simulator provided a stable occlusal model tailored to each patient, enabling real-time evaluation of its effectiveness in
improving upper airway obstruction during DISE.

DISE Protocol

DISE was performed in an outpatient setting using a target-controlled infusion system to administer sedatives, with
sedation depth monitored by maintaining Bispectral index scores (BIS) between 50 and 70. Upper airway obstruction was
evaluated using the VOTE classification system (velum, oropharynx lateral wall, tongue base, epiglottis) to document the
level, configuration, and degree of collapse.'®> Once the target sedation level (BIS 50-70) was reached, patients were
placed in the supine position. A flexible endoscope was introduced through the nasal cavity to evaluate the nasal
passages, nasopharynx, velum, oropharynx, tongue base, epiglottis, and larynx. The primary goal was to assess upper
airway obstruction during inspiration and detect the presence of EVO. Airway dynamics were assessed sequentially in
the following positions, each maintained for at least 1 minute:

1. Baseline assessment in the supine position (Figure 2A).
2. Head rotation to the left, simulating the lateral sleep position (Figure 2B).

3. Mouth forcibly closed with jaw support in the supine position (Figure 2C).

Figure 2 Clinical Demonstration of DISE Protocol. Sequential evaluation of airway dynamics during DISE. (A) Supine position. (B) Head tilted left. (C) Mouth forcibly
closed. (D) Head tilted left with mouth closed. (E) Conventional OA. (F) Head tilted left with Conventional OA. (G) Advanced MAD simulator. (H) Head tilted left with
advanced MAD simulator.
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4. Head rotation to the left with the mouth forcibly closed (Figure 2D).

5. Insertion of the conventional OA, followed by reassessment in supine and head-rotated positions (Figure 2E and F).

6. Insertion of the advanced MAD simulator at maximum comfortable protrusion, followed by reassessment in supine
and head-rotated positions (Figure 2G and H).

To assess EVO, the endoscope tip was positioned in the velopharyngeal region. EVO was documented when posterior
displacement and narrowing of the soft palate were observed during exhalation, leading to difficulty expelling air through
the nasal passages; this phenomenon was recorded when it occurred repeatedly (more than twice) and persisted for at
least 1 minute in each condition.

Outcome Measures

Primary Outcomes

The primary outcomes were changes in upper airway obstruction severity at each VOTE anatomical site (velum,
oropharynx lateral wall, tongue base, epiglottis) when comparing the conventional OA with the advanced MAD simulator
during DISE. Obstruction severity was graded according to the VOTE system, and improvement was defined as a shift
from complete or partial obstruction to less obstruction, or from partial obstruction to no obstruction.

Secondary Outcomes

Secondary outcomes included baseline patient characteristics associated with treatment response, defined as improvement
in obstruction severity at any VOTE site when using the advanced MAD simulator compared with the conventional OA.
Additionally, the incidence of EVO under different positional and device conditions was evaluated. In the subset with
simultaneous HST monitoring, changes in AHI and lowest oxygen saturation (SpO,) across interventions (no device,
conventional OA, advanced MAD simulator) and positions (supine, head-rotated) were also analyzed.

Statistical Analysis

An a priori sample size calculation was performed for the primary outcome using McNemar’s test. Assuming an odds ratio of
4.0 and a discordant pair proportion of 0.35 in favor of the advanced MAD simulator, a minimum of 58 patients was required
to achieve 80% statistical power at a two-sided alpha level of 0.05. Changes in obstruction severity at each VOTE site between
the conventional OA and the advanced MAD simulator were compared using the McNemar—Bowker test. For analyses based
on responder status, baseline characteristics between treatment responders and non-responders were compared using Fisher’s
exact test for categorical variables and independent #-tests for continuous variables. The proportion of patients exhibiting
increased EVO before and after application of the advanced MAD simulator was compared using McNemar’s test.
Generalized Estimating Equations (GEE) were used to analyze AHI, ODI, and lowest oxygen saturation across intervention
conditions, accounting for the repeated measures design. Pairwise comparisons were based on Estimated Marginal Means
(EMM) with Sequential Bonferroni correction for multiple comparisons. Statistical significance was set at P < 0.05. Missing
data were handled using complete case analysis for categorical variables, while the Generalized Estimating Equations (GEE)
model intrinsically accommodated missing continuous data points in the monitored subset without requiring explicit multiple
imputation techniques. All statistical analyses were performed using SPSS version 25.0 (IBM SPSS Inc., Chicago, IL, USA).

Results

Patient Characteristics

During the study period, patients with suspected or confirmed OSA were assessed for eligibility. As detailed in the
participant flow diagram (Figure 1), after excluding patients based on the predefined criteria, a total of 85 eligible patients
were enrolled for awake assessments. Subsequently, 10 patients were excluded from the final analysis due to missing data
or incomplete records. A final cohort of 75 adult OSA patients (82.7% male, mean age 44.5 + 11.5 years) was included in
the primary statistical analysis. Mean BMI was 26.5 + 4.3 kg/m?, baseline AHI, derived mainly from level 3 HST, was
27.5 £ 19.7 events/h, and minimum oxygen saturation was 77.5 £ 9.0%. Tongue pressure measurements were generally
low across all positions (45.4-47.7 kPa), below the normal adult range of 80 kPa (Table 1).
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Table | Demographics and  Clinical
Characteristics of Study Participants (N = 75)

Variable Value

Male sex, n (%)

Age, years 445 = 11.5
Height, cm 170.7 £ 7.9
Weight, kg 776 £ 14.6
Body mass index, kg/m? 265+ 43
Baseline AHI, events/hours 275 £ 19.7
Minimum SpO,, % 775 £ 9.0

EVO during DISE
Supine position, n (%)

Conventional OA 31 (41.3)
Advanced MAD simulator 48 (64.0)
P <0.001*
Head rotation position, n (%)
Conventional OA 12 (16.0)
Advanced MAD simulator 34 (45.3)
P <0.001*
Baseline tongue pressure, kPa
Supine 454 + 183
Head rotation 46.8 + 18.7
Sitting 477 £ 179
P 0.222

Notes: Data presented as mean * standard deviation or
number (%, percentage). Bold values and asterisks (¥) indi-
cate statistical significance (P < 0.05).

Abbreviations: AHI, apnea-hypopnea index; EVO, expiratory
velopharyngeal obstruction; MAD, mandibular advancement
device; OA, oral appliance; SpO,, peripheral oxygen saturation;
kPa, kilopascal; n, number; kg, kilogram; m?, square meter.

Treatment Efficacy Comparison
The advanced MAD simulator demonstrated superior efficacy compared to conventional oral appliances across multiple
anatomical sites, as evaluated by overall transition for clinical improvement, as detailed in Table 2. The clinical effect

sizes, expressed as paired odds ratios with Haldane-Anscombe correction, are detailed in Supplementary Table 1.

Velum (Soft Palate) Obstruction

In the supine position, the advanced MAD simulator demonstrated a significant rescue effect at the velum (overall
transition P = 0.015, Table 2). Among patients who experienced persistent complete obstruction with the conventional
OA (n=23), 34.8% achieved complete resolution and an additional 21.7% improved to partial obstruction with the
advanced MAD simulator. During head rotation, improvement was even more pronounced (overall transition P = 0.011,
Table 2). Among 22 patients with complete velum obstruction, 50% experienced improvement to partial or no obstruc-

tion. Additionally, 60% of patients with partial obstruction achieved complete resolution.

Epiglottis Obstruction

The most distinct advantage was observed at the epiglottis during head rotation (overall transition P < 0.001).
Remarkably, 80.0% (12/15) of patients who remained completely obstructed with the conventional OA achieved full
patency (no obstruction) when switched to the advanced MAD simulator.
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Table 2 Comparison of Upper Airway Obstruction Severity by VOTE Classification Between Conventional OA and Advanced MAD

Simulator

Site/Position Status with N Outcome with Advanced MAD Simulator P

Conventional OA
Non Partial Obstruction | Complete Obstruction
n (%) n (%) n (%)

Velum (Supine) Complete obstruction | 23 | 8 (34.8) 5(21.7) 10 (43.5) 0.015*
Partial obstruction 16 | 5(31.3) 11 (68.8) 0 (0.0)

Velum (Head rotation) Complete obstruction | 22 | 4 (18.2) 7 (31.8) 11 (50.0) 0.011*
Partial obstruction 10 | 6 (60.0) 4 (40.0) 0 (0.0)

Epiglottis (Supine) Complete obstruction | I5 | 8 (53.3) 2 (13.3) 5(33.3) 0.092
Partial obstruction 5 3 (60.0) 0 (0.0) 2 (40.0)

Epiglottis (Head rotation) Complete obstruction 15 | 12 (80.0) 2 (13.3) 1 (6.7) <0.001*
Partial obstruction 3 3 (75.0) 1 (25.0) 0 (0.0)

Oropharynx (Supine) Complete obstruction | 9 6 (66.7) 0 (0.0) 3(33.3) 0.072
Partial obstruction 2 I (50.0) 1 (50.0) 0 (0.0)

Oropharynx (Head rotation) Complete obstruction 10 | 5(50.0) 1 (10.0) 4 (40.0) 0.392
Partial obstruction 3 2 (66.7) 0 (0.0) 1 (33.3)

Tongue base (Supine) Complete obstruction | 2 1 (50.0) 1 (50.0) 0 (0.0) NA
Partial obstruction 10 | 10 (100.0) 0 (0.0 0 (0.0)

Tongue base (Head rotation) Complete obstruction | 5 3 (60.0) 2 (40.0) 0 (0.0) 0.050
Partial obstruction 8 7 (87.5) 0 (0.0) 1 (12.5)

Notes: Data are presented as number (%, percentage). “The P-values reflect the overall symmetry of the categorical transition matrix (None, Partial, Complete obstruction)
using the McNemar-Bowker test. Bold values and asterisks (*) indicate statistical significance (P < 0.05).
Abbreviations: MAD, mandibular advancement device; OA, oral appliance; OR, Odds Ratio; Cl, Confidence Interval; n, number; kg, kilogram; m?, square meter.

Oropharynx and Tongue Base

Although a trend toward improvement was observed at the oropharyngeal and tongue base sites following intervention
with the advanced MAD simulator, these changes did not reach statistical significance in either the supine or head
rotation positions (oropharynx supine, overall P = 0.072; head rotation, P = 0.392; tongue base supine, NA). Notably,
improvement at the tongue base in the head rotation position showed a trend toward improvement (overall P = 0.050),
suggesting a possible treatment effect in this subgroup. It should be noted, however, that the relatively small number of
patients with partial or complete obstruction at these anatomical sites may have limited the statistical power, and these
results should therefore be interpreted with caution (Table 2).

Predictive Factors for Treatment Response
Analysis of baseline characteristics associated with treatment response revealed distinct patterns for different anatomical
sites (Tables 3-6).

Velum Obstruction Response

In supine position, patients who responded favorably to advanced MAD simulator treatment were characterized by
significantly different baseline characteristics compared to non-responders, with a younger age (40.1 £ 7.6 vs 46.9 £ 9.4
years, P =0.019), lower BMI (26.0 £ 3.0 vs 29.8 + 4.4 kg/mz, P =0.004), and lower baseline AHI (29.3 = 19.5 vs 42.2 +
19.3 events/h, P = 0.046; Table 3). During head rotation, these differences were attenuated and did not reach statistical
significance, suggesting positional factors may influence treatment response prediction.

Epiglottis Obstruction Response
For epiglottis obstruction in the supine position, treatment responders were younger (39.5 + 6.9 vs 52.4 + 15.4 years, P =0.017)
and had a lower baseline AHI (19.1 + 15.7 vs 39.0 + 23.4 events/h, P = 0.035) compared with non-responders, as shown in
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Table 3 Baseline Characteristics for Velum Obstruction Response to Advanced MAD Simulator

Variable Supine Position Head Rotation Position
Total Effective Non-Effective P Total Effective Non-Effective P
(n=39) (n=18) (n=21) (n=32) (n=17) (n=15)
Male sex 37 (94.9) 17 (94.4) 20 (95.2) 1.000 30 (93.8) 16 (94.1) 14 (93.3) 1.000
Age, years 438 + 9.1 40.1 £ 7.6 46.9 + 9.4 0.019* | 435+ 75 428 + 6.8 443 + 83 0.593
BMI, kg/mZ 28.1 +42 26.0 + 3.0 298 + 44 0.004* | 28.1 + 4.6 272 +£50 29.0 £ 4.1 0.282
Baseline AHI, events/h | 36.2 +20.2 | 293 £ 195 422+ 193 0.046* | 36.1 +£20.5 | 305+ 194 42.3 £20.5 0.105
Minimum SpO,, % 742 £ 9.7 773 £ 80 71.6 £ 10.5 0.064 739 £9.7 759 + 88 71.7 £10.5 0.221

Notes: Data are presented as mean * SD or number (%, percentage). Statistical analysis: Fisher’s exact test or independent t-test. Bold values and asterisks (¥) indicate
statistical significance (P < 0.05).

Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; MAD, mandibular advancement device; SpO,, peripheral oxygen saturation; kg, kilogram; m?, square
meter.

Table 4 Baseline Characteristics for Epiglottis Obstruction Response to Advanced MAD Simulator

Variable Supine Position Head Rotation Position
Total Effective Non-Effective P Total Effective Non-Effective P
(n=20) (n=13) (n=7) (n=19) (n=17) (n=2)
Male sex 16 (80.0) 10 (76.9) 6 (85.7) 1.000 18 (94.7) 16 (94.1) 2 (100.0) 1.000
Age, years 440 + 12.1 | 395+ 69 524 + 154 0.017* | 439+ 7.6 435+79 48.0 + 1.4 0.443
BMI, kg/m? 264 + 4.7 263 + 5.7 26.5 + 2.1 0.952 275 + 5.1 28.0 + 5.1 23.0 + 3.0 0.198
Baseline AHI, events/h | 26.0 £ 20.6 | 19.1 £ 15.7 39.0 £ 234 0.035* | 31.7+21.0 | 30.0 £ 21.3 46.2 + 14.4 0316
Minimum SpO,, % 776 + 104 | 80.2 £ 10.0 72.6 £ 10.0 0.119 757 £ 9.7 75.8 + 10.1 745+ 78 0.862

Notes: Data are presented as mean * SD or number (%, percentage). Statistical analysis: Fisher’s exact test or independent t-test. Bold values and asterisks (*) indicate
statistical significance (P < 0.05).

Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; MAD, mandibular advancement device; SpO,, peripheral oxygen saturation; kg, kilogram; m2, square
meter.

Table 5 Baseline Characteristics for Oropharynx Obstruction Response to Advanced MAD Simulator

Variable Supine Position Head Rotation Position
Total Effective Non-Effective P Total Effective Non-Effective P
(n=11) (n=7) (n=4) (n=13) (n=8) (n=5)
Male sex 11 (100.0) | 7 (100.0) 4 (100.0) 1.000 | 12 (92.3) 7 (87.5) 5 (100.0) 1.000
Age, years 418+86 | 429+9.6 400+ 77 0.624 | 41.3 £83 386 +84 456 £ 6.7 0.147
BMI, kg/m? 293+52 | 284 5.1 308+58 0.503 | 294 £ 6.1 288 + 6.5 303 £ 6.1 0.684
Baseline AHI, events/h | 41.5 £23.9 | 36.0 £ 22.9 51.2 £25.7 0.338 | 39.0£27.5 | 274 £ 27.1 575173 0.050
Minimum SpO,, % 700 105 | 71.1 £125 68.0 + 6.7 0657 | 715114 | 754 £ 109 654 + 10.4 0.130

Notes: Data are presented as mean * SD or number (%, percentage). Statistical analysis: Fisher’s exact test or independent t-test.
Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; MAD, mandibular advancement device; SpO,, peripheral oxygen saturation; kg, kilogram; m?, square
meter.

Table 4. These findings suggest that milder disease severity and younger age may favor epiglottic improvement with the
advanced MAD simulator (Table 4).

Oropharynx and Tongue Base Response
For oropharynx obstruction, patients with higher baseline AHI showed poorer response during head rotation (27.4 + 27.1
vs 57.5 £ 17.3 events/h, P = 0.050, Table 5). Tongue base obstruction showed near-universal improvement, limiting

meaningful predictive factor analysis (Table 6).
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Table 6 Baseline Characteristics for Tongue Base Obstruction Response to Advanced MAD Simulator

Variable Supine Position Head Rotation Position
Total Effective Non-Effective P Total Effective Non-Effective P
(n=12) (n=12) (n=0) (n=13) (n=12) (n=1)
Male sex 10 (83.3) 10 (83.3) NA NA | 12 (92.3) Il (91.7) 1 (100.0) NA
Age, years 441 £ 122 | 44.1 £ 122 NA NA | 44.1 £ 9.1 43.1 £ 87 56.0 NA
BMI, kg/m? 273 £ 34 273 £ 34 NA NA | 276 + 3.8 27.7 £ 39 26.7 NA
Baseline AHI, events/h | 36.4 + 21.1 | 36.4 £ 21.1 NA NA | 36.2 +21.1 | 35.6 £ 22.0 427 NA
Minimum SpO,, % 752+ 116 | 752+ 11.6 NA NA | 746 £ 106 | 768+ 7.3 48.0 NA

Notes: Data are presented as mean * SD or number (percentage). Statistical analysis: Fisher’s exact test or independent t-test.
Abbreviations: AHI, apnea-hypopnea index; BMI, body mass index; MAD, mandibular advancement device; SpO,, peripheral oxygen saturation; kg, kilogram; m?, square
meter.

Representative endoscopic views demonstrate the effects of no intervention, conventional OA, and advanced MAD
on velopharyngeal patency in the supine position (Figure 3). EVO was substantially more frequent with the advanced
MAD simulator than with the conventional oral appliance (Table 1). In supine position, 64.0% of patients using advanced

N

Figure 3 Effects of no intervention, conventional OA, and advanced MAD on velopharyngeal patency in the supine position. (A—C) show the patient without an oral
appliance: facial view (A), velopharyngeal airway during inspiration (B), and during expiration (C). (D—F) show the patient wearing a conventional OA: facial view (D),
velopharyngeal airway during inspiration (E), and during expiration (F). Despite the use of the conventional OA, persistent velopharyngeal narrowing is observed during
inspiration. (G-I) show the patient wearing an advanced MAD simulator: facial view (G), velopharyngeal airway during inspiration (H), and during expiration (I). With the
advanced MAD simulator, the inspiratory velopharyngeal airway becomes patent, whereas velopharyngeal obstruction is shifted to expiration.
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Figure 4 Comparison of AHI, ODI, and Lowest SpO, across conditions and positions during DISE. Data are presented as Estimated Marginal Means (EMM) with error bars
representing the Standard Error (SE) derived from the GEE model. No intervention: Baseline; Conventional OA: Conventional Oral Appliance; Advanced MAD simulator:
Custom Oral Appliance. Statistical significance is indicated by letters: a, p < 0.05 vs No Intervention; b, p < 0.05 vs Conventional OA. The p-values for these comparisons
were adjusted using the Sequential Bonferroni method.

MAD simulator experienced EVO compared to 41.3% with conventional OA (P < 0.001). During head rotation, the rates
were 45.3% versus 16.0% respectively (P < 0.001).

Tongue pressure measurements did not significantly differ between patients with and without EVO across different
positions and devices (P = 0.222), suggesting anatomical rather than functional factors may predominate.

Subgroup Analysis of AHI and Oxygen Saturation During DISE

In the monitored subset of 18 participants, minor missing data occurred during data collection. For the repeated
respiratory measures, transient signal loss resulted in missing AHI and ODI data for 2 participants, and missing SpO,
data for 1 participant during the device intervention phases. As predetermined, the Generalized Estimating Equations
(GEE) model intrinsically accommodated these unbalanced repeated measures without requiring multiple imputation.
The analysis compared the Estimated Marginal Means (EMM) across conditions. In the supine position, the advanced
MAD simulator significantly reduced the AHI to an EMM of 4.41 + 5.16 events/h, compared to 40.36 + 5.16 events/h in
the no intervention condition (P < 0.001). In the head rotation position, the advanced MAD simulator demonstrated
superior efficacy. The AHI decreased to 0.00 £ 5.59 events/h, which was significantly lower than the conventional OA
and no intervention groups. Similarly, the lowest oxygen saturation (SpO,) in the head rotation position was significantly
higher with the advanced MAD simulator (92.98 + 1.97%) compared to the conventional OA and no interventional
groups. These findings suggest that the advanced MAD simulator provides greater therapeutic benefit, particularly when
combined with head rotation (Figure 4 and Supplementary Table 2).

Discussion

This study represents the first comprehensive evaluation comparing different oral appliance designs in terms of upper
airway obstruction patterns during DISE while simultaneously integrating objective respiratory indices such as AHI and
lowest oxygen saturation. By including all patients irrespective of DISE improvement, the study allowed assessment of
both positive and negative predictive values for MAD effectiveness, in contrast to prior work that focused mainly on
responders. The advanced MAD simulator, which achieved greater mandibular advancement than a conventional edge-to
-edge OA, provided superior treatment efficacy for upper airway obstruction—particularly at the velum and epiglottis—
yet was also associated with a higher incidence of EVO in a subset of patients.

Superior Resolution of Velum and Epiglottis Obstruction
Our results demonstrate that the advanced MAD simulator acts as a powerful therapeutic intervention for patients who
remain obstructed with a conventional device. As shown in Table 2, the advanced simulator achieved a significant
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“rescue effect”, resolving complete velum obstruction in over one-third of non-responders in the supine position and half
during head rotation. Even more striking is the response at the epiglottis: during head rotation, 80% of patients with
complete obstruction achieved full patency. This finding is clinically pivotal, as epiglottic collapse is traditionally
considered difficult to treat with oral appliances.

Regarding the epiglottis, our findings highlight a significant synergistic benefit between mandibular protrusion and
head rotation. Previous studies have indicated that head rotation alone can reduce epiglottic collapse by shifting the
gravitational vector away from the airway.’’*® Our group’s prior research also confirmed that head rotation is among the
most effective non-surgical treatments for anteroposterior epiglottic collapse.'” In the current exploratory simulation, the
high-resolution rate (80.0%) suggests that the advanced MAD simulator provides additional mechanical stabilization.
Protrusion exerts forward traction on the genioglossus and suprahyoid muscles, which may in turn tighten the hyo-
epiglottic ligament.*>*° This mechanical tension could make it more responsive to the positional benefits of head
rotation. However, we acknowledge that the resolution cannot be attributed to the device alone; rather, it represents an
optimized clinical scenario where mechanical and positional therapies coincide.'”*! These short-term DISE findings
suggest that a combined phenotypic approach—aggressive MAD titration alongside positional modification—holds
potential for patients with predominant epiglottic collapse who fail conventional single-modality treatments, and warrants
further validation in prospective longitudinal trials.'’®
The concurrent improvement in quantitative respiratory indices (AHI and SpO,, Supplementary Table 2) in our

monitored subset further validates these endoscopic observations, confirming that the anatomical patency achieved by the
advanced simulator translates into physiological benefits.

Phenotypes for Precision Treatment

A key contribution of this study is the identification of robust predictors for treatment success (Table 3 and Table 4). We
found that responders to the advanced MAD simulator at the velum and epiglottis were significantly younger, had lower
BMI, and presented with lower baseline AHI compared to non-responders. This aligns with the concept that “anatomical
compromise” in severe OSA or obesity may overwhelm the mechanical advantage provided by mandibular advancement.
These data suggest that patient selection is critical: rather than applying MADs universally, clinicians can use these
anthropometric markers to identify ideal candidates who are most likely to achieve optimal airway patency with

aggressive protrusion.

Design Considerations and Role of DISE-Guided MAD Screening

The advanced MAD simulator represents an important innovation in the context of TCI-DISE, enabling real-time testing
of patient-specific maximum comfortable protrusion rather than relying solely on standardized edge-to-edge advance-
ment. Previous DISE studies using interim MADs have shown that complete resolution of upper airway obstruction
under MAD simulation confers a markedly higher likelihood of long-term treatment response, though statistical
significance was sometimes limited by small sample sizes.”’ More recent work has also demonstrated that new-
generation interim MADs can serve as effective screening tools, with comparable effects between non-custom and
custom devices.' The present findings extend this literature by demonstrating that DISE-guided, maximally protrusive
MAD simulation can reveal not only potential benefits (reversal of velum and epiglottis obstruction, AHI and SpO,
improvement) but also risks (induction or worsening of EVO) within the same session. Importantly, patient feedback
indicated that, outside of DISE conditions, using the advanced MAD simulator without completely sealing the mouth
could allow adequate airflow and effectively reduce snoring and breathing difficulty, suggesting that clinical performance
may differ from that observed under forced mouth closure or tape. This observation is consistent with reports that interim
MADs can give patients an immediate “trial experience” of both advantages and potential drawbacks before committing
to a custom-made device.'” Together, these results argue for DISE-based MAD screening protocols that explicitly
evaluate both inspiratory and expiratory phases and test different mandibular positions and oral sealing conditions rather
than focusing solely on inspiratory collapse.
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The Trade-Off: Inspiratory Gain vs Expiratory Resistance

While the advanced MAD simulator excelled in maintaining inspiratory patency, this benefit came with a trade-off. We
observed a significantly higher incidence of EVO compared to the conventional OA. We hypothesize that this phenomenon is
primarily mechanical: greater mandibular advancement enhances inspiratory airway patency but simultaneously increases the
contact area between the soft palate and the posterior pharyngeal wall. This observation suggests a potential mechanism where
an anatomical seal is created, hindering expiratory flow, which aligns with previous observations of “mouth puffing” and
EVO.*>* Our findings extend these observations. While previous work identified external mouth taping as a trigger for this
obstruction, our current data reveal that aggressive mandibular advancement itself can internally reconfigure the soft palate
geometry, creating a similar “sealed” environment independent of external taping.?’ Although the absence of a breathing hole
in our simulator could theoretically contribute to resistance, we believe the observed EVO is primarily driven by anatomical
reconfiguration. Aggressive mandibular advancement likely increases tension on the palatoglossal arch, mechanically pulling
the soft palate posteriorly against the pharyngeal wall. This creates a structural seal that hinders expiratory flow, a mechanism
distinct from simple mouth closure. Crucially, our data indicate that the therapeutic benefit of maintaining inspiratory patency
outweighs the functional cost of expiratory obstruction. Despite the higher incidence of EVO, the advanced MAD simulator
achieved superior improvements in AHI and oxygen saturation (Supplementary Table 2), suggesting that the physiological

gain may remain positive despite expiratory impedance during short-term observation. However, these findings are strictly
hypothesis-generating. Future prospective longitudinal trials incorporating real-world device use, objective adherence mon-
itoring, and patient-centered outcomes are essential to confirm whether the inspiratory benefits definitively outweigh the
expiratory drawbacks. Therefore, clinical titration must aim for a “sweet spot” that maximizes inspiratory width without
crossing the threshold that triggers expiratory limitation.

Limitations and Future Directions

Several limitations must be acknowledged. First, the two devices compared in this exploratory simulation are structurally non-
equivalent. The conventional OA is a prefabricated device featuring a central breathing hole, while the advanced MAD
simulator is a custom-molded monoblock lacking an anterior airway channel. This structural asymmetry prevents the isolation
of mandibular advancement distance as the sole independent variable. Furthermore, because the MAD simulator lacks
a breathing hole, which does not fully reflect many clinically used devices, it forces obligate nasal expiration. This likely
acts as a significant confounder, mechanically contributing to the increased EVO observed as a device-related artifact.
Therefore, the observed EVO should be interpreted as a combined biomechanical response to both the patient’s anatomy
and the specific closed-mouth device design, rather than a purely intrinsic physiological phenomenon. Second, although OSA
diagnosis was allowed by either PSG or HST, most patients underwent HST because of convenience. Combining these two
modalities without accounting for their differential impact introduces a potential misclassification bias. Specifically, because
HST estimates the AHI based on total recording time rather than electroencephalogram-confirmed total sleep time, it tends to
systematically underestimate baseline OSA severity compared to PSG. However, our study focused on the relative change in
airway dynamics and respiratory indices within the same individual under controlled DISE conditions rather than absolute
diagnostic classification. The utility of HST for detecting therapeutic trends in AHI and SpO, in this context is well-supported,
providing a valid metric for comparing device efficacy. Third, this study focused on immediate DISE findings and short-term
physiological responses during a single session, without long-term follow-up of nightly MAD use, adherence, or clinical
outcomes; previous work has reported treatment response rates of around 51% after several months of interim MAD therapy,
underscoring the importance of longitudinal data.'® Fourth, the advanced MAD simulator was fabricated without a breathing
hole due to procedural and material constraints, limiting direct comparability to many commercially available MADs that
incorporate breathing channels to improve airflow.*>*> While the absence of a breathing hole was a design constraint, it
inadvertently served as a stress test for the velopharyngeal airway. It demonstrated that without an anterior relief channel
(breathing hole), the posterior airway space alone is often insufficient to handle expiratory flow during maximal mandibular
advancement. Fifth, the sample sizes within specific anatomical subgroups, particularly the tongue base and oropharynx, were
highly limited. This small sample size inherently restricts the statistical power to detect significant differences and increases
the margin of error for these specific anatomical sites. Consequently, the subgroup analyses regarding these regions, such as
the observed trends toward improvement at the tongue base during head rotation, should not be overinterpreted. These specific
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findings must be viewed strictly as exploratory and require future validation in larger, adequately powered cohorts. Sixth, our
protocol did not incorporate awake objective imaging (eg, lateral cephalograms or cone-beam computed tomography) to
evaluate baseline structural differences or quantify the static dimensional expansion of the upper airway provided by the

devices. While DISE remains essential for capturing dynamic collapse,*®**

the absence of static imaging limits our ability to
correlate awake anatomy with dynamic functional responses. Finally, individual anatomical variations—such as tongue size,
palatal length and thickness, lateral wall collapsibility, and craniofacial structure—were not systematically quantified, which
may have contributed to heterogeneity in both obstruction patterns and expiratory resistance. Future research should aim to
refine MAD designs that preserve the inspiratory benefits of greater mandibular advancement while minimizing EVO, for
example by incorporating pressure-relief valves or active expiratory channels, optimizing breathing-hole geometry, and
adjusting vertical opening or other structural parameters. Prospective studies that combine detailed anatomical imaging, DISE
phenotyping, and long-term clinical outcomes will be crucial for establishing robust, data-driven algorithms for MAD
selection and titration. In parallel, interdisciplinary collaboration among dentists, otolaryngologists, sleep physicians, and
primary care providers will be essential to translate these mechanistic insights into practical, individualized treatment

pathways that improve both efficacy and tolerability across diverse OSA populations.

Conclusion

In this exploratory simulation, the advanced, maximally protrusive MAD simulator demonstrated a potential for
enhanced resolution of upper airway obstruction compared to the conventional OA, particularly at the velum and
epiglottis, with corresponding improvements in respiratory indices. Younger age, lower BMI, and milder baseline AHI
severity were identified as potential predictors of response, supporting the hypothesis for DISE-guided, phenotype-based
patient selection. However, aggressive advancement was associated with a significant increase in the incidence of EVO.
These preliminary findings suggest that optimal management therefore requires balancing inspiratory patency with
expiratory airflow preservation, which must be further validated in prospective longitudinal clinical trials.
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