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Study Objectives: Mandibular advancement splints (MAS)
are an effective treatment for obstructive sleep apnea (OSA);
however, therapeutic response is variable. Younger age,
female gender, less obesity, and milder and supine-dependent
OSA have variably been associated with treatment success
in relatively small samples. Our objective was to utilize a
large cohort of MAS treated patients (1) to compare efficacy
across patients with different phenotypes of OSA and (2) to
assess demographic, anthropometric, and polysomnography
variables as treatment response predictors.

Methods: Retrospective analysis of MAS-treated patients
participating in clinical trials in sleep centers in Sydney,
Australia between years 2000-2013. All studies used
equivalent customized two-piece MAS devices and treatment
protocols. Treatment response was defined as (1) apnea-
hypopnea index (AHI) < 5/h, (2) AHI < 10/h and = 50%
reduction, and (3) = 50% AHI reduction.

Results: A total of 425 patients (109 female) were included
(age 51.2 + 10.9 years, BMI 29.2 £ 5.0 kg/m?). MAS
reduced AHI by 50.3% + 50.7% across the group. Supine-

predominant OSA patients had lower treatment response
rates than non-positional OSA (e.g., 36% vs. 59% for AHI
< 10/h). REM-predominant OSA showed a lower response
rate than either NREM or non-stage dependent OSA. In
prediction modelling, age, baseline AHI, and anthropometric
variables were predictive of MAS treatment outcome but not
OSA phenotype. Gender was not associated with treatment
outcome.

Conclusions: Lower MAS treatment response rates were
observed in supine and REM sleep. In a large sample,
we confirm that demographic, anthropometric, and
polysomnographic data only weakly inform about MAS efficacy,
supporting the need for alternative objective prediction
methods to reliably select patients for MAS treatment.
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Oral appliances, specifically mandibular advancement
splints (MAS), are an effective treatment for obstructive
sleep apnea (OSA)."> MAS hold the mandible in protruded po-
sition to increase upper airway patency and reduce collapsibil-
ity.> MAS are currently recommended as first-line therapy for
mild-moderate OSA and in severe OSA only when continuous
positive airway pressure (CPAP) treatment fails or is refused.
However, growing evidence suggests that health outcomes,
at least in the short term, are comparable between these two
treatment modalities. This is even observed in severe OSA,
which may be attributable to greater adherence to MAS ther-
apy compared to CPAP, circumventing lower average efficacy.’
Although MAS significantly reduces OSA in the majority of
patients, around one-third will show negligible improvement.'
Hence, prediction of treatment outcome is highly desirable;
however, currently there is no validated method based on clini-
cal characteristics that can achieve this in a reliable way. This
remains a major clinical barrier to therapy.

Understanding of the phenotype of patients responsive to
MAS treatment could help improve patient selection. Various

BRIEF SUMMARY

Current Knowledge/Study Rationale: Not all OSA patients respond
to oral appliance therapy and predictors such as younger age, less
obesity, female gender, milder OSA, and supine-dependent OSA have
variously been associated with treatment success. Readily available
demographic, anthropometric, and polysomnographic patient data may
provide a simple means to triage patients for this form of therapy and
requires investigation in large datasets.

Study Impact: In an analysis of a large cohort of patients treated with
oral appliance through clinical trials, we find lower treatment response
rates in supine and REM sleep. We confirm that patient characteristics
of younger age and less obesity (but not gender) are associated with
treatment response, but these prediction models do not have sufficient
accuracy for clinical practice, and hence alternative prediction methods
are needed, particularly as up to a quarter of severe patients could be
completely treated by this therapy alone.

predictors have previously been associated with treatment
response such as younger age, less obesity, and female gen-
der.5%1% However, patient samples identifying such factors
are often small and the findings variable, and prospective
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validation studies are lacking. Polysomnographic phenotypes
such as lower AHI® and supine-dependent OSA have been
associated with better MAS treatment response,'"'?, and an-
ecdotally REM-related OSA may respond less well to MAS.
However, this has not been investigated.

In addition to OSA severity and body position dependency,
polysomnography provides additional disease characteristics
such as sleep stage effects and extent of upper airway collapse
(apnea vs. hypopnea), which have not been previously explored
in relation to MAS. Many patients undergo polysomnography
in OSA diagnosis, and such predictors in addition to simple de-
mographic and anthropometric characteristics may be a simple
and clinically applicable means to recommend MAS therapy
in appropriate patients.

Hence, our objectives were to interrogate a large dataset
of MAS-treated patients to: (1) assess relationships between
polysomnographic phenotypes (e.g., OSA severity, body po-
sition, sleep stage dependency, and extent of upper airway
collapse) and treatment efficacy; and (2) develop predic-
tion models of MAS treatment response derived from sim-
ple demographic, anthropometric, and polysomnographic
characteristics.

METHODS

Participants

This is a retrospective analysis of polysomnographic data
collected within MAS research studies from sleep centers in
Sydney, Australia between 2000 and 2013.3310132% A]] studies
had appropriate IRB approval, and informed consent was ob-
tained from all participants. Studies varied in design and out-
comes; however, all used equivalent MAS device design and
treatment protocols, with objective verification of treatment
response by in-laboratory polysomnography (supplemental
material). A further strength of this dataset is that inclusion/
exclusion criteria were equivalent in all studies, with mini-
mal exclusion criteria imposed on patients undergoing oral
appliance treatment. Inclusion criteria in all study protocols
were adult patients (> 18-20 years of age) with apnea-hypop-
nea index (AHI) > 10/h and > 2 OSA symptoms (e.g., snor-
ing, fragmented sleep, witnessed apneas, daytime sleepiness).
Exclusion was limited to MAS contraindications (periodontal
disease, insufficient teeth, temporomandibular joint dysfunc-
tion) and also predominantly central sleep apnea, need for
immediate therapy (e.g., sleepy drivers, due to the acclimatiza-
tion period before optimal therapy), psychiatric or lung disease,
and narcotic or sedative use. Importantly, no restrictions on
AHI or BMI were included in any of the studies. Therefore, a
wide range of OSA severity and obesity levels were obtained
which would not impose limits investigation of these factors in
relation to treatment response. Overall, recruited patients were
representative of the general sleep clinic population in terms of
clinical characteristics.

MAS Treatment Protocol

MAS device design was consistent across all studies: a
customized two-piece appliance, with vertical extensions
holding the lower plate with desired advancement level
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provided by lateral ramps on the upper plate (SomnoDent
MAS, SomnoMed Ltd, Australia). MAS treatment protocols
were identical in all studies. The degree of mandibular ad-
vancement generally has a dose-response relationship with
therapeutic benefit>>’; however, a patient must still be able
to tolerate advancement position. Across our studies, MAS
was incrementally titrated to the maximal comfortable limit
of advancement over a 4- to 6-week acclimatization period,
which was confirmed by the treating dentist. This was as-
sumed to be the level of mandibular advancement to offer
maximal therapeutic benefit, and efficacy was assessed at
this protrusive level.

Polysomnographic Phenotypes and Treatment
Response Definitions

Baseline polysomnography was used to classify patients into
phenotypes of sleep stage and body position dependency (data
excluded if < 15 min supine or REM sleep observed during
the study). Positional phenotypes investigated were: (1) supine-
predominant (AHIyine: AHILon-qupine Tatio > 2), (2) supine-iso-
lated (A HIupine: AHLyon-supine Tatio > 2 and AHI, gy qupine < 5/h), and
(3) non-positional (AHILyine: AHILon-supine Tatio < 2). Sleep stage
phenotypes were: (1) REM-predominant (AHIrgym: AHIngey ra-
tio > 2), (2) NREM-predominant (AHIrgy: AHIyrem ratio <0.5),
and (3) stage-independent AHIpgy:AHIygem ratio 0.5-2).2% Ex-
tent of upper airway collapsibility was also investigated by the
relative occurrence of apneas versus hypopneas. Defined phe-
notypes were: (1) apnea-predominant (apnea index [AI]: hy-
popnea index [HI] ratio > 2), (2) hypopnea-predominant (AI:HI
ratio < 0.5), and (3) Both apnea-hypopnea (AI:HI ratio 0.5-2).
OSA severity classifications were mild (AHI 5-14.9/h), moder-
ate (AHI 15-29.9/h), or severe (AHI > 30/h).

Sleep studies were scored using the following apnea and
hypopnea definitions. Apnea was defined as cessation of
airflow > 10 seconds. Hypopnea was defined as airflow re-
duction > 50% of baseline measurement > 10 sec with accom-
panying oxygen desaturation (> 3%) and/or arousal. Treatment
response was defined using AHI data from polysomnography
with MAS in situ. Three response definitions were investigated
to match commonly used definitions: (1) treatment AHI < 5/h
or complete resolution of OSA (definition 1), (2) treatment
AHI < 10/h plus > 50% reduction in AHI from baseline or
complete-very mild residual OSA (definition 2), and (3) > 50%
reduction in AHI from baseline only (definition 3). Apnea-hy-
popnea indices based on total, supine, REM, or NREM sleep
times were used as appropriate.

Statistical Analysis

Statistical analysis was performed using SPSS (Version
21.0, IBM Corporation) and CART Extended Edition (Version
6.0, Salford systems, San Diego, California, USA) software.
Baseline and MAS data were compared by paired t-test. Re-
sponders and non-responders were compared by independent
t-test. Responder proportions between OSA phenotypes were
assessed by y? and z-test. Demographic, anthropometric, and
polysomnographic data were considered in predictive mod-
els for MAS treatment response using logistic regression and
classification and regression tree (CART)® analysis methods
(supplemental material).
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Table 1—Demographic and anthropometric characteristics of the OSA patients undergoing mandibular advancement splint

(MAS) treatment.
Total (n = 425) Males (n = 316) Females (n =109) p value
Age (years) 51.2 £10.9 (24.0-78.0) 49.4 +11.0 (24.0-78.0) 56.6 + 8.6 (35.0-74.0)* <0.001*
BMI (kg/m?) 29.2+5.0(18.1-55.5) 29.0 +4.4 (18.7-43.9) 30.0 £ 6.4 (21.0-55.5) 0.11
Neck circumference (cm) 40.0 + 3.5 (31.0-51.0) 41.0 £ 3.0 (34.0-51.0) 36.8 + 3.2 (31.0-46.0)* <0.001*
Waist circumference (cm) 101.0 £ 13.1 (72.0-139.0) 101.6 £ 12.4 (75.0-139.0) 99.0 £ 15.0 (72.0-137.0) 0.16

All data are presented as mean + standard deviation (range). Males and females were compared in terms of baseline characteristics. *Significance

accepted at p < 0.05.

Table 2—Polysomnographic indices at baseline and with mandibular advancement splint (MAS) treatment.

Sleep Study
n Baseline MAS p value
Apnea-hypopnea
Index (events/hour)
TST 425 275+163 120+125 <0.001*
NREM 422 261+180 10.1+123 <0.001*
REM 412 341+213 209+189 <0.001*
Supine 191 407+238 19.0+223 <0.001*
Supine-NREM 145 373+264 16.3+20.7 <0.001*
Supine-REM 17 485+269 254+234 <0.001*
NonSupine 216 17.7+£19.5 87+183 <0.001*
NonSupine-NREM 154 12.9+16.0 56+11.9 <0.001*
NonSupine-REM 154  207+220 135+17.3 <0.001*
Mean duration (s) 299 26.8+6.3 260741 0.062
Apnea only
Index (events/hour)
TST 353 7.9+12.1 23+58 <0.001*
NREM 327 82137 19+65 <0.001*
REM 325 127+16.8 45+105 <0.001*
Supine 193 136+19.0 26+6.1 <0.001*
Supine-NREM 156  11.3+£19.2 20+56 <0.001*
Supine-REM 153 159+2238 51+128 <0.001*
NonSupine 217 92+312 74+£895 0.78
NonSupine-NREM 155  27+73 08+3.1 0.001*
NonSupine-REM 155 51115 11+£37 <0.001*
Mean duration (s) 311 253+102 164+116 <0.001*
Maximum duration (s) 315 398+214 275+203 <0.001*
Hypopnea only
Index (events/hour)
TST 352 149+108 89+95 <0.001*
NREM 327 162+ 121 81+93 <0.001*
REM 325 196+154 157+138 <0.001*

Sleep Study
n Baseline MAS p value
Hypopnea only
Index (events/hour) continued
Supine 200 252+184 153+16.6 <0.001*
Supine-NREM 154 236+194 1311169 <0.001*
Supine-REM 151 262+258 17.0+18.8 <0.001*
NonSupine 218 150+474 123+824 0.68
NonSupine-NREM 153 100+ 11.6 47+109 <0.001*
NonSupine-REM 153 149+163 119+156  0.08
Mean duration (s) 333 275+6.0 26574 0.03*
Maximum duration (s) 384 641+221 564214 <0.001*
Arousal index
TST 400 345+157 236+128 <0.001*
NREM 251 326+163 2111127 <0.001*
REM 246 3311164 240+139 <0.001*
Minimum O, saturation
TST (%) 425 84.0+8.6 878+74 <0.001*
NREM (%) 332 86.2+82 89.6+49 <0.001*
REM (%) 326 85.8x8.0 89.1+6.3 <0.001*
PLM index (events/hour) 339 79+19.8 63+£198 0.22
Total sleep time (min) 425 351.7+66.3 360.6+644  0.01%
Sleep efficiency (%) 423 784+140 81.8+128 <0.001*
Sleep latency (min) 415 325+556 18.8+33.7 <0.001*
REM latency (min) 410 119.1+679 108.2+61.7  0.001*
Sleep stage
NREM (%) 393 83462 83.5+108 0.82
Stage 1(%) 359 51147 30+44 <0.001%
Stage 2 (%) 358 614107 620+134 042
Stage 3 (%) 359 M.3x75 11.9+76 0.18
Stage 4 (%) 359 56+6.2 5.7+6.7 0.74
REM (%) 421 16.6+6.1 18.1+6.5 <0.001*

Apnea and hypopnea indices are shown for total sleep time and all sleep stage (NREM, REM) and body position (supine, non-supine) combinations.
Baseline and MAS polysomnographic data are presented as mean + standard deviation. * Significance was accepted at p < 0.05.

RESULTS

Patient Characteristics and MAS Treatment Response
Demographic and anthropometric characteristics of the
patient sample are shown in Table 1 (n = 425). Patients were
predominantly male, middle-aged, and overweight. Females
(n = 109) were older than males. MAS treatment improved
polysomnographic indices (Table 2). An average 50% reduc-
tion in total AHI was observed with similar improvements
across NREM and REM supine and non-supine sleep. MAS

reduced apnea and hypopnea duration and arousal index
and increased minimum oxygen saturation and REM sleep
duration.

Treatment response rates are shown in Figure 1. Thirty-
seven percent of patients achieved AHI < 5/h (definition 1);
52% achieved AHI < 10/h (definition 2); and 64% reduced
AHI by > 50% (definition 3). Although response rates were
lower in severe patients, the majority (70%) had at > 50%
AHI reduction, and 42% achieved a treatment AHI < 10/h,
with approximately half (23%) showing complete resolution
of OSA.

Journal of Clinical Sleep Medicine, Vol. 11, No. 8, 2015



K Sutherland, H Takaya, J Qian et al.

Figure 1—Mandibular advancement splint (MAS) treatment
response.
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Treatment response was assessed by three definitions: (1) complete
response or AHI < 5/h with MAS; (2) AHI < 10/h plus > 50% AHI
reduction from baseline; (3) > 50% reduction from baseline. Response
rates are shown for all patients as well as subgroups of mild (AHI 5-14.9/
h), moderate (AHI 15-29.9/h) and severe (AHI > 30/h) OSA.

Figure 2—Sleep stage phenotypes and mandibular
advancement splint (MAS) efficacy.
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OSA patients were classified as A: REM-predominant (n = 133), B:
NREM-predominant (n = 73) or C: stage-independent (n = 198)
phenotypes. Response rates are shown for each OSA phenotype using
three definitions of response: AHI > 5 (treatment AHI < 5/h), AHI > 10
(treatment AHI < 10/h with = 50% reduction from baseline AHI) and > 50%
(= 50% AHI reduction from baseline). *p < 0.001 Baseline AHI vs. MAS
AHI. #p < 0.001 change in NREM-AHI vs. change in REM-AHI.
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Figure 3—Body position phenotypes and mandibular
advancement splint (MAS) efficacy.
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OSA patients were classified as A: Supine-isolated (n = 55), B: Supine-
predominant (n =83) or C: non-positional (n = 61) phenotypes. Response
rates are shown for each OSA phenotype using three definitions of
response: AHI > 5 (treatment AHI < 5/h), AHI > 10 (treatment AHI < 10/h
with = 50% reduction from baseline AHI) and > 50% (= 50% AHI
reduction from baseline). *p < 0.01 Baseline AHI vs. MAS AHI. #p < 0.001
change in Supine-AHI vs. change in Non-Supine-AHI.

Sleep Stage Phenotype and MAS Treatment Response

MAS reduced AHI across all sleep stages, with the excep-
tion of increased AHIzpy in NREM-predominant patients
(Figure 2). In stage-independent OSA, MAS reduced AHIx
rem More than AHIggy (60.5% + 40.6% vs. 33.8% + 57.8% AHI
decrease). REM-predominant OSA showed lower response
rate than other sleep stage phenotypes (Figure 2). Complete
resolution of REM-OSA was only observed in 12% of patients,
significantly lower than other phenotypes (42% NREM and
32% non-stage dependent). REM-predominant patients were
more likely female (44% vs. 19% NREM and 5% stage-inde-
pendent, p < 0.001) and showed more obesity (BMI 30.0 + 5.3
vs. 28.9 £4.9 kg/m?, p < 0.05).

Body Position Phenotype and MAS Treatment
Response

MAS reduced AHI in both supine and lateral body po-
sition, with the exception of increased AHlyon-supine 10
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Figure 4—Extent of upper airway collapse (apnea vs.
hypopnea) and mandibular advancement splint (MAS)
efficacy.
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OSA patients were classified as A: Apnea-predominant (n = 46), B:
Hypopnea-predominant (n = 216) or C: Intermittent Apnea/Hypopnea
(n=92). Response rates are shown for each OSA phenotype using three
definitions of response: AHI/AI/HI > 5 (treatment AHI/AI/HI < 5/h), AHI/
Al/HI > 10 (treatment AHI < 10/h with = 50% reduction from baseline
AHI) and > 50% (= 50% AHI/AI/HI reduction from baseline).*p < 0.01
Baseline AHI/AI/HI vs. MAS AHI/AI/HI. #p < 0.001 change in Apnea
Index vs. Hypopnea Index.

Supine-isolated patients (Figure 3). In non-positional OSA,
MAS reduced AHInon-supine more than AHIgine (57.4 = 122.1
vs. 20.1 + 159.1 % AHI decrease). Non-positional OSA
showed double the complete response rate of the Supine-pre-
dominant groups (44% vs. 20-22% p < 0.05, Figure 3). MAS
did not change supine or non-supine sleep duration (data not
shown). Patients with supine-related OSA had a lower BMI
than the non-positional patients (28.8 + 4.7 vs. 29.4 + 5.7,
p = 0.01).

Extent of Upper Airway Collapse (Apnea vs.
Hypopnea) and MAS Treatment Response

The apnea-predominant OSA group showed an overall in-
crease in hypopnea index with MAS (Figure 4A). Equivalent
reductions in AHI, apnea index, and hypopnea index were
seen in hypopnea-predominant and intermittent apnea-hy-
popnea patients (Figure 4B, 4C). In patients with equiva-
lent frequencies of apnea and hypopnea, there was a greater

Table 3—Characteristics of MAS treatment responders
and non-responders.

Non-
Responders responders
(n=222) (n=203) pvalue

Gender (% male) 71 78 0.116
Age (years) 488+108 53.8+104 <0.001*
BMI (kg/m?) 286+50 299%50 0.009*
Neck circumference (cm) 394+34 406+35 0.002*
Baseline AHI (/h) 255+144 298+179  0.007*
Sleep stage dependency

AHlgen:AHlygew ratio 23+30 22+30 0.798

Stage phenotype (R/N/I) 70/39/103 63/34/95 0.978
Body position dependency

AHlsypine:AHInonsupine ratio 6.2+101 6498 0.908

Position phenotype (P/IINP)  41/29/36 42/26/25 0.485
Apnea vs. Hypopnea

Al:HI ratio 16+1234 26+142 0331

A/H phenotype (A/H/) 21/120/50 27111142 0.479

Treatment response is AHI > 10/h on MAS with 50% reduction from
baseline (definition 2). *p < 0.05. R, REM-predominant OSA; N,
NREM-predominant OSA,; |, sleep stage independent OSA; P, supine-
predominant OSA,; I, supine-isolated OSA; NP, non-positional OSA; Al,
apnea index; HI, hypopnea index; A, apnea-predominant; H, hypopnea-
predominant; |, intermittent apneas/hypopneas.

decrease in apnea compared to hypopnea index (80.3 = 37.8%
vs. 10.2 £ 99.9%, p < 0.001). However, there was no over-
all difference in treatment response rates between these
phenotype groups.

Prediction of MAS Treatment Outcome

We have presented the main results based on definition 2
of MAS response (AHI < 10/h with > 50% reduction) as hav-
ing widest applicability for clinical practice. However, other
response definitions (AHI < 5/h and > 50% AHI reduction)
produced similar results and are available in the supplemen-
tal material. Responder and non-responder characteristics are
shown in Table 3. Responders were on average younger, less
obese with a smaller neck circumference, and had a lower
baseline AHI. There was no association with gender or poly-
somnographic phenotypes and treatment response. In females
(n=109), age was the only characteristic that differed between
responders and non-responders, with no differences in obesity
measures (Table S1, supplemental material).

Potential predictor variables considered in prediction
modelling analysis were demographic (age, gender), anthro-
pometric (BMI, neck and waist circumference), and polysom-
nographic (baseline AHI, sleep stage, and body position OSA
phenotypes) characteristics. In logistic regression analysis, the
best predictor was age, with baseline AHI and BMI also sig-
nificant. Gender or OSA phenotype did not relate to treatment
outcome (regression results are detailed in Table S4, supple-
mental material).

Classification and regression tree (CART) modelling was
additionally applied to the data, as this method is able to assess

Journal of Clinical Sleep Medicine, Vol. 11, No. 8, 2015
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Figure 5—Classification and regression tree (CART)
model MAS treatment outcome (response AHI < 10,
definition 2).
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The modelling process starts with the entire patient sample (top blue
box). The group is then sequentially split using the variable and cut-
point which correctly classifies the maximum number of patients as
either responders or non-responders. When no more splits can be
made the patients are left in a “terminal node” (red box) where they
can be classified as either responders or non-responders based on
the predominant classification of patients in that terminal node. The
proportion of responders (blue or “1”) and non-responders (red or “0”)
in each terminal node is shown. Predictive variables were age, neck
circumference (NECK), and waist circumference (WAIST). This model
correctly classified 64% or patients on MAS treatment outcome. Non-
predictive variables considered in model: baseline AHI, gender, BMI,
sleep stage, and body position OSA phenotype.

predictive utility of variables within subgroups of patients and
is therefore able to define more complex relationships between
predictors. CART models also produce output in a decision
tree format which is more adaptable to clinical practice. CART
modelling identified age and waist and neck circumference as
predictors of MAS AHI < 10/h (Figure 5). This model found
classification of the greatest number of patients based on first
splitting by an age of 58 years, followed by a waist circum-
ference measure of 103.5 cm. In patients with a smaller waist
circumference, an AHI < 20.5 then indicated likely response,
whereas in the remaining patients with a higher AHI, an
age > 42 years indicated a likely non-responders to treatment.
This model correctly classified 64% of patients and yielded a
receiver operating characteristic (ROC) area under the curve
(AUC) of 0.66, which reduced to 0.60 in subsequent model
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validation testing (58% correctly classified). Gender and OSA
phenotype were not predictors of treatment outcome. CART
models for treatment response definition 1 performed simi-
larly with similar predictor variables identified. Modelling for
response definition 3 (50% AHI reduction) was more compli-
cated and identified more subgroups of patients, although pre-
dictive utility was of the same magnitude. These models are
available in the supplemental material.

DISCUSSION

To our knowledge, this is the largest investigation of OSA
phenotypes (position and sleep stage dependency, apnea/hy-
popnea predominance) and MAS treatment response. We have
identified that MAS is relatively poor at alleviating REM-
predominant OSA. Contrary to previous findings, we have
shown that non-positional OSA responds better than supine-
predominant phenotypes. We observed no overt differences in
alleviation of apneas versus hypopneas by MAS. Additionally
we confirm that a substantial proportion of severe OSA pa-
tients experience a clinically important response to MAS treat-
ment. The only clinical predictors were age, baseline AHI and
anthropometric measures; however, overall such models did
not correctly classify enough patients as responders or non-
responders to be a reliable clinical tool.

Previously positional OSA has been associated with MAS
treatment success.'"'>3%31  Both supine-predominant and
supine-isolated subtypes in our analysis showed half the re-
sponse rate of non-positional patients. Discrepancies may re-
late to definitions of positional OSA, although we present two
definitions of positional dependency, including a stringent def-
inition of no OSA in the lateral sleeping position. Treatment re-
sponse in supine OSA was previously observed in a sample of
only men.” However we also have a relatively large sample of
females and did not find any associations with positional OSA
in either gender. Some previous studies'>* finding this associa-
tion used one-piece appliances which preclude mouth opening
and hence negative effects on upper airway geometry while
supine and could be a potential explanation for differences in
findings. However two-piece MAS have also previously fa-
vored supine OSA in a smaller study." Positional sleep data in
our 200 patients showed greater AHI reduction in lateral ver-
sus supine sleep. Supine OSA occurs in ~60% of patients, and
OSA tends to be more severe when supine.*® MAS may be less
effective while supine due to gravity which would favor pos-
terior tongue displacement and overcome the beneficial effects
of jaw protrusion. Supine OSA may therefore additionally ben-
efit from positional devices or oral appliances, which addition-
ally protrude the tongue.** Effects of mandibular advancement
on upper airway structure and function in lateral versus supine
position have not been extensively studied, with imaging stud-
ies assessing airway changes only in the supine position."

We found REM-predominant OSA patients to have only
a 12% complete response rate, and MAS reduced AHlIyrgpm
more than AHlggm. Therefore MAS may not be appropriate
for treatment of REM OSA. Apnea is often worse and upper
airway dilator muscle activity reduced in REM sleep,* and
this may account for lower efficacy of MAS. Combined su-
pine and sleep stage data (supplemental material) showed that



response rates were lowest in supine REM sleep. In terms of
extent of upper airway collapse (apnea versus hypopnea), no
relationship was found with MAS response. In patients experi-
encing intermittent apneas and hypopneas, apnea was reduced
to a greater extent than hypopnea and hypopnea index also in-
creased with MAS in apnea-predominant OSA. Complete up-
per airway obstruction (apnea) can therefore be prevented by
MAS, but a residual partial collapse may continue, therefore
reducing apnea index but elevating hypopnea index. However,
treatment response rates are not negatively impacted by an
apnea-predominance phenotype.

Our dataset includes over one hundred females, which to
our knowledge is the largest reported to date. In contrast to
previous studies,'” we did not find females to have better treat-
ment outcomes, nor was gender a predictive factor. This may
be explained by low MAS efficacy in REM-predominant OSA,
which is more prevalent in females.*® Additionally this sample
of 140 severe patients confirms that a substantial proportion
can be treated MAS alone, and the majority will likely reduce
disease to at least moderate levels. These response rates are
similar to previous analyses,” although actually lower than
a 41% complete response rate observed in another study of
167 severe patients.® Despite some differences in response
rates between studies and devices, it appears MAS can be an
adequate treatment for severe OSA. However, the ongoing
challenge is to pre-identify treatment responders, which is
particularly pertinent in the severe subgroup, as confidence in
therapeutic response would be needed before treatment imple-
mentation. Therefore reliable clinical prediction tests are still
needed for MAS response in severe patients in order to recom-
mend this therapy as a first treatment in practice.

Prediction modelling only identified younger age, less obe-
sity, and baseline AHI as predictors of MAS response. The
CART analysis method differs from the logistic regression
method in that CART is able to assess local effects of predic-
tors in subsets of patients. CART also provides a relatively
simple decision tree format with simple cutoff values which
can be used to classify patients. Although our sample is large
for this type of data, a larger sample may be required to ex-
plore the influence of phenotypes in different patient sub-
groups. In this sample, patient characteristics only resulted in
correct classification of 60% to 70% for actual treatment out-
come. The strongest predictor in the presented model was age,
with age greater than 58 years used to classify non-responders
with 83% accuracy. However 60% overall correct classifica-
tion based on age, AHI, and obesity measures is inadequate
accuracy for clinical practice, particularly when considering
MAS treatment in severe OSA. Many responders to MAS
therapy lie outside the currently recommended limits for AHI
and obesity,* and our data confirm that patient characteristics
alone are a poor guides for treatment suitability. Therefore
the challenge of prediction remains but we can conclude that
simple patient characteristics alone will not suffice and objec-
tive assessments to predetermine MAS treatment outcome are
ultimately needed. Various methods such as sleep/wake naso-
pharyngoscopy, flow-volume loops, and single-night mandib-
ular titration studies have been proposed with varying levels
of success, although not all have been prospectively validated
for routine clinical use.'*!**

Oral Appliance Therapy and OSA Phenotypes

Although we used a retrospective analysis, this study has
a number of important strengths. All patients underwent
identical treatment protocols with the same device design,
in reputable centers with oral appliance research experience.
Polysomnography with MAS in situ was available for over 400
patients with a wide range of OSA severity and obesity, as no
AHI or BMI limits were set for study inclusion. Furthermore
three definitions of MAS treatment response (supplemental
material) were assessed for generalizability. However the data
also have limitations. Supine sleep data was only accessible in
a subset (n = 200), and there is potential selection bias related
to participation in MAS research studies, although study ex-
clusion criteria were minimal and a range of gender, age, OSA
severity, and BMI was evident in the sample. Generalizability
may also be limited by performance bias, as our centers have
established expertise in MAS therapy. Findings may not be
applicable to MAS treatment with different design types. Also
results may be influenced by hypopnea definition and alterna-
tive scoring rules could alter results. Additionally, other patient
phenotypes that we did not assess (e.g., craniofacial structure,
ethnicity) may importantly influence treatment response.
Maxillary and mandibular dimensions may also influence re-
sponse and may be particularly important at different levels
of obesity,*” but such imaging assessments are not routinely
performed in clinical practice.

In conclusion, exploration of this large dataset of MAS-
treated OSA patients has provided novel and contradictory
insights. REM-OSA does not respond well to MAS therapy.
This analysis favors non-positional OSA for MAS treatment
response, unlike previous studies suggesting supine-OSA has
higher response rates. Younger age and lower obesity is as-
sociated with response, but these characteristics alone will not
reliably identify a responder, and female gender also does not
indicate likely success. MAS therapy alone is sufficient in a
quarter of severe OSA patients, but our data confirm that pa-
tient characteristics and OSA phenotypes are not reliable for
patient selection, and alternative objective prediction methods
are ultimately needed.

ABBREVIATIONS

AHI, apnea-hypopnea index

AUC, area under the curve

BMI, body mass index

CART, classification and regression tree
CPAP, continuous positive airway pressure
MAS, mandibular advancement splints
NREM, non-rapid eye movement

REM, rapid eye movement

ROC, receiver operating characteristic
OSA, obstructive sleep apnea

TST, total sleep time
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SUPPLEMENTAL MATERIAL

METHODS

Polysomnography

Standard electroencephalogram (EEG), electrooculogram
and submental electromyogram (EMG) electrodes were ap-
plied for sleep stage determination.! Respiratory variables
included monitoring of chest wall and abdominal movement,
diaphragm EMG, nasal airflow and pressure, and oxygen satu-
ration by pulse oximetry.> All sleep recordings were scored by
experienced polysomnographers, blinded to the patients’ treat-
ment status.

Statistical Analysis

Predictive models for MAS treatment response were devel-
oped using logistic regression and classification and regres-
sion tree (CART) analysis.> We have previously used CART
analysis to construction prediction models for the presence
of OSA.* The CART method uses nonparametric techniques
to evaluate data and account for complex relationships.® The
sample is progressively split into subgroups based on predic-
tive independent variables. Splitting of cases based on predic-
tive variables is continued until “terminal nodes” are reached.
A terminal node is a cluster of cases which are either respond-
ers or non-responders to MAS treatment. Models were con-
structed for all three definitions of treatment response based
on AHI from total sleep time. In CART analysis, a model is
first derived and then tested. Model testing is achieved by us-
ing a “10-fold cross validation” method. This method involves
removing one random tenth of the data while the model is built
from the remaining data. The resulting model is then tested
on the tenth of data that were withheld. This process is then
repeated for each of the other tenths in turn and the results are
aggregated.

RESULTS

Effectiveness of MAS across Sleep Stage and Body Positions

A subgroup of 114 patients had data available in both su-
pine and non-supine sleep with AHI measurements in both
NREM and REM. Sleep-disordered breathing was more se-
vere in the supine posture and in REM sleep with highest
AHI occurring in supine-REM sleep (Figure S1). MAS de-
creased AHI in all sleep stages and body positions (Figure
S1A). Percent reduction in AHI (Figure S1B) was greatest
in the supine position (REM and NREM), however baseline
AHI was highest in this body position. In terms of treatment
response (Figure S1C), Non-supine NREM sleep showed the
highest rate of complete resolution of OSA, however aver-
age AHI in this condition was only around 10/h at baseline.
The greater reduction in supine AHI appears to be a function
of more severe sleep-disordered breathing in this position.
Complete response (AHI < 5/h) was most common in Non-
Supine NREM sleep when sleep disordered breathing was
at its lowest level. Across all body positions and sleep stage
conditions, AHI remained at its highest level in supine REM
sleep while using MAS.

868A

Classification and Regression Tree Models

CART models are shown for prediction of MAS response
by definition 1 (treatment AHI < 5/h) in Figure S2. For defini-
tion 3 (50% AHI decrease only) a complex CART model with
8 levels of data splits was obtained (Figure S3). A simpler
model using only 5 splits was also constructed (Figure S4).
This simplified model correctly classified 70% of patients and
split the data based on age, waist circumference, baseline AHI,
body position OSA phenotype, neck circumference, gender,
and BMIL.
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Figure S1—Effect of MAS treatment across sleep stage
and body position.
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REM sleep were available in baseline and MAS sleep studies for 114
patients. (A) Baseline and MAS AHI across all four conditions. (B)
Percent change in AHI with MAS treatment in all four conditions (negative
numbers indicated a decrease in AHI from baseline). (C) Treatment
response rates in all four conditions given for all three definitions of
response. *p < 0.05 baseline AHI vs. MAS AHI.
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Figure S2—Classification and regression tree (CART)
model for discrimination of MAS treatment responders with
AHI < 5/h (definition 1).
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Predictive variables were age, baseline AHI (AHIO) and waist
circumference (WAIST). These variables correctly classified 72%
of patients as MAS treatment responders or non-responders. Non-
predictive variables considered in model: gender, neck circumference,
BMI, sleep stage, and body position OSA phenotypes.
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Figure S3—Classification and regression tree (CART) model for discrimination of MAS treatment responders with > 50% AHI
reduction from baseline (definition 3).

This complex model with 8 levels of data splitting correctly classified 75% of patients. Predictive variables on which the data splits were made were age,
baseline AHI (AHI0), neck circumference (NECK), waist circumference (WAIST), gender, BMI and body position OSA phenotype (POSNS, 0 = supine OSA,
1 = non-positional OSA).
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> 50% AHI reduction from baseline (definition 3).

Figure S4—A simplified classification and regression tree (CART) model for discrimination of MAS treatment responders with
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This is an alternate model to the complex model presented in Figure S3 for this definition of treatment outcome. This model involved only 5 data splits and

correctly classified 70% of patients. Predictive variables on which the data splits were made were age, baseline AHI (AHI0), neck circumference (NECK),
waist circumference (WAIST), gender, BMI and body position OSA phenotype (POSNS, 0 = supine OSA, 1 = non-positional OSA).
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Table S1—Characteristics of MAS treatment responders and non-responders (definition 2) by gender.

Males only (n)

Age (years)

BMI (kg/m?)

Neck circumference (cm)

Baseline AHI (/h)

Sleep stage dependency
AHlzen:AHIgen ratio
Stage phenotype (R/N/I)

Body position dependency
AHlsupine:AHInon-supine ratio
Position phenotype (P/I/NP)

Apnea vs. Hypopnea
Al:HI ratio
A/H phenotype (A/H/M)

Females only (n)

Age (years)

BMI (kg/m?)

Neck circumference (cm)

Baseline AHI (/h)

Sleep stage dependency
AHlgen:AHl\gew ratio
Stage phenotype (R/N/I)

Body position dependency
AHlsypine:AHInon-supine ratio
Position phenotype (P/I/NP)

Apnea vs. Hypopnea
Al:HI ratio
AH phenotype (A/H/M)

Responders
158
46.7 £10.9
28.1+£39
404+29
258 +14.3

1.8+£23
37137179

76+11.9
26/22/21

16.2 £ 147.3
17/82/35
64
542+ 8.6
29.8+6.9
36.6 + 3.1
246145

34x41
33/2/24

36+4.0
15/7/15

0715
4/38/15

Non-responders

158
521 +10.5
29.8+48
41529
30.5+18.3

1.7+£19
38/32/81

71+£10.8
37/20117

32£16.2
26/83/30
45
60.0+75
30357
37.0+3.1
271.3+16.4

40+51
2512114

37+34
5/6/8

0507
1/28/12

p value

<0.001*
0.001*
0.002*
0.012*

0.645
0.824

0.794
0.322

0.301
0.336

<0.001*
0.654
0.558
0.375

0.574
0.774

0.952
0.328

0.402
0.586

Comparison of all patients (males and females combined) for this response definition are contained within the manuscript. R, REM-predominant OSA; N,
NREM-predominant OSA; |, sleep stage independent OSA; P, supine-predominant OSA; I, supine-isolated OSA; NP, non-positional OSA; Al, apnea index;
HI, hypopnea index; A, apnea-predominant; H, hypopnea-predominant; M, mixed apnoea/hypopnea.
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Table S2—Characteristics of MAS treatment responders and non-responders (definition 1).

Responders Non-responders
(n=155) (n=270) p value
Gender (% male) 72 76 0.327
Age (years) 47.2+10.6 536+104 <0.001*
BMI (kg/m?) 283+46 29.8+5.1 0.003*
Neck circumference (cm) 39.0+£3.3 405+35 <0.001*
Baseline AHI (/h) 231+13.2 300+17.3 <0.001*
Sleep stage dependency
AHlren:AHlygen ratio 26+34 20+27 0.067
Stage phenotype (R/N/I) 58/27/63 75/46/135 0.092
Body position dependency
AHlsupine:AHInon-supine ratio 56+9.2 6.7+£10.3 0.420
Position phenotype (P/I/NP) 26/20/27 57/35/34 0.373
Apnea vs. Hypopnea
Al:HI ratio 22+152 10.1£1114 0.410
A/H phenotype (A/H/I) 13/88/35 35/143/57 0.337
Males only (n) 111 205
Age (years) 444 +£10.3 520+10.5 <0.001*
BMI (kg/m?) 271.8+3.7 29.6+4.6 0.001*
Neck circumference (cm) 400+28 415+29 <0.001*
Baseline AHI (/h) 234132 30.7+17.6 <0.001*
Sleep stage dependency
AHlren:AHIgren ratio 21+26 1617 0.09
Stage phenotype (R/N/I) 33/25/49 42/44/111 0.132
Body position dependency
AHlsupine:AHInon-supine ratio 6.9+ 111 76+115 0.741
Position phenotype (P/I/NP) 16/15/17 47127121 0.129
Apnea vs. Hypopnea
Al:HI ratio 28+18.1 13.2+£127.9 0.432
A/H phenotype (A/H/I) 9/58/28 34/107/37 0.060
Females only (n) 44 65
Age (years) 54.0+8.0 58.3+8.6 0.009*
BMI (kg/m?) 29.5+6.2 304£6.5 0.482
Neck circumference (cm) 36.3+3.0 371+32 0.274
Baseline AHI (/h) 223+13.3 28.0+16.2 0.054
Sleep stage dependency
AHlgen:AHI\gen ratio 40+48 34144 0.488
Stage phenotype (R/N/I) 25214 3312124 0.774
Body position dependency
AHlsypine:AHInon-supine ratio 29+19 42+46 0.198
Position phenotype (P/I/NP) 10/5/10 10/8/13 0.743
Apnea vs. Hypopnea
Al:HI ratio 08+17 0506 0.361
A/H phenotype (A/H/) 413017 1/36/10 0.046
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Table S3—Characteristics of MAS treatment responders and non-responders (definition 3).

Responders Non-responders
(n=271) (n=154) p value
Gender (% male) 72 78 0.204
Age (years) 49.5+10.6 542+10.8 <0.001*
BMI (kg/m?) 288+50 299+51 0.037
Neck circumference (cm) 39.7+34 404 £3.6 0.067
Baseline AHI (/h) 290+16.4 250+15.8 0.015
Sleep stage dependency
AHlren:AHlygen ratio 21+28 25+34 0.215
Stage phenotype (R/N/I) 75/47/135 58/26/63 0.091
Body position dependency
AHlsupine:AHInon-supine ratio 57+92 74111 0.266
Position phenotype (P/I/NP) 55/30/46 28/25/14 0.058
Apnea vs. Hypopnea
Al:HI ratio 9.6 +111.3 3.1+£16.3 0.497
A/H phenotype (A/H/I) 28/143/64 20/88/28 0.323
Males only (n) 196 120
Age (years) 4731105 527+ 11.0 <0.001*
BMI (kg/m?) 284+40 29.8+50 0.010*
Neck circumference (cm) 40.7+£29 414 £3.1 0.052
Baseline AHI (/h) 295+16.4 259+16.7 0.058
Sleep stage dependency
AHlzen:AHIgen ratio 1.7+21 1.9+21 0.285
Stage phenotype (R/N/I) 38/45/107 37124153 0.050
Body position dependency
AHlsupine:AHInon-supine ratio 6.8 +10.7 82+123 0.484
Position phenotype (P/I/NP) 39/23/27 24119111 0.323
Apnea vs. Hypopnea
Al:HI ratio 13.3+£132.0 38+185 0.466
A/H phenotype (A/H/I) 24/100/43 19/65/22 0.543
Females only (n) 75 34
Age (years) 55.2+ 8.6 50.6+7.9 0.015*
BMI (kg/m?) 299+6.38 303£55 0.723
Neck circumference (cm) 36.9+3.2 36.5+ 3.1 0.623
Baseline AHI (/h) 2715+16.4 21.8+12.0 0.073
Sleep stage dependency
AHlgen:AHI\gen ratio 33+39 4456 0.270
Stage phenotype (R/N/I) 3712128 21/2110 0.458
Body position dependency
AHlsypine:AHInon-supine ratio 34+38 44+36 0.383
Position phenotype (P/I/NP) 16/7/19 4/6/4 0.079
Apnea vs. Hypopnea
Al:HI ratio 4/43/21 1123/6 0.424
A/H phenotype (A/H/) 0.7+14 05+0.7 0.390
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Table S4—Logistic regression analyses for prediction of mandibular advancement splint (MAS) treatment outcome.

Treatment Response Definition

1 2 3
Predictors B (SE) OR (95%Cl) B (SE) OR (95%Cl) B (SE) OR (95%Cl)
Age -0.06 (0.01)™* 0.95(0.93-0.97)  -0.04 (0.01)** 0.96(0.94-0.98)  -0.04 (0.01)*** 0.96 (0.94-0.98)
AHI -0.03 (0.01)* 097 (0.96-0.99)  -0.01(0.01)* 0.9 (0.97-1.0) 0.02 (0.01)**  1.02 (1.01-1.04)
BMI -0.05(0.02)*  0.95(091-1.00)  -0.04(0.02)* 096(0.92-1.0)  -0.05(0.02)*  0.95(0.920.99)

Demographic, anthropometric and polysomnographic phenotypes were considered as predictors of MAS treatment response. Treatment response was
considered by three definitions based on level of total AHI reduction 1) AHI < 5/h on MAS, 2) AHI < 10/h with 50% reduction from baseline and 3) > 50%
reduction in AHI from baseline. AHI, apnea-hypopnea Index at baseline; B, coefficient; BMI, body mass index; Cl, confidence interval; OR, odds ratio; SE,

standard error. *p < 0.05, **p < 0.01, ***p < 0.001.
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