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Thesis Abstract

Oral appliances are a common alternative to CPAP for obstructive sleep apnoea (OSA) therapy. However, efficacy varies and current methods to predict favourable
treatment responses are inadequate. This thesis aims to advance knowledge on the effect of oral appliance therapy on upper airway physiology and identify physiological
characteristics to help predict which patients are most likely to respond favourably to oral appliance therapy.

Study 1 examines the role of body posture and mandibular advancement on nasal resistance in people with OSA. Efficacy of a novel titanium-based oral appliance with an
in-built oral airway was also quantified. Awake nasal resistance increased systematically from seated, to supine, to lateral but was not altered by acute mandibular
advancement. Unlike conventional devices, the novel oral appliance had similar therapeutic efficacy in people with high and low nasal resistance.

Study 2 used a detailed physiological approach to carefully quantify therapeutic CPAP requirements during combination therapy with CPAP and an oral appliance in the
clinically relevant group of non-responders to oral appliance therapy alone. CPAP requirements reduced by ~40% with combination therapy.

Study 3 prospectively explored potential differences in the 4 pathophysiological traits that contribute to OSA between responders and non-responders to oral appliance
therapy using gold standard respiratory phenotyping methodology and validated algorithm-based estimates. Efficacy of a next generation nylon-based novel oral appliance
with a built-in oral airway was also assessed as was awake nasal resistance. Oral appliance therapy reduced OSA severity by ~40%. OSA severity reduced by >50% in
half of the participants in both people with and without high nasal resistance. Responders to therapy tended to have a less collapsible upper airway and better pharyngeal
muscle compensation at baseline when these traits were estimated via polysomnography but not when measured directly in this prospectively recruited cohort, none of
whom had major anatomical compromise at baseline (Pecrit all <2cmH,0).

These findings provide new insight into the effects of a novel oral appliance on upper airway physiology and therapeutic efficacy and the potential for combination therapy
for those with an incomplete therapeutic response to monotherapy with an oral appliance and the potential for estimates of OSA pathophysiological traits to help predict a
favourable treatment response.
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Abstract

Oral appliances are a common alternative to continuous positive airway pressure
(CPAP) for obstructive sleep apnoea (OSA) therapy. However, efficacy varies and
current methods to predict favourable treatment responses are inadequate. This
thesis aims to advance knowledge on the effect of oral appliance therapy on upper
airway physiology and identify physiological characteristics to help predict which

patients are most likely to respond favourably to oral appliance therapy.

Study 1 examines the role of body posture and mandibular advancement on nasal
resistance in people with OSA. Efficacy of a novel titanium-based oral appliance with
a built-in oral airway was also quantified. Awake nasal resistance increased
systematically from seated, to supine, to lateral but was not altered by acute
mandibular advancement. Unlike conventional devices, the novel oral appliance had

similar therapeutic efficacy in people with high and low nasal resistance.

Study 2 used a detailed physiological approach to carefully quantify therapeutic
CPAP requirements during combination therapy with CPAP and an oral appliance in
the clinically relevant group of non-responders to oral appliance therapy alone. CPAP

requirements reduced by ~40% with combination therapy.

Study 3 prospectively explored potential differences in the 4 pathophysiological traits
that contribute to OSA between responders and non-responders to oral appliance
therapy using gold standard respiratory phenotyping methodology and validated
algorithm-based estimates. Efficacy of a next generation nylon-based novel oral
appliance with a built-in oral airway was also assessed as was awake nasal
resistance. Oral appliance therapy reduced OSA severity by ~40%. OSA severity
reduced by >50% in half of the participants in both people with and without high nasal
resistance. Responders to therapy tended to have a less collapsible upper airway
and better pharyngeal muscle compensation at baseline when these traits were
estimated via polysomnography but not when measured directly in this prospectively
recruited cohort, none of whom had major anatomical compromise at baseline (Pcrit
all <2cmH20).

These findings provide insight into the effects of a novel oral appliance on upper
airway physiology and therapeutic efficacy and the potential for combination therapy

for those with an incomplete therapeutic response to monotherapy with an oral
vii



appliance, and the potential for estimates of OSA pathophysiological traits to help

predict a favourable treatment response.

viii



Publications

The following are publications that have arisen from work towards this thesis:

1.

Tong BK, Tran C, Ricciardiello A, Chiang A, Donegan M, Murray N, Szollosi
[, Amatoury J, Carberry JC, Eckert DJ. Efficacy of a novel oral appliance and
the role of posture on nasal resistance in obstructive sleep apnea. J Clin Sleep
Med. 2020 Apr 15;16(4):483-492. doi: 10.5664/jcsm.8244.

Tong BK, Tran C, Ricciardiello A, Donegan M, Chiang AKI, Szollosi |,
Amatoury J, Carberry JC, Eckert DJ. CPAP combined with oral appliance
therapy reduces CPAP requirements and pharyngeal pressure swings in
obstructive sleep apnea. J Appl Physiol (1985). 2020 Nov 1;129(5):1085-
1091. doi: 10.1152/japplphysiol.00393.2020. Epub 2020 Sep 10.

The following are published abstracts and conference proceedings resulting from

work towards this thesis:

1.

Tong B., Tran C., Ricciardiello A., Donegan M., Murray N., Chiang A.,
Amatoury J. Eckert D., Postural effects on nasal resistance in obstructive
sleep apnoea (OSA) and efficacy of a novel oral appliance, European
Respiratory Journal Sep 2018, 52 (suppl 62) PA4339; DOl
10.1183/13993003.congress-2018.PA4339

Tong B., Amatoury J., Carberry J., Eckert D., Role of posture on nasal
resistance and OSA severity with a novel mandibular advancement device.,
J Sleep Res 2017, 26: 70-70. https://doi.org/10.1111/jsr.99_12619

Tong B., Amatoury J., Carberry J., Eckert D., The effects of posture and
mandibular advancement on nasal resistance and obstructive sleep apnea
treatment outcome with novel oral appliance therapy device., Sleep Medicine,
Volume 40, Supplement 1, 2017, page e87,
https://doi.org/10.1016/j.sleep.2017.11.249

Tong B., Tran C., Ricciardiello A., Donegan M., Murray N., Chiang A.,
Amatoury J., Eckert D., Combined CPAP and oral appliance (OA) therapy

reduces PAP requirements and pharyngeal pressure (Pepi) swings in OSA,,



European Respiratory Journal Sep 2018, 52 (Suppl 62) PA 4346; DOI:
10.1183/13993003.congress-2018.PA4339

Tong B., Tran C., Ricciardiello A., Donegan M., Murray N., Chiang A., Szollosi
I., Amatoury J., Eckert D., Combination therapy with CPAP plus MAS reduces
CPAP therapeutic requirements in incomplete MAS responders. J Sleep Res
(2018), 27: e179_12766. https://doi.org/10.1111/jsr.179 12766

Tong B., Bull C., Chiang A., Donegan M., Brown E., Kwan B., Eckert D.,
Efficacy of a novel oral appliance and the influence of OSA pathophysiological
traits on treatment response. SLEEP2021 (Submitted)

Other related publications that have arisen during candidature:

1.

Lai V, Tong BK, Tran C, Ricciardiello A, Donegan M, Murray NP, Carberry
JC, Eckert DJ. Combination therapy with mandibular advancement and
expiratory positive airway pressure valves reduces obstructive sleep apnea
severity. Sleep. 2019 Aug 1;42(8):zsz119. doi: 10.1093/sleep/zsz119. PMID:
31180512

Osman AM, Tong BK, Landry SA, Edwards BA, Joosten SA, Hamilton GS,
Cori JM, Jordan AS, Stevens D, Grunstein RR, McEvoy RD, Catcheside PG,
Eckert DJ. An assessment of a simple clinical technique to estimate
pharyngeal collapsibility in people with obstructive sleep apnea. Sleep. 2020
Oct 13;43(10):zsaa067. doi: 10.1093/sleep/zsaa067. PMID: 32267509


https://doi.org/10.1111/jsr.179_12766

Acknowledgements

First and foremost, | would like to express my sincere gratitude to Professor Danny
Eckert for willing to be my PhD supervisor. | thank him for his mentorship and
guidance throughout my candidature. | appreciate the time, dedication,
knowledgeable insight and support he has contributed during our meetings and
discussions. | could not have asked for a better supervisor and mentor for this

journey.

| would like to thank Dr. Michelle Donegan for looking after the participants in my
research studies. Her extensive knowledge and experience in sleep dentistry was
vital in ensuring participants were appropriately acclimatised to therapy during my

experiments.

| sincerely thank Associate Professor Benjamin Kwan, Dr. Elizabeth Brown and Dr.
Nicholas Murray for their assistance with recruitment of participants for my

experiments.

| would like to thank Dr. Alan Chiang for his kind help and support during my studies.
His assistance in troubleshooting, equipment set up and development of analytical
tools was invaluable and highly appreciated during my research. | am grateful for the
assistance provided by Dr. Amal Osman and Dr. Sophie Carter for their guidance

with phenotyping data analysis and sharing their analysis templates.

| am very appreciative of the assistance provided by Christopher Bull, Jade Yeung,
Aaron D’Hary, Paras Acharya, Corey Botansky, Kristopher Fair, Carolin Tran and
Andrea Ricciardiello in coordinating participants and data collection during my

research.

| am thankful to the participants who kindly donated their time and energy to

participate in my experiments.

Finally, | would like to thank my mother for her constant support and encouragement

throughout my study.

Xi



Funding support

| am thankful for the financial support provided by the University Postgraduate Award
(UPA) from UNSW, top up scholarships from Oventus Medical and NeuRA during
my candidature. | am also grateful for the student travel awards granted by UNSW,
School of Medical Sciences, Australasian Sleep Association and Australia New
Zealand Sleep Science Association which supported me on conferences during my
candidature. | would also like to acknowledge the additional support from the

Australian Government Research Training Program Scholarship.

The research conducted in this thesis was supported by a Cooperative Research
Centre (CRC)-P grant, a collaboration between the Australian Government,

Academia and Industry (Industry partner Oventus Medical).

Xii
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AASM American Academy of Sleep Medicine

AHI Apnoea/hyponoea index

BMI Body mass index

CPAP Continuous positive airway pressure
CPAP+0OA Combination therapy with CPAP and oral appliance
CSA Central sleep apnoea

EEG Electroencephalogram

EMG Electromyogram

EPAP Expiratory positive airway pressure

ESS Epworth sleepiness scale

IQR Interquartile range

LG1 Loop gain determined at 1cycle/min

LGn Loop gain determined at the natural cycling frequency
MAS Mandibular advancement splint

MRI Magnetic resonance imaging

N1 NREM stage 1

N2 NREM stage 2

N3 NREM stage 3

NARES Non-allergic rhinitis with eosinophilia syndrome
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NREM Non-rapid eye movement

(07} Oxygen
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OSA Obstructive sleep apnoea
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SARAH index
SD

T90

TST

WASO

Sleep Adjusted Residual AHI

Standard deviation

Time spent with blood oxygen saturation below 90%
Total sleep time

Wake after sleep onset
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1. Literature review

1.1.  Obstructive sleep apnoea
1.1.1.Description

Obstructive sleep apnoea (OSA) is a common sleep-related breathing disorder
characterised by repetitive episodes of upper airway collapse during sleep. OSA is
associated with a partial reduction or complete cessation in airflow, a decrease in
oxygen saturation, progressive increases in respiratory effort throughout each

breathing disturbance (108) and microarousals or cortical arousals from sleep (202).

1.1.2.Prevalence

Prevalence estimates of moderate to severe OSA (apnoea/hypopnoea index
[AHI]=15 events/h sleep) among Australian adults is approximately 10% (287). OSA
is more common in men than women (27, 246, 287, 316, 347). US population data
from the Wisconsin cohort estimates that 13% of men and 6% of women aged
between 30 to 70 years old have moderate to severe OSA (AHI= 15 events/h sleep)
(246). A recent Swiss community-based study found that approximately 50% of men
and 25% in women aged 35-75 years had an AHI=15 events/h based on current

polysomnography standards (116).

OSA is more prevalent with increasing age. It is estimated that OSA prevalence in
older men is double of that compared to younger men of similar body habitus (246).
A Spanish population based study of people aged between 30 to 70 years of age
found that for each decade increase in age the odds ratio in OSA prevalence doubles
(69). Obesity is also a major risk factor for OSA (246, 348). Data from the Wisconsin
cohort indicates that people are six times more likely to develop OSA from justa 10%

increase in body weight (348).

OSA prevalence differs among different ethnic groups. Far east Asian men tend to
have more severe OSA compared to their Caucasian counterparts despite having
significantly lower BMI (175). African Americans are more likely to have OSA
compared to Caucasians. For example, Redline and colleagues found that OSA
prevalence among young African Americans is higher compared to Caucasians of
similar age (<25 years) (257). Similarly, older African Americans are twice more likely

to develop severe OSA compared to older Caucasians (>65 years) (4). Differences
1



in OSA between ethnic groups suggest potential differences in upper airway
structures (195). For example, Li and colleagues demonstrated that east Asian men
have a more crowded upper airway compared to Caucasians which explains, at least

in part, the increased OSA severity seen in east Asian men (175).

1.1.3.Consequences

Excessive daytime sleepiness is a key symptom of OSA. This can result in major
adverse health and quality of life consequences. Untreated OSA increases the risk
of cardiovascular disease (198), hypertension (247), stroke (258, 340) and metabolic
disorders (242, 261). Links between OSA and cancer in patients younger than 65

years old have also been reported (37).

OSA is associated with neurocognitive deterioration in attention, vigilance, learning
and memory (35, 166) which affects general safety and quality of life. Sleepy
individuals with untreated OSA are seven times more likely to be involved in a motor
vehicle crash (273). The odds of workplace accidents among individuals with OSA is
twice that of those without OSA (98).

1.2. Pathophysiology of OSA

OSA pathogenesis is heterogeneous. Recent studies have defined at least four
primary pathophysiological traits that contribute to OSA (79). These traits can be

further categorised as anatomical and non-anatomical factors.

Anatomical causes of OSA are related to a narrow or impaired upper airway anatomy
that contributes to increased pharyngeal collapsibility. Non-anatomical causes of
OSA includes increased propensity to awakening from respiratory disturbances (low
respiratory arousal threshold), unstable ventilatory control (high loop gain) and poor
upper airway muscle responsiveness (79). Considering that upper airway collapse
only occurs during sleep, a combination of both anatomical and non-anatomical
factors is necessary to contribute to upper airway obstruction (Figure 1.1). However,
the relative contributions of the various traits to OSA pathogenesis varies

substantially between patients (79).



Anatomical contributors Non anatomical contributors
Collapsible upper airway (Pcrit) * Low arousal threshold

Narrow pharynx *  Poor muscle responsiveness
Abnormal craniofacial structure * Highloop gain

Figure 1.1: Obstructive sleep apnoea is caused by a combination of anatomical and non-
anatomical factors.

1.2.1.Pcrit

OSA requires some degree of anatomical compromise within the upper airway.
Modern imaging techniques have revealed key differences in the pharyngeal
anatomy between people with OSA and without OSA (32, 113, 277, 278). Individuals
with OSA tend to have a narrower pharyngeal cross sectional area compared to
those without OSA (113, 277). This narrowing is often a result of excess fat or
enlarged soft tissues surrounding the pharynx (123, 153, 278). Abnormal craniofacial
structures surrounding the airway also contribute to a reduced airway calibre (11,
101, 132, 225). Additionally, increased length of the pharyngeal airway is associated
with the severity and presence of OSA in humans (194, 281). Mechanical properties
of the soft tissues within the upper airway can contribute to the pathogenesis of OSA.
A recent study by Brown and colleagues found that the tongue in people with OSA

is softer versus those without OSA (34).

The gold standard technique to quantify the degree of anatomical compromise within
the upper airway during sleep is the critical closing pressure (Pcrit). Pcrit is defined
as the pressure at which the pharyngeal airway collapses. Pcrit is based the
assumption that the upper airway behaves according to a Starling resistor model
(105, 128, 289) which dictates that the upper airway will collapse when the pressure

difference within the airway is less than pressure acting externally on the airway.



Pcrit is quantified during stable sleep through transient continuous positive airway
pressure (CPAP) reductions from therapeutic levels until the airway closes (79, 105,
280). Each CPAP reduction is conducted for five breaths before returning CPAP to
therapeutic levels. Peak inspiratory flow measurements are taken for flow limited
breaths 3-5 (to avoid initial lung-volume related effects on airway collapsibility during
breaths 1-2) (241) and plotted against the corresponding CPAP level. Pcrit is then
calculated via a linear regression of the peak inspiratory flow versus CPAP level

where the fitted curve intersects at zero flow (Figure 1.2).
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Figure 1.2: Calculation of Pcrit

Pcrit is calculated by extrapolating the linear regression line of peak inspiratory flow versus mask
pressure (Pmask) plot to O flow.

Measurement of Pcrit via this method is known as the “passive Pcrit” which assumes
minimal pharyngeal dilator muscle activity due to CPAP (39, 279). Accordingly,
passive Pcrit provides an estimate of upper airway collapsibility based on the

properties of the pharynx.

Pcrit is positively correlated with OSA severity. Individuals with OSA typically have a
Pcrit above atmospheric pressure (> OcmH20) consistent with a highly collapsible
airway (79, 105). However, approximately 20% of individuals with OSA (who have
varying OSA severity as measured by the AHI) only have a mildly collapsible
pharyngeal airway similar to many people without OSA (Pcrit = 0 cmH20 to -5
cmH20) (79). This indicates that non-anatomical factors are also important

contributors to OSA pathogenesis for many patients. In contrast, most people without



OSA do not have pharyngeal anatomical impairment and have negative Pcrit values
(<-5cmH20) (79, 105, 280).

Upper airway collapsibility is gender, age and BMI dependent. On average, passive
Pcrit is at least 2 cmH20 higher in males compared to females (156). Anatomical
differences between males and females contribute to the gender difference in Pcrit
(194). Upper airway collapsibility also increases with obesity with a 1.4cmH20
increase in Pcrit per 10kg/m? increase in BMI (156). Higher fat composition around
the upper airway in obese individuals can result in increased external pressure on
the upper airway resulting in increased airway resistance (159) and a more
collapsible airway (55, 159). Obese individuals tend to have fat deposits around the
torso and abdomen which can decrease lung volumes (285, 350) and create caudal
traction on the upper airway resulting in increased airway collapsibility (117) and
increased OSA severity. Pcrit increases by 0.5cmH>O per decade of age (156).
However, this effect is more prominent in perimenopausal women due to

redistribution of fat from the periphery to central regions (156).

Pcrit also varies with head (325) and body position (237), surface tension of the
pharyngeal mucosa (155), nocturnal rostral fluid redistribution (335), degree of mouth

opening (7), sleep states (39) and ethnicity (232).

1.2.2.Arousal threshold

Arousals (rapid transitions from sleep to wake) are a common feature of
polysomnographic sleep studies. The American Academy of Sleep Medicine (AASM)
defines an arousal as a sudden change in EEG frequency (including alpha, theta
and/or frequencies greater than 16Hz (but not spindles)) which lasts for 3 seconds

or more with at least 10 seconds of stable sleep prior (23).

Arousals resulting from respiratory disturbances are common in people with OSA
(260). Originally, arousals were thought to be necessary to allow upper airway
opening at the termination of an OSA episode (250). However, up to a third of
obstructive events do not end with an arousal (65, 140, 259). In the late 1990s, Berry
and Gleeson comprehensively reviewed the role of arousals in OSA and begun to
challenge traditional views on the relationship between arousal and OSA (24).

Subsequently, a milestone study by Younes and colleagues, discovered that



arousals were not necessary at the end of a respiratory event to restore respiratory
airflow in OSA (342). In fact, arousals can have detrimental or beneficial roles in

different individuals with OSA depending on their underlying pathophysiology (342).
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Figure 1.3: Quantification of the respiratory arousal threshold

Arousal threshold is described to be the nadir epiglottic pressure (Pepi) immediately prior to an
arousal (highlighted blue) resulting from a respiratory disturbance (highlighted red) as indicated
by the red circle. EMGssraw=Raw signal of genioglossus electromyogram, EMGgeemta=0.1s
moving time average of rectified raw genioglossus electromyogram, Pepi= epiglottic pressure,
EEG=Electroencephalogram.

Respiratory arousals are mediated by respiratory chemoreceptors and
mechanoreceptors in response to changes in blood gases and mechanical
loading(106). Changes in blood gases (T Pco2) and increases in respiratory drive
during an obstructive episode result in increasing ventilatory effort to breathe.
Effectively, when a threshold is reached an arousal occurs which is associated with
the level of ventilatory effort(106). Interestingly, it was discovered that arousal from
sleep occurred at similar peak negative oesophageal pressures regardless of
ventilatory disturbance stimulus(106). This value which varies substantially between

individuals is known as the respiratory arousal threshold. Specifically, the arousal



threshold is defined as the nadir epiglottic or oesophageal pressure immediately prior

to an arousal from a respiratory disturbance (79) (Figure 1.3).

Recent studies that have investigated the arousal threshold have classified people
with OSA as having a low (0 to -15cmH20) or high arousal threshold (larger negative
pressure swings) (78, 79). A low arousal threshold (waking up too easily) can
contribute to the pathogenesis of OSA (24, 80, 342) through several pathways. First,
frequent arousals to respiratory disturbances can cause sleep fragmentation and
reduced sleep continuity (80) preventing the progression to deeper stages of sleep
where OSA rarely occurs (256). Next, an arousal threshold which is lower than the
upper airway dilator muscle recruitment threshold which is also triggered by the
respiratory drive limits activation of this protective mechanism to open the airway
without arousal (343). Finally, ventilatory overshoot from end of respiratory event
arousals causes breathing instability which can perpetuate further respiratory events
(342). Moreover, the severity of the following obstructive events is a function of the
intensity of the arousal (2). Delaying arousal can provide sufficient opportunity for the
upper airway muscles to reopen the airway while maintaining sleep in these
individuals (342, 343). However, people who have poor upper airway muscles are

not able to restore airway patency (67).

Individuals with a high arousal threshold however, are also susceptible to OSA from
other means. Reduced propensity to awakening can be detrimental for these
individuals especially when coupled with blunted respiratory drive which can result
in prolonged apnoeas (e.g. obesity hypoventilation phenotype) (80). In this case,
arousals which are associated with wakefulness levels of upper airway muscle

activation, act to reopen the airway (80, 250).

1.2.3.Loop gain

Periodic breathing is a common feature of OSA (236). The occurrence of periodic
breathing is a result of an unstable ventilatory control system (152). The ventilatory
control system consists of a negative feedback loop system in which a change in
ventilation causes variations in blood gas tensions. Chemoreceptors within the
control system sense these changes and produce a ventilatory response to

counterbalance the initial change (152).



Loop gain refers to the quantification of the ventilatory response to the initial
disturbance (73, 152). The measurement of loop gain is a ratio between the
ventilatory response to a disturbance (328, 344). It is characterised by the plant gain
(lungs, blood), controller gain (chemosensitivity) and mixing delay (mixing of blood
gases). Any disruptions, to either of these components will alter the balance of the

control system and affect loop gain (74).

Approximately a third of people with OSA have a high loop gain (79). Individuals with
a high loop gain are more sensitive to blood gas changes and have large ventilatory
responses to minor ventilatory disturbances resulting in further periodic breathing
(74). Conversely, those with a low loop gain have a more stable ventilatory control
system (73). Loop gain is associated with OSA severity. Younes demonstrated that
loop gain is higher in people with severe OSA compared to those with a mild or
moderate severity (344). More recent studies indicate that loop gain is higher in
people with mild-moderately collapsible upper airways as measured by Pcrit (79,
329).

Loop gain is conventionally measured from CPAP manipulations or by using a
proportional assist ventilation device as described previously (79, 328, 329, 344).
Due to the complexity in measuring loop gain via these labour intensive and
technically challenging methods, new techniques have been explored to estimate
loop gain in people with OSA. For example, breath holding for up to 20 seconds and
maximal breath hold manoeuvres can be used to estimate loop gain (212). Other
methods such as estimating loop gain from standard clinical polysomnography

studies have also shown promise (311).

Several studies have explored the role of loop gain in the pathophysiology of OSA.
Loop gain is reduced in REM sleep compared to NREM sleep (167, 211). Messineo
and colleagues demonstrated that loop gain in REM sleep is reduced by 25%
compared to NREM sleep (211). Loop gain is also similar between genders
regardless of OSA diagnosis (141, 330).

Long term CPAP use is associated with reduced loop gain in people with OSA (183).
Oxygen therapy lowers loop gain and improves OSA severity in those with a high
loop gain phenotype (331). Acetazolamide reduces loop gain and reduces OSA

severity (82).



1.2.4.Muscle responsiveness

The pharyngeal airway is a flexible structure. It is crucial for breathing, speech and
swallowing. It lacks rigidity with the absence of cartilage or bones for support, making
it prone to collapse. The patency of the pharyngeal airway is largely regulated by the
surrounding dilator muscles. The largest dilator muscle within the pharyngeal airway
is the genioglossus muscle. The genioglossus is an extrinsic muscle which facilitates

tongue movement and pharyngeal patency (158).

Given that the genioglossus is the largest upper airway dilator muscle, it is widely
studied for its role in breathing and the pathogenesis of OSA (142). Neural drive to
the genioglossus originates from pattern generator neurons located in the brain stem
and reflex drives from mechanoreceptors and chemoreceptors. Summation of
activation patterns of the genioglossus during quiet breathing is increased during
inspiration (phasic activity) compared to expiration (tonic activity) (266). During sleep
onset, upper airway muscle activity is reduced due to the loss of wakefulness drive
(182, 338). Additionally, genioglossus muscle activity is sleep stage dependent and

increases from N2 to N3 sleep with major reductions in REM (39).

In people with OSA, dilator muscle activity is higher compared to age and BMI
matched controls during quiet breathing (215). This suggests that people with OSA
are highly reliant on the pharyngeal dilator muscles to maintain airway patency even
during wakefulness (215). The combined reduction in wakefulness and reflex drive
and the inability to recruit the pharyngeal dilator muscles during sleep are suggested
to be contributors to OSA pathogenesis (76, 77, 141). Roughly a third of people with
OSA are unable to activate the genioglossus during flow limitation or obstructive
events during sleep (79). Although obesity is a risk factor for OSA, some obese

individuals do not have OSA due to robust upper airway muscles (270).

Uncoordinated activation of the upper airway muscles during sleep in some
individuals with OSA can result in failure to reopen a collapsed airway (67). A recent
MRI imaging study identified four distinct movement patterns of the tongue during
inspiration in people with OSA (32). Individuals with very severe OSA exhibited
minimal tongue movement whereas those with mild-moderate severity exhibited
bidirectional tongue movement which was counterproductive in terms of airway
dilation (32). These variation in tongue movement within people with OSA has

suggested possible neuromuscular abnormalities within the tongue. For instance,
9



Saboisky and colleagues demonstrated evidence of neural remodelling within the
genioglossus in people with OSA (267). This finding is further supported by an earlier
study which suggested inflammatory cell infiltrates and denervation within the upper
airway muscle which explains the poor performance of the upper airway muscles in
establishing or maintaining airway patency (30). Histology analysis of the
genioglossus between people with and without OSA revealed structural changes
within the fibres of the genioglossus muscle in OSA (40) resulting in an increased
propensity of fatiguability despite being stronger (40, 75). Similar abnormalities have
also been detected in the tissues of the soft palate (177). These abnormalities
however, were largely corrected with CPAP therapy (40, 222). In addition to
neuropathy, Kim and colleagues reported higher fat content in the tongue of OSA
patients compared to controls (153). Increased fat within the tongue may also affect

the performance of the genioglossus to maintain airway patency (153).

Muscle activity in OSA human studies have been conventionally measured using
bipolar recordings of fine wire electrodes inserted perorally or percutaneously into
the genioglossus muscle (275). Muscle activity measurements are scaled relative to
maximal genioglossus activity to produce a percentage of maximum genioglossus
activity (215). This allows for patient-to-patient comparisons. Muscle responsiveness
is calculated from the slope of the relationship between peak muscle activity and

peak negative epiglottic pressure (79) (Figure 1.4).

Understanding the role of the upper airway muscles in the pathogenesis of OSA is
fundamentally important to tailor treatment solutions for those with a poor muscle
responsiveness phenotype. Recent studies have demonstrated electrical stimulation
of the hypoglossal nerve leads to stiffening of the upper airway from tongue
protrusion (70). In addition, OSA severity was found to be reduced by at least half in
people with OSA (70, 296). Pharmacotherapies to stimulate the upper airway
muscles have also been explored recently. For instance, desipramine has been
found to increase genioglossus muscle activity while reducing pharyngeal
collapsibility resulting in lower OSA severity in OSA patients with poor muscle
responsiveness (308, 310). Additionally, a combination of atomoxetine and
oxybutynin was found to increase genioglossus muscle responsiveness by three
folds and reduce OSA severity by more than half (309). Upper airway muscle training
has also been proposed as a potential therapeutic option to target this OSA
phenotype with promising outcomes (36, 109, 125).
10
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Figure 1.4: Quantification of muscle responsiveness

Genioglossus muscle responsiveness is determined by quantifying the slope of the relationship
between peak muscle activity (red dotted line) and nadir epiglottic pressure (blue dotted line) on
a breath by breath basis during respiratory events (highlighted red). EMGeeraw=Raw signal of
genioglossus electromyogram, EMGeemta=0.1s moving time average of rectified raw
genioglossus electromyogram, Pepi=epiglottic pressure, EEG=Electroencephalogram

1.3. The PALM scale approach

The Pcrit, Arousal threshold, Loop gain, Muscle responsiveness (PALM) scale
categorises OSA patients based on their anatomical and non-anatomical traits to
help advance OSA pathogenesis and identify suitable targeted OSA therapies (79).
Briefly, the PALM scale categorises OSA patients in to three categories based on
their upper airway collapsibility. A PALM scale of 1 describes a patient with very
collapsible upper airway as the primary cause of OSA and will most likely do well
with a major anatomical intervention (e.g. CPAP). A patient with mild to moderate
anatomical collapsibility is categorised as PALM scale 2. OSA patients within this
PALM scale category can be further classified without (2a) or with (2b) vulnerable
non-anatomical traits. Those who are classified as 2a would tend to be more suitable
to anatomical interventions (e.g. mandibular advancement splint or upper airway
surgery) as their OSA is primarily caused by anatomical deficiencies. Those
classified as 2b would benefit from combination therapies that target both the

anatomical and relevant non-anatomical trait or traits. The final category within the
11



PALM scale is 3. OSA patients in this group tend to have non-anatomical deficiencies
as the main cause of OSA while having only mild anatomical impairment. These

patients may benefit from therapies that target the non-anatomical trait or traits.

Favourable outcomes to OSA therapy can be predicted based on the PALM scale by
targeting these anatomical and non-anatomical deficiencies. This could help
streamline the current trial and error approach in clinical settings resulting in better
patient outcomes (38). A predictive model has estimated that by knowing the effect
sizes of non-CPAP therapies which target these vulnerable pathophysiological traits,
approximately 50% of patients with OSA can be treated from either one or a
combination of these therapies (240). However, translating the application of the
PALM scale approach to a clinical setting remains a challenge. Accurately identifying
and quantifying these pathophysiological traits using gold standard approaches
requires specialised equipment which are not readily available in clinics. Moreover,
the PALM scale was developed based on data in NREM sleep and obese patients
(79). The effect of the pathophysiological traits in REM sleep and non-obese patients
remain unclear. Nonetheless, the PALM scale approach provides a new perspective
in tailoring OSA therapies to improve treatment effectiveness and compliance for
patients with OSA.

1.4. Treatment for OSA
1.4.1.Continuous positive airway pressure

Continuous positive airway pressure (CPAP) is the gold standard therapy for OSA
(1). CPAP acts as a pneumatic splint to maintain upper airway patency (295, 298).
CPAP also increases lung volume and indirectly stiffens the airway through caudal
traction (117).

CPAP is highly efficacious in abolishing OSA and can improve daytime sleepiness
(85, 87), cognitive function (85, 87) and blood pressure (19, 90, 185, 203, 341).
CPAP use may also reduce the risk of comorbidities such as diabetes (10),
hypertension (219) and cardiovascular disease (198). However, a recent large
randomised clinical trial did not find that CPAP prevent further cardiovascular events
in people with pre-existing cardiovascular conditions despite improvements in other
OSA symptoms (206).

12



The effectiveness of CPAP treatment however is largely limited by patient adherence
to treatment. Based on the common definition for adequate CPAP compliance of
greater than 4 hours per night, at least half of all patients prescribed CPAP therapy
are non-compliant (161, 327). In addition, roughly a third of patients with OSA on
CPAP therapy are non-adherent to treatment after a month on therapy with an
additional 15% abandoning treatment within 10 months of commencing therapy
(8339). Common reasons for non-compliance to CPAP therapy include mask related
discomfort (100, 231, 339), pressure intolerance (100) and preference for alternative
OSA therapies (339).

1.4.2.Mandibular advancement devices

Mandibular advancement devices are popular alternatives to CPAP therapy. The
American Academy of Sleep Medicine recommends that mandibular advancement
devices should be prescribed to patients with OSA who fail CPAP therapy and those
with less severe OSA (254). Mandibular advancement devices are a type of dental
oral appliance which aim to pull the mandible forward to assist with upper airway
dilation and alleviate OSA. Mandibular advancement devices can improve symptoms
of OSA including subjective sleepiness and quality of life comparatively to CPAP (16,
66, 88, 97, 249). CPAP however, is superior at reducing OSA severity (16, 66, 88,
97, 249) and improving arterial oxygen saturation (97, 249).

The mechanisms of action of mandibular advancement devices in dilating the upper
airway have been studied in recent years. One study showed that mandibular
advancement devices increase the lateral upper airway dimensions primarily within
the velopharyngeal area (43). Expansion of the lateral upper airway dimensions is
the result of stretching of the lateral soft tissues (33). Additionally, anterior movement
of the tongue with mandibular advancement contributes to increased airway calibre
(33). A recent study also showed that mandibular advancement improves upper
airway collapsibility without affecting genioglossus muscle function (13). An earlier
study showed that upper airway collapsibility improves by approximately 2cmH>O
with mandibular advancement device therapy as measured using the Pclose
technique (similar to Pcrit) (226). This is further supported by Bamagoos and
colleagues recent findings that indicate that mandibular advancement reduces

therapeutic CPAP requirements in a dose dependent manner (14).
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Patients with OSA are generally more adherent and prefer mandibular advancement
therapy compared to CPAP (83, 91, 307). Comparison of objective compliance data
show roughly 80% of patients on mandibular advancement therapy are compliant
(62, 319) compared to 50% to 70% of CPAP users who are compliant (96, 339) at 1
year follow up. Despite the high adherence rate among patients, only half of oral
appliance users achieve complete resolution of OSA (AHI < 5events/hour) (304). The
precise reasons for variability in the efficacy of mandibular advancement device
therapy remain unclear. However, multiple studies have attempted to predict

favourable mandibular advancement therapy outcomes in people with OSA.

Studies have shown that predictors of favourable outcomes with mandibular
advancement therapy include patients who are leaner (120, 303, 305), younger (228,
303), female (199, 228), have a lower Mallampati score (315) and mild severity of
OSA (120, 199, 303). Cephalometric studies have identified that craniofacial features
such as retrognathism (120, 204, 286), shorter soft palate (89, 204, 228), larger
cranial base angle (228), shorter distance between the hyoid and mandibular plane
(89), shorter anterior face height (286) and narrow oropharynx (204, 286) are
associated with favourable mandibular advancement therapy outcomes. Sutherland
and colleagues demonstrated that incomplete responders to therapy have a higher
soft tissue to intra-mandible area ratio (300), suggesting that upper airway crowding
from enlarged surrounding soft tissues contributes to poor mandibular advancement
therapy outcome. A previous study however, showed that responders have a larger
tongue for a given cavity size (223). However, this study was restricted only to a two-
dimensional analyses and did not account for other pharyngeal tissues. Responders
to therapy were also associated with an ‘en bloc’ anterior tongue movement with
mandibular advancement whereas non-responders were found to have minimal to
no movement of the tongue with mandibular advancement during quiet breathing
during a recent dynamic MRI study (33). Despite these potential predictors,
prospectively identifying which patients will respond to mandibular advancement
therapy remains a major clinical challenge. Indeed, most of these metrics when

applied prospectively fail to predict treatment response better than chance.
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1.4.3.Combination therapy

Increased knowledge of the different pathophysiological causes of OSA and
available OSA therapies, has enabled development of a predictive model. Using this
model, it is estimated that combination therapy can effectively treat more than 50%
of people with OSA (240). Thus, combination therapy may be a viable approach to
personalised OSA therapy whereby one or more abnormal traits can be targeted with

specific OSA therapies to yield additive or potentially even synergic benefit.

A recent study demonstrated that concurrent use of CPAP and mandibular
advancement splint (MAS) therapy eliminates OSA in patients intolerant to CPAP
therapy (84). One study explored the use of MAS as a mandibular stabiliser for
patients who require oronasal masks (145). Another study assessed patient comfort
and compliance to combination therapy with CPAP and MAS (180). These studies
all shared the common finding that the CPAP levels required to abolish OSA were
significantly lower when MAS is used in combination with CPAP (84, 145, 180).
Compliance and patient comfort to combination therapy was similar to using CPAP
alone (180).

Dieltiens and colleagues explored combining positional therapy with MAS and
demonstrated that OSA severity reduced by half in patients with supine dependent
OSA (64). Another study investigated the use of expiratory positive airway pressure
(EPAP) valves with MAS therapy as a potential combination therapy option for
incomplete responders to MAS therapy alone (164). This combined anatomical
approach reduced OSA severity for a substantial proportion of the participants
including resolution of OSA in several cases (164). Compliance for these
combination therapies however, remain unknown. Although combination therapy has
been minimally studied, treatment efficacy is favourable supporting the need for long

term compliance studies in this area.
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1.5. The nose
1.5.1. Anatomy and function

The nose serves multiple important functions pertaining to smell, sensation and air
conditioning during breathing (103, 137). The anatomy of the nose can be divided

into two sections, an external structure and the nasal passage.

Figure 1.5 has been removed due to copyright restrictions.

Figure 1.5: Anatomical diagram of the external nose
Figure adapted from Poirrier et al. (2013) (252).

The external structure of the nose comprises the nasal pyramid which protrudes
anteriorly from the face. The nasal pyramid consists of bony, cartilage and epithelial
tissues. The nasal bones sit at the upper third of the nasal pyramid and provide
support for the nasal septum. It is laterally attached to the maxilla by a syndesmosis.
The bottom two thirds of the nose are cartilage tissues. The septum which divides
the nasal cavity is made up of the quadrilateral cartilage, vertical plate of ethmoid
and the vomer. Continuing laterally from the septum is the upper lateral cartilage
which makes up the middle third of the nose and part of the nasal valve. At the lower
third of the nose the lesser alar cartilage and the greater alar cartilage forms the
nares. The external structure of the nose also contains several muscle groups which
alter the shape of the nose such as dilating the nares (92).
16



The internal nasal passages consist of multiple different structures which contribute
to the various physiological functions of the nose. The vestibule is the first point at
which air from the external environment enters the respiratory tract. Stratified
squamous epithelium cells line the vestibule. The vestibule also acts as an initial air
filter, filtering out large particles via the vibrissae (268). Additionally, the vestibule is
lined with thermoreceptors which makes it highly sensitive to changes in temperature
(136) and airflow (45, 46). Stimulation of receptors within the vestibule can influence

subjective nasal resistance (135).

Figure 1.6 has been removed due to copyright restrictions.

Figure 1.6: Anatomical image highlighting the skeletal structures surrounding the nose.
Figure adapted from Mete et al. (2018) (213).

Posterior to the nasal vestibule is the nasal valve. The nasal valve is enclosed by the
caudal end of upper lateral cartilage, medially by the septum and inferiorly by the
base of the pyriform aperture (332). The nasal valve is bounded by the ostium
internum at the anterior and the isthmus nasi at the posterior (230). The area of the
nasal valve is described to be the narrowest region within the nasal passage with an
estimated cross sectional area of 20-60mm? at the valve to 100-300mm? in the nasal
cavum (332). The narrow structure of the nasal valve creates a change from laminar
to turbulent airflow during inspiration to enhance heat, humidification and filtering

between air and the nasal mucosa (50).
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Within the nasal cavity are scroll like bony projections from the medial lateral wall
known as turbinates or conchae. It consists of the superior turbinate, middle turbinate
and inferior turbinate. Turbinates also contain erectile tissues and are highly vascular
which play a role in nasal congestion (137) as well as the nasal cycle (54). The
inferior turbinate plays a key function in temperature regulation, humidification and
filtration of inspired air (21). The middle turbinate has a similar function to the inferior
turbinate with the additional role of directing inspired air towards the olfactory
epithelium (22). Both the inferior and middle turbinate are lined with psuedostratifed
ciliated columnar epithelium. Mucosal glands are also found on both turbinates, but
a higher proportion are located on the middle turbinate (21, 22). Venous sinusoids
which act as erectile tissue regulates nasal airflow through sympathetic and
parasympathetic neurons and thermal stimuli are predominantly found on the inferior
turbinate (22). The superior turbinate contains olfactory neuroepithelium (168). The
turbinates end at the level of the choanae, where both sides of the nasal cavity

converge into the nasopharynx.

Figure 1.7 has been removed due to copyright restrictions.

Figure 1.7: Nasal turbinates

A) Coronal CT image of the nose. i) Middle turbinate ii) Inferior turbinate. Figure adapted from
Mlynski (2013) (218).

B) Nasal anatomical figure showing a sagittal view of the nasal turbinates. Figure adapted from
Mete et al. (2018) (213).

The olfactory region of the nose is located at the ceiling of the nasal cavity between
the septum, middle and superior turbinate (268). The olfactory region of the nose is

approximately 2cm? covered with olfactory neuroepithelium (220). The olfactory
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neuroepithelium also extends to the anterior insertion of the middle turbinate (174).
The olfactory neuroepithelium is a multicellular structure made up of olfactory
receptor neurons, microvillar cells, basal cells and supporting cells (220). This
epithelium is covered by a layer of olfactory mucus which facilitates odorant-receptor
interactions and acts as a protective barrier from foreign pathogens (210, 251).
Within the epithelium are odour sensing receptors known as olfactory neurons.
These bipolar neurons have a dendrite extended to the olfactory epithelium and an
axon to the glomeruli of the olfactory bulb through the cribriform plate (220, 243). In
addition, the olfactory system has a close interaction with the trigeminal system which
innervates the nasal cavity via the ophthalmic and maxillary branch of the trigeminal
nerve (31). The trigeminal or somatosensory system is involved in sensing touch,
temperature, and pain. Our sense of smell is mediated by both the olfactory and
trigeminal systems. A few sensations activate either the olfactory or trigeminal
system but most activate both systems. For example, vanillin and decanoic acid do
not activate trigeminal senses and carbon dioxide triggers trigeminal sensations with
no olfactory stimulus (68, 124). Several mechanisms of interaction between the
trigeminal and olfactory systems have been described (124). There are suppression
and enhancing effects between both systems depending on the concentration of the
stimulus. Activity of the olfactory bulb is modulated by the trigeminal system.
Neuropeptide compounds from trigeminal nerve fibres regulate olfactory receptor
sensitivity. Olfactory perception is altered by trigeminal activation via a trigeminal
reflex response. This mechanism acts as a protective mechanism to prevent

inhalation of harmful substances (282).

Surrounding the nasal cavity are hollow spaces within the skull known as the
paranasal sinuses. They consist of the maxillary, sphenoid, frontal, and ethmoid
sinuses. These hollow spaces drain into the osteomeatal complex which is situated
under the middle turbinate. The paranasal sinuses are thought to play a role in
pulmonary function and immunity through the production of nitric oxide (187). Nitric
oxide is a known for its role in vasodilation (126), neurotransmission (99) and immune
response (28). Nitric oxide within the nasal cavity is continuously produced by
epithelial cells which line the paranasal sinuses (189). Lundberg and colleagues
(187) proposed that nitric oxide production reduces the risks of bacterial infection
within the nasal cavity given the bacteriostatic effects of nitric oxide (197). A case

study demonstrated that when nitric oxide production is inhibited within the sinuses,
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the individual succumbed to sinusitis within 3 days (186). Nasal nitric oxide is also
involved in regulating mucociliary clearance (131). Furthermore, individuals
diagnosed with primary ciliary dyskinesia have markedly reduced nasal nitric oxide
(188) and are highly prone to recurrent infections (336). In addition, nasal nitric oxide
enhances oxygen uptake (190) and reduces pulmonary vascular resistance (191).
Nasal nitric oxide is also involved in the thermoregulation of nasal air conditioning by

modulating nasal vascular tone within the nasal mucosa (122).

1.5.2.Nasal cycle

The nasal cycle refers to the cyclic congestion and decongestion of the right and left
nasal passages. This physiological feature was first described in 1895 by Kayser and
colleagues (148) and again in 1927 by Heetderks and colleagues (115) where the
venous cavernous tissue dilates and constricts reciprocally. In addition, the ethmoid
sinuses have been found to contribute to the nasal cycle via similar mechanics (149).
It is estimated that at least 70% of individuals exhibit a regular nasal cycle (244) with

a cycle length ranging between 25 minutes to 6 hours (104, 115, 294).

Four patterns of the nasal cycle have been described to date (93). First is the classic
nasal cycle which is the common definition used and is defined as a regular
congestion and decongestion which alternates between the left and right nasal
passages. As described previously the classic nasal cycle is seen in at least 70% of
individuals (244). However, Flanagan and colleagues demonstrated that only 21% of
individuals exhibited a nasal cycle based on a modified definition (95). Gilbert and
colleagues similarly demonstrated based on cycle periodicity and rhythmicity
parameters only 13% of participants met the original definition of a nasal cycle (104).
Second, is an in-concert pattern whereby both nasal passages congest and
decongest in parallel. It is estimated that the occurrence of an in-concert pattern
occurs in 30-50% of individuals (93, 245). Third, is an irregular pattern defined as a
combination of both classical and in concert patterns or simply no discernible pattern
at all. Last, no cycle where there are no flow fluctuations in either nasal passages.
Three no cycle patterns were described by Kern and colleagues based on
rhinomanometry measurements (150). Short measuring times has been suggested
as a possible contributor to the apparent absence of a nasal cycle in some individuals

who have actually had a prolonged nasal cycle (107). This demonstrates the variation
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in the types of nasal cycle patterns among individuals with some exhibiting more

prominent cyclic patterns than others.

The nasal cycle is described to have two phases, a working phase referring to the
decongested side of the nasal passage and a resting phase referring to the
congested side of the nasal passage (169). The cyclic congestion and decongestion
of the nasal passages tend to cause fluctuations in flow, cross sectional area and
airway resistance of individual nasal passages (93, 104, 151). Despite these
fluctuations, overall nasal resistance remains constant throughout the nasal cycle
(151). In addition, flow characteristics change between laminar and turbulent flow

when the nasal passages transition between resting and working phases (169).

Regulation of the nasal cycle is controlled by the autonomic nervous system (71,
284, 293). Stoksted et al. proposed that the nasal cycle is specifically regulated by a
central sympathetic centre located in the hypothalamus (293). Other studies have
also explored the role of the autonomic nervous system in regulating the nasal cycle
in animal models. Electrical stimulation on the cat hypothalamus demonstrated nasal
vasoconstriction (193). Studies on a dog model demonstrated nasal oscillations
ceased after cervical sympathectomy (5). Similar findings are found in humans with
high spinal cord injury (>T1) but the absence of a nasal cycle appears to be reversible

over time (274).

The nasal cycle has been described to have several physiological roles. Nasal cycle
has been described to play a role in the air conditioning function of the nose (333).
White and colleagues (333) suggested that the nose maintains a hydration of the
airway surface liquid by regulating inter nasal air flow via the nasal cycle. This is in
line with previous theories that the nasal mucosa undergoes a working and resting

phase during the nasal cycle (169).

Mucociliary clearance has been reported to be affected by the nasal cycle, with rapid
clearance in the obstructed nostril (179). In contrast, a recent study found rapid
mucociliary clearance in the patent nostril (290). The differences in findings were
attributed to different methodologies in each study. The nasal cycle may also be
described to play a role in nasal defence through the excretion of plasma exudate

resulting from congestion and decongestion of the nasal venous sinusoids (72).
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Positional effects have been found to influence nasal cycle. Hasegawa et. al.
demonstrated a change in unilateral nasal resistance in the more congested nostril
between seated and supine positions (114). In addition, the amplitude of the nasal
cycle was found to increase in the order of upright, lateral and supine (53). Lateral
position changes during sleep have been shown to cause phase reversals in the

nasal cycle where the resting phase or congestion moves to the lower nostril (262).

The nasal cycle period during sleep is notably longer in duration compared to
wakefulness (143, 154, 262). The reversal of the cyclic phase was found to occur
only in REM sleep and tended to coincide with postural changes (154). Furthermore,
the reversal of nasal cyclic phases during REM sleep is associated with the

synchronisation with the sleep cycle (312).

1.5.3.Nasal resistance

The nasal passages account for approximately 70% of upper airway resistance
during inspiration (8). The nasal valve is the narrowest region of the nasal passages
with the smallest cross-sectional area and a region of greatest airflow resistance.
Approximately 30% of total nasal airflow resistance originates from the nasal valve
(111).

The cause of nasal obstruction is categorised into anatomical contributors and
physiological contributors. Anatomical causes of nasal obstruction include septal
deviation, inferior turbinate hypertrophy and nasal valve collapse (44). Approximately
70% of individuals experience nasal obstruction from an anatomical cause which
generally requires surgical interventions (44). Physiological causes of nasal
obstruction are mucosal inflammation and secretions which generally present as
rhinitis or rhinosinusitis (291). The prevalence of rhinitis and rhinosinusitis range from
10-20% (18, 291). At least two thirds of people with rhinitis and rhinosinusitis
experience nasal obstruction (18, 291). Typical nasal airway resistance in healthy
individuals is within the range of 2-3 cmHxO/L/s (52) and symptoms of nasal

obstruction are present when nasal resistance is well above this range (205).

The following section focuses on the effects of nasal resistance on body posture,
mandibular advancement and obstructive sleep apnoea and the quantification of

nasal resistance by rhinomanometry.
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1.5.3.1. Nasal resistance measurement by rhinomanometry

Rhinomanometry is the concurrent measure of nasal airflow and pressure. It provides
a functional assessment of the nasal airway (276). This technique is commonly used
clinically and in research. Rhinomanometry quantifies the pressure drop across the
nasal cavity at a specific point on the breathing cycle. It assumes a constant flow rate
across the nasal passage, although physiologically this is not the case (217). Nasal
resistance is expressed in terms of resistance according to the International
Committee on Standardisation of Rhinomanometry (47). Nasal resistance is
calculated based on Ohm’s law R = AP/AV, where AP is the pressure drop across
the nasal cavity and AV is the change in airflow across the nasal cavity.
Rhinomanometry is performed using either the anterior method, posterior method or

postnasal method.

Anterior rhinomanometry is performed by measuring nasal pressure on one side of
a sealed nasal cavity and flow on the other open nasal cavity. An airtight mask
connected to a pneumotachograph is used for flow measurement and a tube to
measure pressure is placed at the nasal vestibule sealed with tape. Anterior
rhinomanometry is the recommended form of measuring nasal resistance clinically
(47). Limitations of anterior rhinomanometry include breathing is artificially
augmented (165), distortion of the nasal vestibule during measurements (49) and
nasal resistance can only be measured unilaterally. Patients with septal deviations
are contraindicated for anterior rhinomanometry and posterior rhinomanometry will
be required (60). Total nasal resistance is derived mathematically by Ohm’s law of

parallel resistors.

Posterior rhinomanometry (Figure 1.8ii) is the gold standard approach to quantify
nasal resistance. It involves measuring nasal pressure with a pressure catheter
inserted perorally to the level of the oropharynx. Posterior rhinomanometry
overcomes several limitations of anterior rhinomanometry such as total nasal
resistance can be measured without distortion to the nasal vestibule and breathing
is not artificially augmented (165). However, coordination is required to prevent the
soft palate from isolating the oropharynx (49, 60) and results may be affected by gag
reflexes (48). Technical expertise is also required to position the pressure catheter
correctly with a variation of 8% between personnel (165). Postnasal rhinomanometry

(Figure 1.8i) is a similar method but involves placing the pressure catheter
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intranasally to the level of the nasopharynx. The effect of the catheter on nasal
resistance measurements postnasal has been deemed negligible (51). Moreover,
nasal resistance values measured are 10% less than posterior rhinomanometry as it
excludes oropharyngeal pressure (51) thus, providing an accurate measure of nasal

resistance.

Figure 1.8: Position of pressure catheter in postnasal rhinomanometry and posterior
rhinomanometry

i) Postnasal rhinomanometry. A=Pressure tipped catheter positioned intranasally along the nasal
floor to the level of the choanae or nasopharynx. B=Mask pressure measured from the sealed
nasal mask. ii) Posterior rhinomanometry. C=Mask pressure measured from the sealed nasal
mask. D=Pressure tipped catheter positioned perorally to the oropharynx.

1.5.3.2. Body posture and nasal resistance

Like the nasal cycle, nasal resistance is influenced by body posture. Early studies
conducted by Rundcrantz and colleagues demonstrated that nasal resistance
increases in individuals with allergic rhinitis in the supine position (265). In a
subsequent study, Rundcrantz demonstrated that nasal resistance increases in a
stepwise manner at various degrees of dorsal recumbency in healthy individuals,
individuals with allergic rhinitis and individuals with the common cold (264). This
increase in nasal resistance is attributed to the increase in venous pressure in the
head and neck resulting in the filling of the nasal cavernous tissues upon assuming
a supine position. In healthy individuals nasal resistance changes by approximately
8% when body posture changes from seated to supine (326). Venous pressure
increases by at least 6 mmHg when transitioning from an upright to supine position

(138). Kase and colleagues further supported this hypothesis by demonstrating a
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16% reduction in cross-sectional area of the nasal passages when transitioning from
seated to supine (146). Other subsequent studies also demonstrated reductions in
nasal cross-sectional area with positional changes in healthy individuals (233) and
patients with rhinitis (263). Alternatively, Hasegawa proposed that alterations in the
sympathetic tone to the nasal mucosa may explain the postural effects on unilateral
nasal resistance which dictates total nasal resistance and is modulated by the nasal
cycle (114).

Upon assuming lateral recumbency, nasal resistance increases significantly in the
ipsilateral nostril (52). Rao and colleagues further demonstrated that pressure
applied to the axillary and shoulder increases nasal ventilation in the ipsilateral nostril
similar to assuming a lateral recumbent position (255). A similar finding was also
reported in another study which quantified nasal resistance and found increased
nasal patency in the contralateral nostril (9, 56). Rao proposed that activation of
nerve fibres within the brachial and axillary artery produces a reflex response which
changes nasal resistance via the sympathetic pathway (255). However, Davies
suggested that the reflex response is likely triggered by pressure receptors in the
skin which causes the change in nasal sympathetic tone (56). This reflex response

is known as the coporo-nasal reflex (248).

1.5.3.3. OSA and nasal resistance

Nasal obstruction is an associated risk factor for sleep disordered breathing (345). It
is estimated that a third of people with untreated OSA experience nocturnal nasal
obstruction (320).

Several studies have demonstrated associations between nasal obstruction and
OSA using various methodologies. Atrtificially induced nasal obstruction via nasal
packing induces OSA in normal healthy participants (299, 352) and worsens OSA
severity in those who already have OSA (306). Similarly, partial nasal obstruction
(unilateral obstruction) increases OSA associated microarousals (171). Other nasal
packing studies in septoplasty, rhinoplasty and epistaxis patients demonstrate
significant decreases in arterial blood oxygen partial pressures (42, 234, 288) and
an increases in the frequency and duration nocturnal oxygen desaturation episodes
(133). Nasal anaesthesia during sleep to simulate reduced airflow stimulation to

nasal receptors during nasal obstruction also increases the number of sleep
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disordered breathing events (334). Virkkula and colleagues investigated
relationships between nasal resistance and nasal volumes with the AHI and oxygen
desaturation index (324). Nasal volumes were inversely correlated to both AHI and
oxygen desaturation index in the study group. Notably, both AHI and oxygen
desaturation index were positively correlated to supine total nasal resistance in non-
obese patients. A similar finding was also demonstrated in a recent study with a non-
obese cohort in additional oximetry variables such as nadir oxygen saturation and
the total time with oxygen saturation below 90% (T90) (216). Another study by
Virkkula further suggested that combined nasal resistance and the position of the
mandible while supine are independent contributors to OSA severity in non-obese
patients (323). Findings from these studies suggest that nasal obstruction may play

a significant role in OSA pathophysiology of non-obese patients.

Approximately 60% of OSA patients experience some degree of rhinitis as a cause
of nasal obstruction (283). A study from the 1980s found that patients with allergic
rhinitis had longer and more frequent OSA during symptomatic periods of nasal
obstruction (209). Lavie and colleagues (172) compared sleep disordered breathing
in patients with and without allergic rhinitis. Patients with allergic rhinitis had a
significantly higher number of microarousals associated with sleep disordered
breathing compared to those without allergic rhinitis (171). Unfortunately, this study
did not report the OSA severity of the patients and nasal resistance was not
measured. Kramer and colleagues (160), compared patients with non-allergic rhinitis
with eosinophilia syndrome (NARES) and healthy individuals and demonstrated that
patients with NARES tend to be diagnosed with severe OSA with a higher hypopnoea
index. The hypopnoea index, arousal index and the AHI correlated inversely with
nasal flow in patients with NARES (160). A more recent study (144), further explored
the differences in allergic rhinitis and non-allergic rhinitis patients and found that non-
allergic rhinitis patients had frequent apnoeas and were sleepier based on the
Epworth Sleepiness Scale (ESS).

Postural effects on nasal resistance in patients with OSA have also been
investigated. De Vito and colleagues demonstrated an increase in supine nasal
resistance from seated in 16 out of 36 patients with OSA (57). In contrast, Hellgren
and colleagues showed no significant change in nasal resistance from seated to
supine position (118). There are currently no studies that have investigated the
effects of lateral posture on nasal resistance in patients with OSA.
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Population based studies such as the Wisconsin Sleep Cohort study found nasal
obstruction is not directly associated with severity of sleep disordered breathing but
is a risk factor for sleep disordered breathing (345). A follow up on the same cohort
5 years later maintained that nasal obstruction is a strong independent risk factor for
habitual snoring but not associated with habitual snoring and complete apnoeas
(346). This finding is also in line with a recent study, which demonstrates that
individuals with high nasal resistance are three times more likely to have more
frequent hypopnoeas based on the hypopnoea apnoea ratio (121). Furthermore, a
Japanese study, demonstrated that people with chronic nasal obstruction are 5 times
more likely to have habitual observed apnoea (317). In addition, there were no
associations between high nasal resistance and habitual snoring. However, high
nasal resistance was associated with smoking (322). Similarly, De Vito and
colleagues demonstrated no differences between OSA and degree of nasal
resistance (57). A study by Atkins and colleagues also demonstrated nasal
resistance was not a risk factor for OSA (6). In contrast, Lofaso and colleagues,
showed a weak relationship between daytime nasal resistance and the AHI (184).
The variations in findings in the relationship between nasal resistance and OSA is
unknown but may relate to differences in patient population, demographics,

experimental methodology and design.

Several theories have been proposed to explain the association between nasal
obstruction and OSA. The Starling resistor model which describes the upper airway
as a tube with a collapsible section suggests that negative intraluminal pressure
could be generated from a narrowed opening resulting in upper airway occlusion
(289). However, this model does not account for the transition from nasal to oral
breathing to compensate for insufficient nasal airflow. Oral breathing during sleep is
not ideal as upper airway resistance is significantly increased compared to nasal
breathing (94). This increase in upper airway resistance from oral breathing is due to
decreases in the calibre at the velopharynx and retroglossal region resulting from jaw
opening (94, 173). Furthermore, oral breathing during sleep compromises the ability
of the upper airway dilator muscles to maintain upper airway patency (214). Nasal
breathing may be beneficial physiologically versus oral breathing because upper
airway dilator muscles activity is higher (17), nasal receptors are stimulated resulting
in increased minute ventilation and inspiratory flow rate (208) and ventilatory

responses to hypercapnia are lower (130). In addition, nitric oxide produced in the
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paranasal sinuses act as an aerocrine regulating respiratory muscle activity and
pulmonary ventilation perfusion ratio (112). Oral breathing which bypasses the nasal
cavity may create an inhibitory effect on nasal ventilatory reflex and reduce nitric

oxide delivered down the respiratory tract thereby contributing to OSA (102, 334).

High nasal resistance has also been associated with OSA treatment outcome in
patients with OSA. Initial acceptance of CPAP therapy is higher in patients with OSA
with lower nasal resistance (127, 297). In addition, nasal disease causing obstruction
is a key factor in early discontinuation of CPAP therapy (127). Zeng and colleagues,
also described that increased nasal resistance negatively impacts oral appliance

treatment outcome in patients with OSA (349).

1.5.3.4. Mandibular advancement and nasal resistance

There are two studies that have evaluated the relationship between mandibular
advancement and nasal resistance in healthy individuals. Hiyama and colleagues
(119) compared nasal resistance at three mandibular positions. Nasal resistance
was reduced as the mandible was advanced (119). Nasal resistance in this study
however was measured only in the upright seated position. A couple of years later,
Okawara and colleagues demonstrated a similar finding where nasal resistance
decreased as the mandible was advanced in the seated and supine positions in
healthy individuals (235). The effect of mandibular advancement on nasal resistance

has not been explored in people with obstructive sleep apnoea.

1.6. Aims and outline of subsequent chapters

The overall aim of this thesis is to use respiratory phenotyping techniques to evaluate
the effect of oral appliance therapy on upper airway physiology and to identify
potential phenotypic differences between responders and incomplete responders to

therapy.

In Chapter 2 the aim is to understand the effect of body posture and mandibular
advancement on nasal resistance measured using gold standard methodology in
people with OSA. In addition, the efficacy of a novel oral appliance with a built-in oral
airway is investigated including in people with OSA with high nasal resistance who

typically do not do well with oral appliance therapy.
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In Chapter 3, | aimed to recruit the clinically relevant group of incomplete responders
to oral appliance therapy to compare therapeutic CPAP requirements and negative
pressure swings within the pharyngeal airway between combination therapy (CPAP
plus oral appliance therapy) versus CPAP alone using gold standard physiology

methodology.

In Chapter 4, | prospectively investigate the effect of baseline OSA
pathophysiological traits and nasal resistance on oral appliance therapy using gold
standard respiratory phenotyping methodology and validated computational
methodology. In addition, | assess the efficacy of a next generation nylon-based

novel oral appliance with built-in oral airway.

Chapter 5 briefly summarises the study findings and highlights areas for future

research investigation.
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2. Efficacy of a novel oral appliance
and the role of posture on nasal
resistance in obstructive sleep apnea

| have published the work conducted in this chapter (313):

Tong, B. K., et al. (2020). "Efficacy of a novel oral appliance and the role of posture

on nasal resistance in obstructive sleep apnea." J Clin Sleep Med 16(4): 483-492.

2.1. Abstract

Study Objectives: High nasal resistance is associated with oral appliance (OA)
treatment failure in OSA. A novel OA with an in-built oral airway has been shown to
reduce pharyngeal pressure swings during sleep and may be efficacious in those
with high nasal resistance. The role of posture and mandibular advancement on
nasal resistance in OSA remains unclear. This study aimed to determine the: 1)
effects of posture and mandibular advancement on nasal resistance in OSA and 2)

efficacy of a new OA device including in patients with high nasal resistance.

Methods: A total of 39 people with OSA (7 females, AHI (meantSD)=
29+21events/h) completed split-night polysomnography with and without OA (order
randomized). Prior to sleep, participants were instrumented with a nasal mask,
pneumotachograph, and a choanal pressure catheter for gold standard nasal
resistance quantification seated, supine and lateral (with and without OA, order

randomized).

Results: Awake nasal resistance increased from seated, to supine, to lateral posture
(median [IQR]= 1.8 [1.4,2.7], 2.7 [1.7,3.5], 3.4 [1.9,4.6]cmH20/L/s, p<0.001).
Corresponding measures of nasal resistance did not change with mandibular
advancement (2.3 [1.4,3.5], 2.5 [1.8,3.6], 3.5 [1.9,4.8]cmH2O/L/s, p=0.388). The
median AHI reduced by 47% with OA therapy (29421 vs. 18+15events/h, p=0.002).
Participants with high nasal resistance (>3cmH2O/L/s) had similar reductions in AHI

versus those with normal nasal resistance (61 [-8,82] vs. 40 [-5,62]%, p=0.244).

Conclusions: Nasal resistance changes with posture in people with OSA. A novel
oral appliance with an in-built oral airway reduces OSA severity in people with OSA,

including in those with high nasal resistance.
30



Keywords: sleep-disordered breathing, upper airway physiology, mandibular

advancement therapy, lung.

2.2. Introduction

Obstructive sleep apnea (OSA) is a common disorder characterized by recurrent
pauses in breathing during sleep. This results in sleep disruption and blood oxygen
desaturations. Common symptoms of untreated OSA include excessive daytime
sleepiness and impaired cognitive function. Other co-morbidities include

cardiovascular disease, hypertension (247) and stroke (340).

Continuous positive airway pressure (CPAP) is the gold standard treatment for OSA
(1, 162). It is highly efficacious in reducing breathing disturbances during sleep and
can improve daytime sleepiness, cognitive function, blood pressure and quality of life
outcomes (10, 25, 85, 87, 185). Despite the health benefits of CPAP, only about half
of all patients with OSA are compliant with CPAP therapy (339). Many people
complain that CPAP is cumbersome, have difficulty tolerating high pressures, and
experience issues with mask leak (86, 339) which may have an adverse impact on

adherence and compliance.

Oral appliance devices are used as an alternative therapy to CPAP. Oral appliances
work via protrusion of the mandible, which can increase pharyngeal airway caliber
through an increase in the lateral dimensions (33, 43). Oral appliance devices are
typically well-tolerated with one study reporting compliance of 83% after a year of
treatment (62). However, efficacy varies, with only approximately 50% of patients
achieving complete resolution of OSA (AHI <5 events/h) (304). Successful treatment
outcomes with oral appliance therapy for OSA are challenging to predict. Gender,
OSA severity, subtypes of OSA (position dependent OSA, REM or NREM
predominant OSA), age, BMI, craniofacial structure and nasal resistance are factors
that have been identified as contributors to treatment success (120, 181, 199, 303,
349).

High nasal resistance is recognized as a risk factor for OSA (345). Several studies
have shown that high nasal resistance contributes to increased OSA severity (299,
306, 352). Additionally, patients with OSA and high nasal resistance tend to be
intolerant of CPAP and oral appliance therapy (297, 349). Nasal resistance is body
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position dependent with increases from seated to the supine position in healthy
individuals and those with rhinitis (264). A similar effect has also been observed in
people with OSA (57, 349). However, one study did not find a positional effect of
nasal resistance in OSA (118). The effects of lateral body position on nasal
resistance in OSA is unknown. In addition, the role of mandibular advancement on
nasal resistance in OSA has been minimally studied. Two studies demonstrated a
reduction in nasal resistance in healthy individuals at different levels of mandibular
advancement while seated (119, 235). In contrast, Zeng and colleagues found no
change in seated nasal resistance with mandibular advancement at therapeutic
levels in people with OSA in both responders and non-responders to mandibular
advancement therapy (349). The same study showed an increase in nasal resistance

with mandibular advancement in the supine position in non-responders (349).

A novel oral appliance with an in-built oral airway, which can allow for oral breathing
without mouth opening and consequent mandible retraction, may be a suitable
therapeutic option for patients with OSA and nasal obstruction. An initial mono-block
prototype device was shown to reduce OSA severity by an average of 60% with
compliance of 80% in patients with and without nasal obstruction assessed
subjectively (170). A more recent pilot study investigated a two-piece titratable oral
appliance with an in built oral airway and found that pharyngeal pressure swings
were reduced when the device oral airway was open (3). However, efficacy data for

this newer two-piece oral appliance device are not yet available.

Accordingly, the goals of this study were to determine the: 1) effect of body posture
and mandibular advancement on nasal resistance in OSA and 2) efficacy of a novel
oral appliance with an in-built oral airway in patients with OSA including those with
high nasal resistance. We hypothesized that nasal resistance would vary with
posture and mandibular advancement in people with OSA and that the oral appliance

would reduce OSA severity including in people with high nasal resistance.

2.3. Materials and methods
2.3.1. Participants

39 participants with OSA were recruited from the Prince of Wales Hospital sleep clinic
and local private sleep clinics. Participants were documented to have OSA (AHI >10
events/h). Untreated and CPAP intolerant participants were included in the study. All

participants were recommended for oral appliance therapy by their treating sleep
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physician. Participants were excluded if they were contraindicated for oral appliance
therapy by the study dentist (periodontal disease, insufficient teeth for device
retention or a strong gag reflex), were diagnosed with central sleep apnea (>5
events/h), had intellectual or mental impairment which rendered them unable to
provide informed consent, were pregnant or nursing mothers or taking medications
known to affect sleep or breathing. All participants provided written informed consent
prior to enrolment. The study was approved by the South Eastern Sydney Local
Health District Human Research Ethics Committee and the protocol was pre-
registered on the Australian New Zealand Clinical Trials Registry (ANZCTRN
12617000492358, Part A).

2.3.2. Protocol
2.3.2.1. Dental visits

Initially, participants with a referral for oral appliance therapy from their treating sleep
physician were scheduled for a dental assessment with a dentist experienced in
fitting oral appliance devices. During the visit, dental impressions were taken and the
maximum tolerable level of mandibular advancement was determined. Participants
were then scheduled for a follow-up dental visit for fitting and initial titration of the
oral appliance. A novel custom-made oral appliance device (O2Vent™ T, Oventus
Medical, Indooroopilly, QLD, Australia) was used (Figure 2.1). The device is a two-
piece titratable oral appliance that fits on the lower and upper teeth. An in-built hollow
core on the maxillary piece enables oral breathing through the device whilst
maintaining mandibular advancement as well as lip seal around the device opening.
This allows air to be delivered directly to the oropharynx through the device without

mouth opening, which tends to cause mandibular retraction and airway narrowing.
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Figure 2.1: An image of the novel oral appliance used in this study

The oral appliance is a two piece titratable device with a hollow core in the maxillary arch to allow
oral breathing directly to the oropharynx without mouth opening and mandibular retraction.

Oral appliance therapy commenced at approximately 50-60% of each participant’s
maximal mandibular advancement range, followed by an 8-12 week acclimatization
period. During this time, the oral appliance was incrementally advanced to at least
75% of maximum mandibular advancement. The majority of participants were
contacted every two weeks by phone during the acclimatization period to assess
subjective compliance and perceived changes in their sleep. Specifically, participants
were asked: “Are you wearing the device every night? If no, how long per night and
how many times per week?” and “Did you notice any differences in your sleep?”.
Following acclimatization, participants were reassessed by the dentist immediately
prior to their treatment efficacy sleep study where any necessary device adjustments

were made to ensure comfort and maximum tolerable advancement.

2.3.2.2. Awake nasal resistance assessments

Awake nasal resistance was objectively quantified (see below) in the evening prior
to the sleep study. At least 5 minutes of quiet nasal breathing in 3 body positions
(supine, seated upright, and left lateral recumbent) with and without mandibular
advancement were assessed. Both body positions and order of mandibular
advancement were randomized. The in-built oral airway of the oral appliance device

was blocked to ensure nasal breathing during the nasal resistance protocol.
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2.3.2.3. Overnight polysomnography

Standard in-laboratory split night polysomnography was conducted to assess oral
appliance treatment outcome. The study allocation order (oral appliance vs. no oral
appliance) was randomized to either oral appliance followed by no oral appliance or
no oral appliance followed by oral appliance (Figure 2.2). Where possible, at least
one period of REM sleep was obtained during the first intervention period before

switching to the other intervention arm (either oral appliance or no oral appliance).

2.3.3.Participant set-up and equipment
2.3.3.1. Nasal resistance set up

Nasal resistance was measured using gold standard methodology (337). Briefly,
participants were instrumented with a modified non-vented nasal mask (ComfortGel,
Phillips Respironics, Murrysville, PA, USA) with a pneumotachograph (Series 3700A,
Hans-Rudolph, Shawnee, KS, USA) connected to a differential pressure transducer
(DP-45, Validyne, Northridge, CA, USA) to measure flow, in addition to another
pressure transducer (DP45, Validyne) for mask pressure. Choanal pressure was
measured using a pressure transducer tipped catheter (MPR-500, Millar, Houston,
TX, USA) inserted via the most patent nostril to the level of the choanae. Data
acquisition was performed using a 16-bit analogue to digital converter (Power 1401,
Cambridge Electronic Design, Cambridge, UK) and data acquisition software (Spike

2, version 7.2, Cambridge Electronic Design, Cambridge, UK).

2.3.3.2. Overnight polysomnography

Electroencephalograms (F3, F4, C3, C4, O1, 02, referenced to A1-A2),
electrooculograms, surface submental and leg electromyograms, pulse oximetry,
body position, nasal pressure flow, oronasal thermistor flow, thoracic and abdominal
respiratory bands, and snore sound were measured. Data acquisition was conducted
using a Level 1 diagnostic sleep system (Alice 6 LDxN, Phillips Respironics,
Murrysville, PA, USA) and data acquisition software (Sleepware G3, version 3.7 .4,

Phillips Respironics, Murrysville, PA, USA).
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2.3.3.3. Data analysis

Nasal resistance measurements were analyzed on a breath-by-breath basis using
in-house semi-automated software (229). Quantification of nasal resistance
commenced 2 minutes after each change in body position. Nasal resistance was
calculated as the difference between choanal pressure and mask pressure at a flow
rate of 0.2L/s (337). In cases where the participant did not achieve a nasal airflow of
0.2L/s or higher, nasal resistance was calculated at either 0.1L/s or 0.05L/s as
necessary. Values for nasal resistance of >3cmH,O/L/s were deemed high , as

defined previously (205).

Polysomnography data were scored for sleep and respiratory events according to
AASM criteria (23). Scoring was performed by a single board-registered sleep
technologist (RPSGT) who was blinded to the order of treatment. Responders to oral
appliance therapy were defined according to several commonly used definitions: 1)
treatment AHI <5 events/h, 2) treatment AHI <10 events/h, 3) 250% reduction in
baseline AHI, and 4) proportion of participants who had a reduction in OSA severity
category (e.g. from severe to moderate or moderate to mild; where mild >5 and <15

events/h, moderate 215 and <30 events/h and severe 230 events/h).

2.3.4.Statistical analysis

A mixed model analysis was used to determine the effects of body position (seated,
supine and lateral recumbent) and the effect of mandibular advancement (with and
without oral appliance therapy) on nasal resistance (SPSS version 24, IBM). In the
absence of an interaction, Friedman repeated measures ANOVA on ranks
(SigmaPlot version 12.5, IBM) were performed to examine the effects of body
position on nasal resistance (with and without oral appliance). Pairwise comparisons
were performed according to the Student-Newman-Keuls method (SigmaPlot version
12.5, IBM). Sleep and breathing parameters were compared between conditions (no
oral appliance vs. oral appliance) using two-tailed, paired Student’s t-tests for
normally distributed data or Wilcoxon Signed Rank Tests (SigmaPlot version 12.5,
IBM) for non-normally distributed data (Shapiro-Wilk). Data are reported as
meantSD or median (inter-quartile range [IQR]) for non-normally distributed

variables.
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24. Results
2.4 1.Participant characteristics

41 participants fitted with an oral appliance for the study returned for an overnight
polysomnography to assess treatment response. Data for 3 participants were
excluded from analysis (2 individuals were found not to have OSA without the oral
appliance and 1 had insufficient sleep). Thus, data from 39 participants with OSA
were analyzed for awake nasal resistance measurements and 38 for oral appliance
efficacy (see Figure 2.2 for CONSORT diagram). Participant characteristics are
detailed in Table 2.1.

Sex 79,3248
Age (years) 49 +11
Body mass index (kg/m) 29+4
% Maximum mandibular advancement 80+ 14
Epworth sleepiness scale 814

Table 2.1: Participant characteristics

Epworth sleepiness scale scores was obtained during oral appliance therapy. Data are meantSD
unless otherwise stated. n=39.

2.4.2 Effect of posture and mandibular advancement on
awake nasal resistance

Awake nasal resistance increased from seated, to supine, to lateral posture with and
without mandibular advancement (p<0.001, Figure 2.3). However, mandibular
advancement had no overall effect on nasal resistance (p=0.338, Figure 2.3) and
there was no interaction effect with posture (p=0.12). When separated according to
responders (n=18) vs. non-responders (n=21), defined as >50% reduction in AHI
with oral appliance therapy, non-responders had an increase in nasal resistance with
mandibular advancement when seated (1.8 [1.3, 2.4] vs. 2.4 [1.2, 3.3]cmH20/L/s,
p=0.007). This increase in nasal resistance with mandibular advancement did not
occur in responders (2.0 [1.5, 3.2] vs. 2.3 [1.5, 4.2]cmH20O/L/s, p=0.347). There was
no difference in nasal resistance with mandibular advancement in responders or non-
responders compared to no advancement in the supine or lateral postures (data not

shown).
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OSA participants referred for OA
therapy by sleep physician
screened for eligibility (n =69)

Excluded (n=19)

Did not meet inclusion criteria (n = 1)

Did not praceed to dental screening (n = 8)

F 3

\ 4

Eligible OSA participants
screened by dentist for oral
appliance therapy (n = 60)

Excluded (n =19)
Contraindicated for OA (n = 7)
Fuailed acclimatisation (n = 7)

Withdrawn due to personal reasons (n = 4)

Lost to follow up (n=1)

F 3

A\ 4

OA treatment follow up by dentist
(n=41)

v

Nasal resistance measures
(n=41)

Analyzed (n=39) |4

2 Excluded (no OS4)* b
¥

Randomized to split study PSG (n=41)

v

v

Allocated to 1% half PSG without OA (n=21)
Completed split study (n=21)

Allocated to 1* half PSG with OA (n=20)
Completed split study (n=19)

*  No sleep was recorded in second part of study (n=1)

v

Analyzed for PSG efficacy analysis (n=19)
n = 2 excluded (no OS4)*

Analyzed for PSG efficacy analysis (n=19)

Figure 2.2: CONSORT diagram detailing participant recruitment and flow through the study

procedures.

n=69 participants recommended for oral appliance therapy were screened for eligibility. n=60
eligible participants were screened by a qualified sleep dentist for oral appliance therapy.
Following 8-12 weeks of acclimatization to oral appliance therapy, n=41 participants were studied
for awake nasal resistance measurements and oral appliance efficacy (split night in-laboratory
PSG). N=2 participants were excluded from analysis as they were found not to have OSA during
the split night PSG. n=1 participant was excluded from analysis as there was no sleep recorded
in the second portion of the sleep study. Data from a total of n=39 participants were analyzed for
awake nasal resistance and n=38 for the efficacy split night PSG. * indicates the same participants
without OSA were excluded from analysis. OA: oral appliance, OSA: obstructive sleep apnea,

PSG: polysomnography.
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Figure 2.3: Awake nasal resistance scatter plots at different postures with and without an oral
appliance (n=39)

Each data point denotes an individual participant. Lines and error bars indicate the median and
interquartile ranges. * indicates a significant difference (P<0.05) in nasal resistance between each
posture. Refer to the Results section for further detail.

2.4.3.Effect of mandibular advancement on OSA severity
and sleep parameters

Oral appliance therapy significantly reduced OSA severity, as measured by the total
AHI, by 47 [-6.1, 70]% (Figure 2.4a). Table 2.2 summarizes the effects of oral
appliance therapy on other key polysomnographic variables. Similar to the total AHI,
supine AHI (48 [2.2, 69.0]%) and NREM supine AHI (58 [6.0, 88.8]%) were
significantly reduced with oral appliance therapy. However, oral appliance therapy
did not change the total REM AHI in those who had REM sleep during both conditions
(31+£22 vs. 24+17, p=0.113, N=28) but did reduce the supine REM AHI (Table 2).

When present, hypopneas were of shorter duration during oral appliance therapy.
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14 participants were classified to have high nasal resistance in the supine position.
Oral appliance therapy reduced OSA severity (total AHI) in these individuals by 61 [-
8, 82]%. There was no difference between the percentage reduction in OSA severity

between participants with high versus low nasal resistance (Figure 2.4b).

No therapy Oral appliance P-value
Sleep efficiency (% sleep) 88 (78, 91) 89 (81, 94) 0.567
Total sleep time (mins) 181 £ 56 190 £ 53 0.545
Stage 1 sleep (% total sleep time) 11 (7, 17) 7 (4,11) <0.001
Stage 2 sleep (% total sleep time) 5710 53112 0.062
Stage 3 sleep (% total sleep time) 11+13 17+£12 0.092
REM sleep (% total sleep time) 18 (11, 29) 23 (13, 30) 0.31
Wake after sleep onset (minutes) 20 (11, 35) 12 (8, 25) 0.026
Arousal index (#arousals/h sleep) 21 (16, 30) 14 (10, 20) <0.001
Percent supine (% total sleep time) 67 +31 78 £ 27 0.01
NREM supine AHI (#events/h) 33+25 17 +18 <0.001
REM supine AHI (#events/h) 41 +21 26+ 17 0.003
Total supine AHI (#events/h) 36+2 21+18 <0.001
Hypopnea event duration (s) 23+4 217 0.049
Nadir SpO, (%) 87 (81, 91) 89 (83, 90) 0.51
Total ODI (3%) 14 (8, 34) 8 (3, 23) 0.004
T90 (mins) 0.6 (0.1, 4.8) 0.25 (0, 4.1) 0.01
T90 (%TST) 0.3 (.01, 2.8) 0.1(0,2) 0.023

Table 2.2: Polysomnography data on versus off oral appliance therapy

Data are mean = SD or medians with interquartile ranges in parentheses. AHI: Apnea hypopnea
index; REM: Rapid eye movement; NREM: Non-rapid eye movement sleep; ODI: Oxygen
desaturation index; TST: Total sleep time; SpOz2: Estimated blood oxygen saturation via pulse
oximetry; T90: time spent with a blood oxygen saturation level below 90%. Note: supine REM AHI
data during both conditions were available in n=21. All other values n=38.

The proportion of treatment responders on oral appliance therapy according to
commonly used definitions are summarized in Table 2.3. Oral appliance therapy
reduced the total AHI by 50% or more in half of the participants. Approximately 50%
of participants had a reduction in OSA severity on oral appliance therapy. Table 2.4
further illustrates treatment response rates of participants categorized according to

the presence of high versus low nasal resistance.
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Figure 2.4: Effect of the novel oral appliance on OSA severity

a) Effect of oral appliance therapy on obstructive sleep apnea severity (total apnea hypopnea
index: AHI). Black squares with error bars=group meantSD. b) Percentage reduction in total AHI
with oral appliance therapy between people with high and low nasal resistance. Each data point
denotes an individual participant. Horizontal lines indicate the medians and interquartile ranges.
Triangles indicate people with high nasal resistance, inverted triangles indicate individuals with
low nasal resistance. * indicates a significant difference (P<0.05) between no oral appliance and
oral appliance conditions. Refer to the Results section for further detail.

% responders

Total AHI NREM Supine AHI"  Supine AHI
Treatment AHI < 5 events/h 18 (7) 38 (14) 16 (6)
Treatment AHI < 10 events/h 38 (14)* 51 (19)* 35 (13)*
2 50% reduction in baseline AHI 47 (18) 59 (22) 46 (17)
Reduction in OSA severity category 54 (20) 59 (22) 46 (17)

Table 2.3: Oral appliance response rates according to different treatment outcome definitions

Number of participants in each category are listed in parenthesis. ‘Data calculated from n=37
participants with obstructive sleep apnea (OSA), 1 participant did not have any NREM sleep in
the supine position. * Count includes participants with AHI < 5 events/h. AHI: apnea-hypopnea
index; NREM: non-rapid eye movement; Reduction in OSA severity category: proportion of
participants who had a reduction in OSA severity category (e.g. from severe to moderate or
moderate to mild etc. where mild=5< and <15, moderate==15 but <30 and severe=2=30 events/h).

Total sleep time was similar between conditions. Sleep efficiency was high in both
arms during these split night studies. Sleep quality improved on oral appliance
therapy as reflected by reduced wake after sleep onset (WASO) events, less N1
sleep and a reduction in the arousal index. There was no statistical significance
between N2, N3 and REM sleep duration with oral appliance therapy. This is despite

significantly more time spent supine on oral appliance therapy.

The oxygen desaturation index (ODI) was lower and the amount of sleep time spent
below an O; saturation of 90% was less with oral appliance therapy. On the other

hand, nadir O saturation was similar between the split night conditions.
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% responders

High nasal resistance n=14  Low nasal resistance n= 24

Treatment AHI <5 events/h 29 (4) 13 (3)

Treatment AHI <10 events/h 36 (5)* 38 (9)*
250% reduction in baseline AHI 57 (8) 42 (10)
Reduction in OSA severity category 57 (8) 50 (12)

Table 2.4: Treatment response rates with oral appliance therapy separated according to high
versus low nasal resistance

Treatment response rates based on total apnea-hypopnea index (AHI) in participants with high
and low nasal resistance. Number of participants in each category are listed in parenthesis.
*Count includes participants with AHI<5 events/h. OSA: obstructive sleep apnea, Reduction in
OSA severity category: proportion of participants who had a reduction in OSA severity category
(e.g. from severe to moderate or moderate to mild etc. where mild=5< and <15, moderate=215
but <30 and severe==30 events/h).

2.4.4.Subjective compliance and perceived changes in
sleep with oral appliance therapy

Subjective compliance and perceived changes in sleep were collected in 34
participants during the acclimatization period. Just prior to the efficacy study,
participants reported using the oral appliance device for an average of 6.7 h/night
(range 3-7 h/night) for 6.4 nights/week (range: 3-7 nights/week). 30 of these 34
participants (88%) were deemed compliant with therapy based on the definition of at
least 4 h/night for at least 5 days/week (63). Of these 34 participants, 11 did not
notice any difference in their sleep with oral appliance therapy, 1 reported waking up
feeling tired whereas 22 participants reported improvements in their sleep and/or

reduced snoring or apneas.

2.5. Discussion

The main finding of this study is that nasal resistance increased from seated to
supine, with even higher values in the lateral position. Mandibular advancement
however, did not alter nasal resistance within each corresponding posture. The
exception was non-responders to oral appliance therapy in whom nasal resistance
increased with mandibular advancement while seated. The novel oral appliance was
efficacious in reducing OSA severity by approximately 50% in people with and
without high nasal resistance. Other key sleep parameters also improved with oral

appliance therapy including WASO and the arousal index.
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2.5.1.Postural effects on awake nasal resistance

Similar to the current findings, previous studies in healthy individuals have
demonstrated increases in nasal resistance from the seated to supine posture (114,
264, 326). Another study in healthy individuals also detected higher total nasal
resistance in the lateral position compared to supine (9). Our OSA cohort had an
increase in nasal resistance of approximately 10% from seated to supine and
approximately 20% from supine to lateral. In comparison, the data in healthy
individuals from previous nasal resistance studies tends to show greater positional
changes of up to 50% from seated to supine (264, 326) and, similarly, almost 50%
from supine to lateral (9). Smaller postural changes in nasal resistance in the current
study may be due to several factors including differences in methodology. First,
quantification of nasal resistance in previous studies was measured using anterior
rhinomanometry (9, 264, 326) rather than the gold standard posterior nasal
resistance methodology used in the current study. In addition, two of the previous
studies quantified nasal resistance unilaterally and estimated total nasal resistance
as the mean values of each nostril measured (9, 326). This approach is highly
dependent on the patency of each nostril and anterior measurements may not

necessarily mirror posterior nasal resistance values (114).

Mechanically, positional changes in nasal resistance have been attributed to
hydrostatic effects in response to changes in venous blood flow through the nasal
mucosa (264) and positional reflex responses under autonomic sympathetic control
(157). Reduced positional changes in nasal resistance between healthy individuals
and people with OSA suggest attenuated positional reflex responses in OSA.
Consistent with attenuated postural changes in nasal resistance in OSA but in
contrast to our findings, Hellgren and colleagues found no change in nasal patency
from seated to supine in people with OSA (118). This may be due, at least in part, to
increased OSA severity (AHI: 46 vs. 29 events/h) and the treatment status of the
participants. For example, in the previous study all patients were treatment naive
whereas participants in the current study were all on oral appliance therapy for 2-3
months prior to testing. Intermittent hypoxia and reoxygenation in OSA contributes
to elevated levels of pro-inflammatory cytokines (207). Pro-inflammatory cytokines
can contribute to nasal obstruction and, thus, may mask any positional effects (224).
Impaired neurovascular control in OSA may also diminish positional changes in nasal

resistance (118), an effect which may be more pronounced in severe OSA. The
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current findings of reduced positional changes in nasal resistance compared to
healthy controls, but not an absence of an effect like the earlier findings in people
with untreated OSA, suggests that impaired neurovascular control may be reversible,

at least in part, after OSA therapy. These possibilities require further investigation.

2.5.2 Effects of mandibular advancement on nasal
resistance

Consistent with our findings, a previous study (349) in patients with OSA showed no
overall effect of mandibular advancement on nasal resistance while seated.
Additionally, similar to the current findings during the seated position, nasal
resistance increased with an oral appliance in the supine posture in non-responders
but not in responders (349). The patient characteristics in our study were similar to
the previous report with the exception of higher baseline (seated) nasal resistance in
the earlier study (349). In addition, measurement techniques and the oral appliance
used were different, both of which could have influenced the findings. Nonetheless,
both studies showed increased nasal resistance with mandibular advancement in
non-responders to therapy albeit during different postures. The mechanisms
mediating increased nasal resistance with mandibular advancement in non-
responders are unclear. Regardless, these findings highlight the complex
interactions that can occur when one section of the upper airway is altered resulting
in changes in adjacent structures. This may be especially true in those with highly

crowded upper airways given the confines of the upper airway.

In contrast, two studies in healthy individuals have shown reductions rather than
increases in nasal resistance with mandibular advancement in both the seated (119,
235) and supine (235) positions. The increase in nasal patency with mandibular
protrusion was postulated to occur due to passive displacement of the soft palate
and changes that affect the nasal valve (119). Absence of a similar effect in OSA
may be explained by an impaired functional response within the nasopharynx due to
airway crowding. Mandibular advancement is known to change structural dimensions
in the upper airway including within the velopharynx (43). This is further supported
by findings in which the soft palate stretches following anterior tongue movement via
the palatoglossal arch (129). The pattern of anterior tongue motion from mandibular

advancement in severe OSA is variable and smaller compared to healthy individuals
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(33). Thus, this may explain, at least in part, the lack of overall change in nasal

resistance with mandibular advancement in the current study.

2.5.3.Efficacy of the novel oral appliance including in
people with high nasal resistance

Previous data shows that on average, oral appliance therapy reduces OSA severity
by approximately 55% (200). A recent study in which an earlier version of the current
novel oral appliance was used reported a similar overall reduction in the AHI of about
60% (170), which is comparable to our findings of approximately 50%. The subjective

compliance rate was also similar (88% vs. 83%) (170).

However, the overall treatment success rate was on the lower range compared to
the reported literature (200). This may be due to the fact that our participants spent
more time supine on the oral appliance therapy arm of the study, which tends to
worsen OSA severity and oral appliance efficacy (303). Despite this, there were
major improvements in several polysomnographic indices with oral appliance therapy
including reduced stage 1 sleep, WASO, arousal frequency and overnight
oxygenation. Most participants also reported they felt that their sleep improved

and/or their snoring or apneas decreased.

OSA severity worsens and oral appliance therapy efficacy tends to reduce during
REM sleep (303). Indeed, in one study oral appliance therapy resolved REM
predominant OSA in just 12% of patients (303), which is comparable to 11% in the
current study. Oral appliance therapy decreases upper airway collapsibility (13, 226)
without systematically altering upper airway muscle function (13). The upper airway
is also more collapsible and dilator muscle activity is lower during REM sleep (39).
Thus, decreased oral appliance efficacy during REM sleep may be explained by
REM-related decrements in airway collapsibility which cannot always be overcome
with an anatomical intervention that yields variable absolute and relative levels of
improvement in airway collapsibility between individuals (13). Additionally,
physiological variability increases during REM sleep and there is relatively less time
available in which to get an accurate estimate of REM AHI, particularly during a split
study design and in people with severe OSA in whom REM duration may be limited.
This may have also contributed to a lack of a significant difference in the overall REM

AHI with oral appliance therapy in the current study. However, when a major source
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of variability in AHI was controlled, (i.e. body position), the supine REM AHI was
significantly reduced with therapy albeit to a lesser absolute extent compared to
NREM.

In addition, high nasal resistance is associated with increased OSA severity (345)
and oral appliance treatment failure (349). Consistent with our findings, Lavery and
colleagues found comparable treatment response rates between those with self-
reported high and low nasal resistance with a similar oral appliance (170). Thus,
unlike traditional mandibular advancement devices, these findings suggest that the
addition of an oral breathing route within the oral appliance device provides an
alternate route of breathing without requiring mouth opening, which may cause
mandibular retraction for those with nasal obstruction resulting in similar efficacy

rates to those without nasal obstruction.

2.5.4.Methodological considerations

A major strength of this study was that nasal resistance was objectively measured
using gold standard methodology whereby total nasal resistance is measured at the
choanae. This is likely to be more relevant for upper airway collapsibility and OSA
compared to anterior rhinomanometry. The sleep physician referral pathway with
clinical follow up, titration and acclimatization with a qualified dentist prior to the

treatment efficacy study also reflects best standards of care.

Despite its strengths, this study is not without limitations. Efficacy studies were
conducted via a split night polysomnography. This limits the amount of sleep
available in each portion of the night. Additionally, REM sleep duration is longer as
the night progresses (59). OSA is also more severe during REM sleep (110). This
may result in the AHI being higher in the second portion of the split night. However,
to minimize the effects of these potential confounders, we attempted to obtain at least
one period of REM sleep in each portion of the polysomnography and the order of
intervention was randomized. Interruptions to sleep due to the changeover of
interventions was also minimal and was carried out during lighter stages of sleep

where possible.

OSA severity is known to be dependent on body position, with more apneic episodes

occurring in the supine position (41). Body position was not controlled in this study.
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As highlighted, participants slept predominantly in the supine position in both portions
of the night. However, there was less supine sleep during the baseline portion of the
night. Hence, OSA severity may have been underestimated in some cases and
treatment effect may have been underestimated. To address this potential limitation,
we analyzed our data during NREM and REM supine sleep to minimize the variability

from positional and sleep stage effects.

Finally, as we did not have a traditional mandibular advancement device control arm
in the current protocol, we cannot be certain that people with high nasal resistance
would have been poor responders with a traditional device. Rather, these statements
rely on historical data in which high nasal resistance was a predictor of mandibular
advancement treatment failure (349). Thus, to address this question definitively, an
appropriately designed prospective and powered cross-over study is required to
directly compare the current novel oral appliance with a traditional mandibular

advancement in those with high nasal resistance.

2.6. Summary

We found that nasal resistance is dependent on body posture in people with OSA
following approximately three months of oral appliance therapy. Mandibular
advancement did not alter awake nasal resistance except in the seated posture
where nasal resistance increased in non-responders to therapy. The novel oral
appliance with an in-built oral airway had similar efficacy in reducing the total AHI in
people with objectively quantified high versus low nasal resistance. These findings
suggest that this novel oral appliance may be a treatment alternative for people with
high nasal resistance in whom traditional mandibular advancement devices may be

less efficacious.
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3. CPAP combined with oral appliance
therapy reduces CPAP requirements
and pharyngeal pressure swings in
obstructive sleep apnea

| have published the work conducted in this chapter (314):

Tong, B. K., et al. (2020). "CPAP combined with oral appliance therapy reduces
CPAP requirements and pharyngeal pressure swings in obstructive sleep apnea."
Journal of Applied Physiology 129(5): 1085-1091.

3.1. Abstract

Study objectives: Oral appliance (OA) therapy is the leading alternative to
continuous positive airway pressure (CPAP) for obstructive sleep apnea (OSA). It is
well tolerated compared to CPAP. However, 250% of patients using OA therapy have
incomplete resolution of their OSA. Combination therapy with CPAP and oral
appliance (CPAP+OA) is a potential alternative for incomplete responders to OA
therapy. This study aimed to determine the extent to which combination therapy
reduces therapeutic CPAP requirements using gold standard physiological

methodology in those who have an incomplete response to OA therapy alone.

Methods: 16 incomplete responders (residual AHI> 10events/h) to a novel OA with
a built-in oral airway were recruited (3F:13M, aged 31-65 years, BMI: 22-38kg/m?,
residual AHI range 13-63events/h). Participants were fitted with a nasal mask,
pneumotachograph, epiglottic pressure catheter and standard polysomnography
equipment. CPAP titrations were performed during NREM supine sleep in each
participant during 3 conditions (order randomized): 1) CPAP only, 2) CPAP+OA(oral
airway open), and 3) CPAP+OA(oral airway closed).

Results: OSA was resolved at pressures of 412 and 5+2cmH20 during CPAP+OA
(oral airway open) and CPAP+OA (oral airway closed) conditions versus 8t2cmH>0O
during CPAP only (P<0.01). Negative epiglottic pressure swings in oral airway open
and closed conditions were normalized to CPAP only levels (-2.5[-3.7,-2.6] vs. -2.3[-
3.2,-2.4]vs. -2.1[-2.7,-2.3]cmH20).
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Conclusions: Combined CPAP and OA therapy reduces therapeutic CPAP
requirements by 35-45% and minimizes epiglottic pressure swings. This combination
may be a therapeutic alternative for patients with incomplete responses to OA

therapy alone and those who cannot tolerate high CPAP levels.

Keywords: sleep-disordered breathing, upper airway, non-CPAP therapies.

3.2. Introduction

CPAP is the recommended first line therapy for obstructive sleep apnea (OSA) (162).
It is highly efficacious in reducing OSA severity in most people with OSA (298).

Additional benefits of CPAP may include reductions in blood pressure (19

)
)
),
subjective daytime sleepiness (25) and improved cognitive function (86, 87).
However, these health benefits are often limited by poor adherence to CPAP therapy.
Approximately 30% of patients prescribed CPAP are not adherent to treatment after
one month of therapy (253). A further 15% abandon treatment within 10 months
(339). Common reasons for poor CPAP adherence include physical complaints (i.e.
mouth dryness, nasal obstruction) (100, 231), mask related discomfort (100, 231,
339), pressure intolerance (100), dislike of equipment (100, 339) and preference for
other treatment options (339). Indeed, individuals who use their CPAP less than 4
hours/ night are effectively undertreated and have some degree of residual OSA as
estimated by the Sleep Adjusted Residual AHI (SARAH index) (302). Given the
substantial portion of patients who fail CPAP therapy, strategies to improve treatment

effectiveness and development of alternative therapeutic approaches are required.

Oral appliance therapy is recommended for mild-moderate OSA and as second-line
therapy for those who are intolerant to CPAP (254). Oral appliances are well tolerated
with adherence rates of approximately 80% at 3 months (319) and after 1 year of
treatment (62). OSA severity reduces by approximately 50% on average with oral
appliance therapy (199). However, successful treatment outcome (AHI <5
events/hour) varies between patients ultimately influencing treatment effectiveness.
Indeed, at least 50% have some degree of residual OSA on therapy (304). Prediction
of treatment success with oral appliance therapy is difficult and current prediction

methods are inadequate (303).
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Alternative treatment options are urgently needed for OSA patients who are CPAP
intolerant and incomplete responders to oral appliance therapy. Combination therapy
with CPAP plus an oral appliance (CPAP+OA) has been suggested as a viable
alternative for these patients (61, 192, 318). Recent studies have demonstrated that
CPAP requirements needed to resolve OSA is lower with CPAP+OA therapy
compared to CPAP alone (84, 180). Additionally, compliance and comfort with
CPAP+OA therapy may also be superior compared to CPAP therapy alone (58).

However, previous studies that have assessed CPAP+OA therapy on these
outcomes have used standard polysomnographic measures. This includes surrogate
measures of airflow via a pressure transducer which is typically highly filtered and
respiratory effort via abdominal and thoracic bands from commercially available
diagnostic software. Standard CPAP titration methods to identify the therapeutic
CPAP level rely on visual identification of respiratory events or auto-titration from
these signals. However, subjective assessments that rely on imprecise and often
over filtered signals can easily lead to under titration (i.e. missing mild-moderate
airflow limitation) or over titration (i.e. difficult to precisely identify the point where
airflow limitation first subsides). Thus, gold standard physiological techniques such
as pneumotachograph derived airflow and respiratory effort from an airway catheter
downstream from the site of pharyngeal narrowing/collapse combined with an
objective quantification approach are required to accurately determine the
mechanistic effect of CPAP+OA therapy on the upper airway and the precise

reductions in CPAP requirements that combination therapy can yield.

A recent pilot study found that a novel oral appliance with a built-in oral airway (Figure
3.1A) was able to reduce pharyngeal pressure swings during sleep and CPAP
requirements when used in combination with CPAP (3). However, the patient
population in this preliminary investigation was small (n=4) and the efficacy of the
oral appliance therapy alone in these participants was not known. Therefore, this
study aimed to compare pharyngeal pressure swings and therapeutic CPAP
requirements in CPAP+OA therapy versus CPAP only via objective physiologically
derived measures in the clinically relevant group of incomplete responders to oral

appliance therapy.
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3.3. Materials and methods
3.3.1.Participant

16 incomplete responders to oral appliance therapy alone (residual AHI >10
events/h) were recruited for this sub-study from a larger clinical study (Figure 3.2)
that investigated the efficacy of a novel oral appliance device (O2Vent™ T, Oventus
Medical, Indooroopilly, Australia, Figure 3.1A) on OSA. Findings from the larger
clinical study (ANZCTRN12617000492358, Part A) were recently reported (313).
The current protocol was pre-registered on the Australian New Zealand Clinical Trials
Registry (ANZCTRN12617000492358, Part B). Some of the study participants also
completed an oral appliance plus expiratory positive airway pressure valve
combination therapy study on a separate occasion (ANZCTRN12617000492358,
Part C) (164).

Participants were otherwise healthy with documented OSA, were untreated or CPAP
intolerant and were recommended oral appliance therapy by their treating sleep
physician. Exclusion criteria included contraindications for oral appliance therapy by
the study dentist (e.g. periodontal disease, insufficient teeth for device retention or a
strong gag reflex), central sleep apnea (>5 events/h), intellectual or mental
impairment, pregnant or nursing mothers or medications known to affect sleep or
breathing. Written informed consent was obtained from participants prior to
enrolment. The study was approved by the Prince of Wales Human Research Ethics
Committee (HREC No. 16/356).

3.3.2.Participant set up and equipment
3.3.2.1. Overnight polysomnography

Participants were fitted with electroencephalograms (F3, F4, C3, C4, O1 and O2
referenced to A1-A2), electrooculograms, surface submental electromyograms, and

finger pulse oximetry for overnight polysomnography.
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Figure 3.1: Oral appliance device set up

A. Picture of the 2-piece titratable oral appliance (OA) that was used in the study. It incorporates
a hollow enclosure which enables air to flow directly from the mouth to the pharyngeal airway. B.
Picture of the one-way valve that was used to seal the oral airway to allow oral breathing but
minimize continuous positive airway pressure (CPAP) leak via the oral airway during the
CPAP+OA (Open) condition. C. Picture of the non-porous adhesive tape that was used to
completely seal the oral airway for the CPAP+OA (Closed) condition.

3.3.2.2. Physiological measurements

A modified non-vented nasal mask (ComfortGel, Phillips Respironics, Murrysville,
PA, USA) was attached to a pneumotachograph (Series 3700A, Hans-Rudolph,
Kansas, USA) and differential pressure transducers (DP-45, Validyne, Northridge
CA, USA) for measurement of airflow and mask pressure. A pressure transducer
tipped catheter (MPR-500, Millar, Houston, TX, USA) was inserted via the most
patent anesthetized nostril (Co-phenylcaine™ Forte spray, ENT Technologies Pty.
Ltd. Hawthorn, Victoria, Australia) 1-2cm below the base of the tongue for epiglottic

pressure (Pepi) measurement.
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Incomplete responders to oral appliance
therapy (residual AHI = 10 events/h)
alone (no OA vs OA) invited (n=21)

A 4

Randomize to split night physiology
PSG (4 arm cross-over) (n=19)

Declined to participate (n=2)

!

|

|

}

CPAP only
(n=4)

CPAP + OA (Open)
(n=6)

CPAP + OA (Closed)
(n=5)

CPAP only (n=5)

CPAP + OA (Open) CPAP + OA (Closed) CPAP + OA (Open) CPAP + OA (Closed)
(n=4) (n=6) (n=5) (n=5)
v \ 4 \ 4 l
CPAP + OA (Closed) CPAP only CPAP only CPAP + OA (Open)
(n=4) (n=6) (0=5) (n=5)

v

Excluded from analysis (n=3)
Could not tolerate equipment (n=1)
Technical issues (n=1)

Excluded due to CSA (n=1)

Analyzed (n=16)

Figure 3.2: CONSORT diagram detailing participant recruitment and flow through the study

N=21 incomplete responders to oral appliance therapy were invited to participate. N=2
participants declined to participate. N=19 participants were recruited and randomized to split night
physiology PSG (4 arm cross-over). N=3 participants were excluded from the final analysis due
to technical issues, equipment discomfort and intolerance, and presence of central sleep apnea
during the study. N=16 participants were included in the final analysis. OA: Oral appliance, PSG:
Polysomnography, AHI: Apnea hypopnea index, CPAP: Continuous positive airway pressure,

CSA: Central sleep apnea.
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3.3.2.3. Oral appliance

Participants were fitted with an O2Vent™ T oral appliance (Oventus Medical,
Indooroopilly, QLD, Australia, Figure 3.1A), followed by an 8 to 12-week
acclimatization period. The magnitude of mandibular advancement was kept
consistent with at least 75% of maximum mandibular advancement similar to our

previous study (313).

3.3.2.4. CPAP titrations

CPAP from a positive pressure device (Pcrit 3000, Phillips Respironics, Murrysville,
PA, USA) was delivered through standard CPAP tubing to the modified non-vented
nasal mask with a whisper swivel expiratory valve (Phillips Respironics, Murrysuville,
PA, USA) in series.

CPAP titrations during the CPAP+OA combination conditions were conducted with
the oral appliance in place. In the CPAP+OA (Open) condition, the oral airway in the
device was sealed with a one way valve (Theravent®, Foundation Consumer
Healthcare LLC, Pittsburgh, PA, USA) in the CPAP+OA (Open) condition to facilitate
oral inspiration if required and prevent CPAP leakage (Figure 3.1B). Non-porous
adhesive tape (Hy-Tape®, Hy-Tape International, Patterson, NY, USA) was applied
over the device oral airway in the CPAP+OA (Closed) condition to promote nasal

breathing only (Figure 3.1C).

3.3.3.Protocol

Initially, at least 5 minutes of quiet nasal breathing data were collected while awake
in the supine position without OA or CPAP. Pepi swings and CPAP requirements
were then measured throughout an overnight sleep study during the following three
study conditions in all participants in random order: 1) CPAP only, 2) CPAP plus oral
appliance with the oral airway open (CPAP+OA (Open), Figure 3.1B), and 3) CPAP
plus oral appliance with the oral airway closed (CPAP+OA (Closed), Figure 3.1C).
Randomization order of the study conditions was conducted by an external study
clinical trials monitor. Set up of each study condition was conducted by a research

assistant to blind the investigator to the intervention assignment during data
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collection. A summary of the patient flow through the study protocol is detailed in
Figure 3.2.

During the split night polysomnography, participants were instructed to sleep supine.
CPAP titrations were conducted throughout the night during NREM sleep (N2 and
N3) in each condition. CPAP was initiated at 1 cmH20 and incrementally increased
at 0.5 to 1cmH20 increments as required. Each pressure level was assessed for at
least 2 minutes prior to the next CPAP increase. Increments in CPAP were delivered
untii at least 3cmHO above the level in which sleep disordered
breathing/snoring/airflow limitation was abolished based on the airflow/Pepi
relationship where airflow limitation= no increase in inspiratory flow despite =-
1cmH20 increase in Pepi (Figure 3.3). Sleep and breathing data at the established
therapeutic CPAP level were then recorded for at least 15 minutes prior changing

over to the next condition.

3.3.4.Data acquisition and analysis

Data were collected using a 16-bit analogue to digital converter (Power 1401,
Cambridge Electronic Design Limited, Cambridge, UK) and data acquisition software

(Spike 2, version 7.20, Cambridge Electronic Design Limited, Cambridge, UK).

Data analysis was performed on a breath by breath basis using validated, custom-
designed, semi-automated software (229). Minimal therapeutic CPAP requirements
for each participant were objectively quantified based on a plot of the mean Pepi
swings vs. CPAP level within each condition (at least 20 stable breaths analyzed per
condition). Specifically, minimal therapeutic CPAP requirements were defined as the
CPAP level at which Pepi first stabilized (Figure 3.3) where the Pepi swings were
within one standard deviation or less than the average wakefulness levels. Data

analysis was performed blinded to the intervention conditions.
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Figure 3.3: Determining therapeutic CPAP requirements

Therapeutic CPAP requirements were determined by plotting pharyngeal pressure swings vs.
CPAP as shown in this individual example. The therapeutic CPAP level was defined as the first
point where pharyngeal pressure swings stabilized. In this example, flow limitation and large
pharyngeal pressure swings are present at 7 cmH20. At 8cmH:0, airflow is restored, and
pharyngeal pressure swings are minimized. Hence, this point is defined as the therapeutic CPAP
level. Pepi: Epiglottic pressure, CPAP: Continuous positive airway pressure, Pmask: Mask
pressure. Black circles represent mean delta (A) epiglottic pressure (difference between end
expiration and nadir during inspiration) at each CPAP level.

3.3.5.Statistical analysis

Data normality was assessed using a Shapiro-Wilk test. Therapeutic CPAP
requirements, Pepi swings and proportion of N2 and N3 sleep between conditions
were compared using a one-way repeated measures ANOVA (Sigma Plot, version
11). Pairwise comparisons were conducted using the Student-Newman-Keuls
method. Friedman repeated measures ANOVA on ranks were conducted for non-
normally distributed data. Data are reported as mean+SD or median with interquartile

ranges for non-normally distributed data.

3.4. Results
3.4.1.Participant characteristics

21 incomplete responders to oral appliance therapy alone were invited to participate

in the current combination therapy study. 19 consented and were randomized. 3 were
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excluded from analysis (1 could not tolerate the equipment set up, 1 had central
sleep apnea (> 5 events/h) and 1 due to technical issues in data collection). Thus,
data were analyzed in 16 across all conditions (Figure 3.2). The characteristics of

these participants are detailed in Table 3.1.

Sex 3%, 1348
Age (years) 48 £ 11
Body mass index (kg/m?) 295
No. of participants who were CPAP intolerant 3
Maximum mandibular advancement (%) 83+ 14
Epworth sleepiness scale 74
Residual AHI on OA therapy alone (events/h) 26 £13

Table 3.1: Participant characteristics

AHl=apnea/hypopnea index, OA=oral appliance. Data are mean+SD unless otherwise stated.
N=16.

3.4.2. Effect of combination therapy (CPAP+0OA) on
therapeutic CPAP requirements

The effect of combination therapy (CPAP+OA) on minimal therapeutic CPAP
requirements is summarized in Figure 3.4. Therapeutic CPAP levels were reduced
with CPAP+OA compared to CPAP only. CPAP requirements were reduced by
43127% in the CPAP+OA (Open) condition (p<0.001) and 33+31% in the CPAP+OA
(Closed) condition (p<0.001). There was no difference in the CPAP requirements
between the CPAP+OA (Open) and CPAP+0OA (Closed) conditions (p=0.386).

The average total sleep time for data collection in each condition (CPAP only,
CPAP+OA (Open) and CPAP+OA(Closed)) was 102+75 vs. 70130 vs. 67120
minutes. CPAP requirements were measured during supine NREM sleep
predominantly in N2 sleep. There was no difference in the proportion of N2 sleep
(5317 vs. 60+19 vs. 59118 %TST, p=0.445) and N3 sleep (26125 vs. 25124 vs.
17116 %TST, p=0.508) between the three study conditions (CPAP only, CPAP+OA
(Open) and CPAP+OA (Closed)).

57



P<0.001

P<0.001

O 144
o~
T @
£ .
5 12 ©
E s ol
2 , @
~ g -
< ° 4 $
o 0. i
O & o ®
0 - :
- . :
2 o . S | :
o o *
L 5.
o 2 .. @
S ;
-~ o o
0 . v .
CPAP only CPAP + OA CPAP + OA
(Closed) (Open)

Figure 3.4: Therapeutic CPAP requirements for each of the three conditions: CPAP only,
CPAP+OA (closed) and CPAP+OA (open).

Grey circles represent individual data. Black triangles with error bars represent the group
mean+SD. CPAP: Continuous positive airway pressure, OA: Oral appliance.

3.4.3.Pharyngeal pressure swings with combination
therapy (CPAP+OA)

Figure 3.5 summarizes the Pepi swings at therapeutic CPAP requirement levels
during combination therapy conditions compared to CPAP only. Pepi swings were
successfully normalized to CPAP levels and were not different between conditions
(p=0.144).
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Figure 3.5: Pharyngeal pressure swings at therapeutic CPAP requirements for each of the
three conditions: CPAP only, CPAP+OA (closed) and CPAP+OA (open).

Grey circles represent individual data. Black lines and error bars represent the median and
interquartile range. CPAP: Continuous positive airway pressure, OA: Oral appliance, APepi:
difference in epiglottic pressure swings between end expiration and nadir during inspiration.

3.5. Discussion

The main findings of this study are that combination therapy with CPAP and a novel
oral appliance can normalize pharyngeal pressure swings and lower CPAP
requirements by ~40% compared to CPAP alone. These findings, conducted in the
clinically relevant group of incomplete responders to oral appliance therapy alone
and derived using gold-standard physiological assessments to objectively quantify
CPAP requirements, provide novel insight into the role of combination therapy on
upper airway physiology and breathing during sleep. This information is important to

inform combination therapy strategies for OSA.

The magnitude of the reduction in CPAP requirements with combination therapy in
the current study is comparable with previous studies that used standard
polysomnography approaches in which therapeutic CPAP requirements were
reduced by 29 to 48% (58, 84, 180). Thus, despite the use of different oral
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appliances, methodology and patient characteristics, combination therapy appears
to reduce CPAP requirements by 30-50%.

The reduction in CPAP requirements in the current study of 3-4cmH2O are also
comparable to previous physiology studies that have investigated the mechanisms
of oral appliance therapy. For example, Bamagoos and colleagues demonstrated a
dose dependent reduction in the critical closing pressure of the upper airway (Pcrit)
of 3-6cmH-0 with oral appliance therapy (13) and a 4cmH2O reduction in therapeutic
CPAP requirements with combination therapy (14). A similar reduction in the closing
pressure of the upper airway (Pclose) of 5.5cmH20 was observed in patients under
anaesthesia with 6mm of mandibular advancement (147) whereby anterior
movement of the mandible widens the retropalatal airway and tongue base in the
passive pharynx (129). Our findings therefore suggest that the reduction in
therapeutic CPAP requirements with combination therapy is related to reduced upper

airway collapsibility from oral appliance therapy.

Two participants did not have a reduction in therapeutic CPAP requirement with
combination therapy. Both were obese and had high nasal resistance while supine
(>3cmH20/L/s) (313). One had upper airway crowding based on the Mallampati
score of 3. Previous studies have indicated that obesity, upper airway crowding (128,
315) and increased nasal resistance (349) are predictors of unsuccessful oral
appliance therapy outcome. Thus, this combination of factors likely yielded minimal
anatomical benefit with oral appliance therapy in these individuals and therefore, no

change in therapeutic CPAP requirements.

Lower CPAP levels have been assumed to help improve CPAP compliance. Patient
preference between the different conditions in the current acute physiology studies
was not assessed. Nonetheless, previous studies have demonstrated high
compliance with combination therapy with an average usage time of 6 hours per night
(58, 84, 180). Indeed, in one study, long-term compliance with combination therapy
was reported to be ~75 % with an average nightly usage of 6 hours per night over 3
years (180). De Vries and colleagues also reported that patients who require high
therapeutic CPAP levels, prefer combination therapy (CPAP+0A) (58). The current
findings indicate that the addition of an oral appliance can reduce CPAP
requirements by ~40% while normalizing pharyngeal pressure swings. Thus, this

approach may be a viable alternative for people with high CPAP requirements who
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have difficulty tolerating the high pressures and for people who have an incomplete
response to oral appliance therapy alone. However, the role of combination therapy
on adherence and compliance was not assessed in the current physiological study.
This remains an important clinical question to pursue in the clinically relevant patient
groups including those who have incomplete responses to oral appliance therapy
alone and those who are unable to tolerate CPAP alone due to high pressure

requirements.

In the current study, epiglottic pressure swings and CPAP requirements were
comparable when the oral airway within the novel oral appliance device was open
versus closed. This finding suggests that CPAP can be delivered effectively while
providing an oral breathing option which may offer an alternative to oronasal masks
in those who have difficulty breathing exclusively through their nose. Borel and
colleagues also demonstrated that velopharyngeal resistance is reduced when
CPAP and an oral appliance are used together compared to other mask interfaces
(29).

3.5.1.Methodological considerations

While the current study has several methodological strengths including the rigorous
objective assessment of CPAP requirements across the conditions using epiglottic
pressures and pneumotach-derived airflow and a clinically relevant patient
population, there are certain limitations that need to be acknowledged. For example,
this study was designed as a single night study in which three different conditions
were assessed throughout the night. This limits the amount of sleep time available
for each condition. However, on average over 1 hour of sleep data were obtained in
each condition which was sufficient to address the study aims. Sleep architecture
also changes across the night with a greater proportion of REM sleep later in the
night (59). Additionally, upper airway collapsibility and pharyngeal muscle activity are
sleep stage dependent (39). This likely results in different therapeutic CPAP
requirements between sleep stages especially during REM and NREM sleep.
Therefore, the current study focused on the effects on supine NREM sleep comprised
of comparable amounts of N2 and N3 between conditions. Thus, while this design
was appropriate to address our primary study aims, we cannot be certain that the

magnitude of the reductions detected are comparable in REM sleep and in different
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body positions. However, study conditions were randomized to prevent potential time
of night biases on the study outcomes. In addition, we did not measure airflow
through the oral airway of the oral appliance during the airway open condition. Thus,
we may have underestimated airflow and therefore over-titrated CPAP during this
condition. However, this is unlikely as we were able to take advantage of the
epiglottic pressure sensor to assess upper airway function accurately and objectively
across the study conditions. Finally, an EPAP valve was used in the current study to
prevent CPAP leakage which as recently demonstrated (164), may have in of itself

led to some improvement in airway stability.

3.5.2.Summary

In conclusion, combination therapy using CPAP and oral appliance therapy can
normalize pharyngeal pressure swings and lower CPAP requirements by 35-45%
compared to CPAP alone. Combination therapy may be a therapeutic option for OSA
patients who are incomplete responders to oral appliance therapy alone and those
who struggle with CPAP due to high pressure requirements. This requires further

investigation.
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4. Efficacy of a novel oral appliance
and the influence of nasal resistance
and OSA pathophysiological traits on

treatment response
41. Abstract

Background: Approximately 50% of patients have a major reduction in OSA severity
with oral appliance therapy but successful treatment outcome remains difficult to
predict. Previous prediction methods have largely focused on clinical variables which
have poor predictive value. High nasal resistance has also been reported as a
predictor of treatment failure with traditional oral appliance therapy. However, this
was not the case with a new oral appliance prototype with a built-in oral airway that
had similar treatment efficacy in those with versus without high nasal resistance.
OSA is a heterogenous disorder caused by at least 4 pathophysiological traits. The
influence of OSA pathophysiological traits on oral appliance treatment outcome has
been explored in recent retrospective physiological studies using simplified but not

gold standard detailed phenotyping methods.

Objectives: This study aimed to determine 1) the efficacy of a next generation oral
appliance with a built-in oral airway and 2) the potential influence of nasal resistance

and baseline phenotypic traits on treatment responses.

Methods: 24 healthy people with OSA (AHI>10 events/h confirmed via overnight in-
laboratory PSG) were studied. A detailed physiology PSG was then performed to
quantify nasal resistance, upper airway collapsibility (Pcrit) and estimate the other
key pathophysiological traits prior to commencement of oral appliance therapy. In
addition to standard PSG equipment, participants were fitted with a nasal mask,
pneumotachograph, epiglottic and choanal pressure catheters and intramuscular
electrodes inserted perorally into the genioglossus to quantify baseline OSA
phenotypic traits and nasal resistance. Pcrit was quantified via CPAP dial downs and
the non-anatomical traits were quantified from naturally occurring apnoeas and
hypopnoeas off-CPAP. OSA phenotypic traits were also estimated via
polysomnography referenced to eupneic ventilation using validated algorithms.

Participants were then fitted with a novel, nylon-based oral appliance with a built-in
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oral airway (Oventus OzVent Optima™) and titrated to at least 75% of maximum
mandibular advancement. After acclimatisation to therapy (>4 weeks), participants

were invited to undergo a treatment efficacy study (standard in-laboratory PSG).

Results: Oral appliance therapy with the new nylon-based O2Vent Optima™ device
reduced the AHI by 41% (22[15,36] vs. 11[7,17] events/h, P<0.001). 42% of
participants were classified as “responders” defined as an AHI <10 events/h on oral
appliance therapy. There was no significant difference in nasal resistance
(1.9[1.2,4.4] vs. 25[2.0,4.8] cmH20/L/s, p=0.164) or the directly measured
phenotypic traits between responders and incomplete responders Pcrit (-1.5£2.2 vs.
-1.6x£2.1 cmH20, p=0.936), Arousal threshold (-21+6.9 vs. -25+9.1 cmH20, p=0.342),
Loop gain (0.7+0.2 vs. 0.6+0.2, p=0.713) and Muscle responsiveness (-0.1[-1.0,-0.1]
vs. -0.1[-0.2,-0.1], p=0.832) in this prospectively recruited patient cohort. However,
estimates of upper airway collapsibility under passive (93[84,97] vs. 79[37,91]
%Veupnea, p=0.025) and active (102[92,112] vs 72[0,100] %Veupnea, p=0.041)
conditions indicated a less collapsible airway at baseline in responders to therapy
and baseline pharyngeal muscle compensation also tended to be better in

responders versus non-responders (5[3,27] vs. -7[-26,2] %Veupnea, p=0.051).

Conclusions: The next generation, nylon-based novel oral appliance with a built-in
oral airway reduced OSA severity by ~40% in people with and without high nasal
resistance. Responders to therapy tended to have less upper airway collapsibility
and better pharyngeal muscle compensation at baseline when these traits were
estimated via polysomnography but not when measured directly in the current
prospectively recruited cohort, none of whom had major anatomical compromise at

baseline (Pcrit all <2cmH20).

4.2. Introduction

Oral appliance therapy is frequently recommended for patients who are CPAP
intolerant and for those with mild to moderately severe OSA (254). Oral appliances
such as mandibular advancement devices work by protruding the mandible anteriorly
to increase velopharyngeal volume and reduce upper airway collapsibility (33, 43,
129). Oral appliances are associated with higher compliance rates but lower
treatment efficacy when compared to CPAP (15). Indeed, approximately 50% of
patients achieve therapeutic resolution of their OSA with oral appliance therapy
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(304). Prediction of favourable treatment outcome remains challenging and has
heavily relied on clinical measures such as age, gender, BMI, OSA severity,
cephalometric measures (120, 181, 199) and polysomnographic measures (303).
However, the prospective predictive value of these measures is often poor and non-
standard measures are challenging to implement into routine clinical practice (15,
301).

Nasal resistance varies with body posture in people with (313) and without OSA (263,
264). These posture dependent effects have been attributed to hydrostatic pressure
changes in venous blood flow within the nasal cavernous tissues (138) and
potentially changes in pressure reflex responses (52, 255). Increased nasal
resistance negatively impacts OSA treatment outcomes (297, 349) and may worsen
OSA (299, 306). In Chapter 2, the effects of changes in body posture on nasal
resistance in people with OSA was carefully quantified (313). Unlike traditional oral
appliance therapy where high nasal resistance is associated with treatment failure
(349), people with high and low nasal resistance had similar treatment responses to
a new, titanium based oral appliance prototype with built-in oral airway (313).
However, this finding requires replication including with the next generation nylon-

based device (O2Vent Optima™) for which efficacy is currently unknown.

OSA is a heterogenous disorder (351). Recent work has identified four anatomical
and non-anatomical pathophysiological contributors: 1) a collapsible upper airway
(high Pcrit/anatomical impairment), 2) low respiratory arousal threshold (waking up
too easily to minor airway narrowing), 3) unstable respiratory control (high loop gain),
and 4) poor pharyngeal dilator muscle responsiveness during sleep (79, 280, 331,
342). These pathophysiological traits have been proposed as important contributors
to the observed between-patient variability in oral appliance efficacy and may hold
the key to accurately predicting oral appliance therapy outcomes (12, 81). Indeed,
recent studies that have estimated key OSA traits have shown that a severely
collapsible upper airway is a negative predictor for oral appliance therapy (12, 201).
In addition, the site of airway collapse is also associated with oral appliance treatment
outcome (201, 227). Furthermore, high loop gain at baseline is predictive of oral
appliance treatment failure (81, 238). However, these initial studies have used
simplified estimates rather than direct methods to quantify the key OSA
pathophysiological traits and in most cases trait estimates were performed after
patients had been treated which may later alter the predictive profile.
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Accordingly, the aims of this study were to determine: 1) the efficacy of a next
generation oral appliance with a built-in oral airway and 2) the potential influence of

nasal resistance and baseline phenotypic traits on treatment responses.

4.3. Methods
4.3.1. Participants

24 untreated (including those who were intolerant to CPAP) people with OSA (AHI >
10events/h) were recruited from the Prince of Wales Hospital sleep clinic and local
sleep clinics. All participants were recommended for oral appliance therapy by their
treating sleep physician. Reasons for exclusion included: 1) any oral appliance
therapy contraindication identified by the study dentist (periodontal disease,
insufficient teeth for device retention or a strong gag reflex), central sleep apnoea
(>5 central events/h), intellectual or mental impairment, pregnant or nursing mothers,
or any medication use known to affect sleep or breathing. All participants provided
written informed consent prior to enrolling in the study. The study was approved by
the South Eastern Sydney Local Health District Human Research Ethics Committee
(HREC18/047) and was preregistered on the Australian New Zealand Clinical Trial
Registry (ACTRN12618001995268).

4.3.2.Protocol
4.3.2.1. Overnight diagnostic polysomnography

Initially, standard overnight polysomnography was conducted to confirm OSA
diagnosis (>10 events/h). Participants were encouraged to sleep supine for as much

of the night as possible.

4.3.2.2. Dental visits

Participants referred for oral appliance therapy by their treating sleep physician were
scheduled for a dental assessment with a dentist experienced in fitting oral appliance
devices. During the visit, dental scans were made using a dental scanner (TRIOS3,
3Shape, Copenhagen, Denmark) and the maximum tolerable mandibular
advancement was determined. A follow-up dental visit within 4 weeks of the initial
visit was scheduled for fitting and initial titration of the oral appliance (O2Vent

Optima™, Oventus Medical, Indooroopilly, QLD, Australia, Figure 4.1). Mandibular
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advancement was titrated to at least 75% of maximum mandibular advancement

over an 8 to 12 week acclimatisation period.

Every 2 weeks participants were contacted by phone or email during the
acclimatisation period to assess self-reported adherence and perceived changes in
their sleep. Participants were asked “Are you wearing the device every night? If no,
how long per night and how many times per week?” and “Did you notice any

differences in your sleep?”.

Figure 4.1: A photo of the Oventus O2Vent Optima™ nylon-based next generation oral
appliance device that was used in this study.

4.3.2.3. Detailed physiology overnight sleep study

Approximately two weeks after the initial diagnostic study and prior to
commencement of oral appliance therapy, participants returned to the laboratory for
detailed upper airway physiology and overnight respiratory phenotyping assessment.
Subjective daytime sleepiness was assessed using the Epworth Sleepiness Scale
(ESS) questionnaire (134). Subjective nasal obstruction was assessed using the
NOSE questionnaire where scores of 5-25 indicates mild, 30-50 indicates moderate,
55-75 indicates severe and 80-100 indicates extreme nasal obstruction (178, 292).
Visual assessment of the pharyngeal structures was conducted according to the
modified Mallampati scale (196, 269). The insomnia severity index was also
assessed as part of routine clinical assessment (221). These questionnaires were
administered prior to sleep. Once all the monitoring equipment was in place (see
participant set up and equipment section below), awake nasal resistance during quiet
nasal breathing was performed supine using gold standard methodology as

described previously (313). Several large swallows and tongue protrusions were then
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performed to measure the maximum EMG activity of the genioglossus as described

previously (79).

Participants were encouraged to sleep supine. During sleep, CPAP was titrated from
4cmH20 until the therapeutic CPAP level confirmed by elimination of respiratory
events and inspiratory flow limitation (defined as >1cmH20 increase in epiglottic
pressure with no increase in inspiratory flow). During NREM supine sleep, CPAP dial
downs (transient pressure reductions) were conducted for up to 1 minute using a
modified CPAP machine (Pcrit 3000, Phillips Respironics, Murrysville, PA, USA) to

induce inspiratory flow limitation to quantify upper airway collapsibility (Pcrit) (79).

Following at least 1 sleep cycle and quantification of Pcrit (typically ~2 hours after
sleep onset), CPAP was removed, and participants slept with the detailed recording
equipment but without CPAP for the remainder of the night. This allowed for direct
measurement of the respiratory arousal threshold and muscle responsiveness during

NREM respiratory events and estimation of loop gain.

4.3.2.4. Oral appliance efficacy sleep study

Following acclimatisation and adequate titration to at least 75% of maximum
mandibular advancement, participants were invited to return for a sleep study to
determine oral appliance efficacy. Participants were once again encouraged to sleep
supine. The Epworth Sleepiness Scale questionnaire was administered prior to sleep

to assess subjective daytime sleepiness on therapy.

4.3.3.Participant set up and equipment
4.3.3.1. Overnight polysomnography

Electroencephalogram (F3, F4, C3, C4, O1 and 02, referenced to A1-A2),
electrooculograms, surface submental and leg electromyograms, finger pulse
oximetry, body position, nasal pressure flow, oronasal thermistor flow, thoracic and
abdominal respiratory bands and snore sound was measured for both the initial
diagnostic and follow-up efficacy sleep studies. Data were acquired using a Level 1
diagnostic sleep system (Alice 6 LDxN, Phillips Respironics) and data acquisition

software (Sleepware G3, version 3.7.4, Phillips Respironics).
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4.3.3.2. Detailed physiology overnight polysomnography

In addition to the standard polysomnography measurements, airflow and mask
pressure were measured via a modified non-vented nasal mask (ComfortGel, Phillips
Respironics, Murrysville, PA, USA) attached to a pneumotachograph (Series 3700A,
Hans Rudolph, KS, USA) and differential pressure transducers (DP45, Validyne,
Northridge, CA, USA). Epiglottic pressure (Pepi) was measured using a pressure
tipped catheter (MPR-500, Millar, Houston, TX, USA) inserted through the most
patent anaesthetised nostril (Co-Phenylcaine Forte spray, ENT, Technologies Pty.
Ltd. Hawthorn, Vic, Australia) and positioned at 1-2cm below the base of the tongue
(79). Choanal pressure (Pcho) was measured using a second pressure tipped
catheter inserted through the same nostril and positioned to the level of the choanae.
Genioglossus electromyography was measured via two intramuscular electrodes to
create a bipolar recording. After 5 minutes of topical anaesthesia (1% Lignocaine
HCI, Pfizer, West Ryde, NSW, Australia), two Teflon coated fine wire electrodes (A-
M Systems, WA, USA) were inserted approximately 3-4mm on each side of the
frenulum and up to 1.5cm deep perorally into the genioglossus muscle via 25G
needles (BD PrecisionGlide™, Temse, Belgium) according to previously described
methodology (79). Data were acquired using a 16-bit analog to digital converter
(Power 1401, Cambridge Electronic Design Limited, Cambridge, UK) and data
acquisition software (Spike 2, version 7.20, Cambridge Electronic Design Limited,
Cambridge, UK).

4.3.4.Data analysis

Overnight sleep study data were staged and respiratory events scored according to
recommended AASM criteria (23). The scorer was blinded to the study condition.
Validated, semi-automated, custom designed software was used to quantify key
respiratory measures of interest including nasal resistance on a breath by breath
basis (229). Data were manually reviewed and artifact breaths removed (e.g. due to
swallows or poor signal quality such as electrical noise for EMG signals or leak for

respiratory variables).

Awake nasal resistance was calculated as the magnitude of the pressure difference
between choanal pressure and mask pressure at a flow rate of 0.2L/s (337). High
nasal resistance was defined as >3cmH-O/L/s (205).
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Figure 4.2: Schematic diagram of the detailed upper airway physiology set up.

CPAP=continuous positive airway pressure, Pmask=mask pressure, Pepi=epiglottic pressure,
Pcho=choanal pressure, EMGgg=Genioglossus electromyography

Upper airway collapsibility (Pcrit), respiratory arousal threshold, and genioglossus
muscle responsiveness were quantified according to previously described gold
standard methodology (79). Briefly, upper airway collapsibility (Pcrit) was quantified
using linear regression of the flow versus mask pressure relationship for all flow-
limited breaths (breaths three to five following each CPAP dial down). Pcrit was
quantified as the x-intercept (Flow = OL/s) of the linear regression fit (39, 241, 279).
Arousal threshold was quantified as the average nadir epiglottic pressure of the
breath preceding a cortical arousal during hypopnoea and obstructive apnoeas (78).
Genioglossus muscle responsiveness was quantified as the slope of the relationship
between peak genioglossus muscle activity and nadir epiglottic pressure for each
breath during hypopnoea and obstructive apnoeas (79). Loop gain was quantified
using a validated computational methodology (311). In addition, estimates of upper
airway collapsibility (Vpassive), respiratory arousal threshold (Varousal) @and upper airway
muscle compensation (Vactive and Veomp) @s a % of eupnoea were also calculated from
the airflow signals and corresponding arousals and events scoring data from the
detailed physiology PSG using semiautomated, validated, custom software (271,

272).
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4.3.5. Statistical analysis

Two tailed, unpaired Students t-tests were used for normally distributed data to
compare 1) OSA pathophysiological traits between responders and non-responders
to oral appliance therapy, 2) key variables in those who did versus not return for the
efficacy study and 3) sleep and breathing parameters between no therapy versus
oral appliance therapy conditions. Mann-Whitney rank sum tests were used to
compare non-normally distributed data. Normality was assessed using the Shapiro-
Wilk test. All statistical analyses were performed using SigmaPlot version 12.5,
(Systat Software, San Jose, CA, USA). Data are reported as mean + standard
deviation for normally distributed data or median (interquartile range [IQR]) for non-

normally distributed data.

4.4. Results
4.4.1.Participant characteristics

41 participants with OSA were screened by our in-house study dentist for oral
appliance therapy. 9 were contraindicated for therapy and 32 were fitted with an oral
appliance and progressed through the trial. 24 participants completed the trial, 6 were
lost to follow-up, 1 withdrew from the study due to personal reasons and 1 failed to
acclimatise to therapy (Figure 4.3). Anthropometric data for the 24 participants who

completed the study are detailed in Table 4.1.

Sex 22 Males: 2 Females
Age (yr) 47 [34,60]
Body mass index (kg/m?) 276+ 3.8
Mandibular advancement (mm) 10.5+£2.0
Mandibular advancement (% max) 85.5+£9.0
Epworth sleepiness score 7.8+3.7
Baseline AHI (events/h) 21.5[15.2,36.3]
NOSE questionnaire 19.5+17.1
Mallampati score 3[2,4]
Insomnia severity index 8.5+5.9

Table 4.1: Participant anthropometric data

Data are mean + standard deviation or median (interquartiie range). N=24.
AHI=apnoea/hypopnoea index.
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Excluded (n=53)
Declined participation (n=49)
Nat eligible (n=4)

OSA participants referred for
OA therapy by sleep physician

screened for eligibility (n=94)

\ 4

Excluded
+ Contraindicated for OA (n=9)

Eligible participants screened
by dentist for OA therapy
(n=41)

Excluded (n=8)
Lostto follow up (n=6)
Withdrew from study (n=1)
. Failed acclimatisation (n=1)

F 3

v

Diagnostic PSG to confirm OSA
(n=32)

\ 4

Nasal resistance measures

(n=32)

v

Detailed physiclogy sleep study
(n=32)

Analysed (n=31)
n=1 excluded (Sensor fault)

Figure 4.3: CONSORT diagram detailing participant recruitment and flow through the study

protocol.

94 patients with OSA referred for oral appliance therapy were screened for eligibility. 41 eligible
patients were then screened by a qualified sleep dentist for oral appliance therapy. 9 patients
were contraindicated for therapy and excluded. The remaining 32 participants were invited to
undergo a diagnostic in lab PSG to confirm OSA. Following confirmation of OSA, 32 participants
were studied for nasal resistance measures and detailed physiology overnight sleep study. These
32 participants were then fitted with an oral appliance and went on to acclimatise to therapy for
8-12 weeks. 6 were lost to follow up, 1 withdrew from the study due to personal reasons and 1
failed acclimatisation. 24 participants returned following acclimatisation for an overnight oral

F 3

\ 4

OA treatment follow up by dentist
(n=24)

OA efficacy sleep study (n=24)

A\ 4

Analysed (n=24)

A 4

Analysed (n=29)
n=3 excluded (nosleep
recorded)

appliance efficacy in-lab PSG. OSA=obstructive sleep apnoea, OA=oral appliance.
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4.4.2.Efficacy of the next generation novel oral appliance

Key polysomnographic variables are summarised in Table 4.2. The next generation
novel oral appliance reduced OSA severity by 41+32% (Figure 4.4A). 7 participants
had high nasal resistance in the supine position. OSA severity in this group was
reduced by 40+24% with oral appliance therapy. The reduction in OSA severity was

similar between participants of high and low nasal resistance (Figure 4.4B, p=0.917).

NREM supine AHI was reduced by 62[35,82]% and NREM AHI was reduced by
49[27,82]% with oral appliance therapy. Similarly, oral appliance therapy reduced
both supine REM AHI and REM AHI by 39[-8,70]% and 25149% , respectively. Oral
appliance therapy did not reduce the duration of hypopnoeas. However, the
frequency of hypopnoeas were reduced with oral appliance therapy. In contrast, oral

appliance therapy reduced both apnoea duration and frequency.

The oxygen desaturation index decreased with oral appliance therapy. However,
nadir O saturation and sleep time spent below 90% O, saturation were not
systematically different between baseline and therapy nights. Total sleep time and
sleep efficiency were similar between baseline and therapy nights. Sleep architecture
on therapy improved with oral appliance therapy as evidenced by reduced time in
stage N1 sleep, increased REM sleep, and a tendency towards a lower arousal index
and increased time spent supine. Half of the study participants has a greater than
50% reduction in OSA severity. Table 4.3 and 4.4 summarises the participant
response rate to the next generation oral appliance according to standard clinical
treatment outcome definitions. Subjective sleepiness as measured by the ESS score

were similar between baseline and therapy nights (8+4 versus 6+3).
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No therapy

Oral appliance P-value

Sleep efficiency (%)

Total sleep time (minutes)
Stage N1 sleep (%TST)
Stage N2 sleep (%TST)
Stage N3 sleep (%TST)
REM sleep (%TST)

Wake after sleep onset (minutes)
Arousal index (events/h)
Time spent supine (%TST)
NREM supine AHI (events/h)
REM supine AHI (events/h)
Total supine AHI (events/h)
Total AHI (events/h)

Total NREM AHI (events/h)
Total REM AHI (events/h)

Hypopnoea event duration (seconds)

No. of hypopnoeas (events)

Apnoea event duration (seconds)

No. of apnoeas (events)
Nadir SpO: (%)

Total ODI (3%)

T90 (minutes)

T90 (%TST)

Table 4.2: Polysomnography data no therapy vs. oral appliance therapy

Data are mean +

AHl=apnoea/hypopnoea index,

standard deviation

86 [80,91] 90 [80,92] 0.734
407 £ 50 415 £ 55 0.592
15 [11,21] 12 [6,16] 0.068
45+ 9 43+9 0.484
1817 1816 0.732
208 257 0.016
49 [26,79] 42 [32,91] 0.975
25[17,30] 19 [12,24] 0.081
59 + 36 71+£27 0.191
31 [17,53] 10 [6,15] <0.001
50 [35,58] 28 [17,40] 0.003
37 [22,55] 14 [9,21] <0.001
22 [15,36] 11 [7,17] <0.001
19 [11,32] 8 [4,11] <0.001
34 +£13 22+£12 0.002
255 24 +6 0.36
103 [86,186] 67 [43,110] 0.004
18 [15,25] 13 [3,20] 0.01
18 [9,46] 1.5[0,7] <0.001
84 [79,87] 84 [80,88] 0.782
16 [10,34] 9[5,14] 0.001
411,18] 410,14] 0.655
11[0,4] 11[0,3] 0.876
or median (interquartile range). N=24.
NREM=non-rapid eye movement sleep, ODIl=oxygen

desaturation index, REM=rapid eye movement, SpO.=estimated blood oxygen via pulse
oximetry, T90=time spent with a blood oxygen saturation level below 90%, TST=total sleep time.
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Responders % (n)
Total AHI NREM supine AHI  Supine AHI

Treatment AHI<5 events/h 0 (0) 16 (4) 0 (0)
Treatment AHI<10 events/h 42 (10) 50 (12)? 29 (7)
Treatment AHI<10 events/h &

33 (8) 42 (10) 25 (6)
>50% reduction in baseline AHI
>50% reduction in baseline AHI 46 (11) 67 (16) 50 (12)
Reduction in OSA severity

50 (12) 79 (19) 75 (18)

category

Table 4.3: Participant response rate to oral appliance therapy according to different treatment
outcome definitions.

Number of participants in each category are listed in parentheses. Data calculated from n=24
participants. @ Count includes participants with AHI<5events/h. AHI=apnoea/hypopnoea index,
NREM=non-rapid eye movement, OSA=obstructive sleep apnoea, Reduction in OSA severity
category=proportion of participants who had a reduction in OSA severity category (e.g., from
severe to moderate or moderate to mild etc. where mild=AHI 5 to <15, moderate=AHI 15 to <30
and severe=AHI = 30events/h).

Responders, % (n)

High nasal resistance  Low nasal resistance

Treatment AHI<5 events/h 0 0
Treatment AHI <10 events/h 29 (2) 47 (8)
Treatment AHI<10 events/h &

14 (1) 41 (7)
>50% reduction in baseline AHI
>50% reduction in baseline AHI 29 (2) 53 (9)
Reduction in OSA severity category 43 (3) 53 (9)

Table 4.4: Treatment response rates according to high versus low nasal resistance

Number of participants listed in each category are listed in parentheses. Data for high nasal
resistance group calculated from n=7 participants. Data for low nasal resistance group calculated
from n=17 participants. High nasal resistance is defined as >3cmH:20/L/s.
AHl=apnoea/hypopnoea index, OSA=obstructive sleep apnoea, Reduction in OSA severity
category=proportion of participants who had a reduction in OSA severity category (e.g., from
severe to moderate or moderate to mild etc. where mild=AHI 5 to <15, moderate=AHI 15 to <30
and severe=AHI = 30events/h).
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Figure 4.4: Efficacy of next generation novel oral appliance

(A) Effect of oral appliance on obstructive sleep apnoea severity (total apnoea/hypopnoea index
[AHI]). Black squares with error bars=group mean * standard deviation. (B) Percentage reduction
in obstructive sleep apnoea severity with oral appliance between people with high and low nasal
resistance. High nasal resistance is defined as >3cmH20/L/s. Black error bars=group mean *
standard deviation.

Each data point denotes an individual participant. Clear triangles indicate people with high nasal
resistance. Inverted triangles indicate people with low nasal resistance. Nasal resistance
measured in the supine position. Asterisk indicates a significant difference (P<0.05) between
baseline and oral appliance therapy.
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4.4.3.Self-reported compliance to oral appliance therapy

Participants reported using the oral appliance for an average of 7+1 hours/night
(range: 4-8 nights) for 611 nights/week (range: 2-7 nights). All participants used their
oral appliance for at least 4h/night. 7 participants reported subjective improvements
in sleep quality, 8 reported that their partners noticed a reduction in snore intensity

and 9 reported no improvements in sleep quality.

4.4.4 Effects of nasal resistance and OSA
pathophysiological traits on treatment response

While values varied between participants, consistent with subjective perception of
low nasal resistance (NOSE questionnaire, Table 4.1), median objective awake
nasal resistance while supine for the group was 2.5[1.8,3.7] cmH2O/L/s. Nasal
resistance was not different between responders and incomplete responders to oral
appliance therapy (1.9[1.2,4.4] vs. 2.5[2.0,4.8] cmH2O/L/s, p=0.164).

There were no significant differences in any of the OSA pathophysiological traits as
measured by gold standard methodology between responders and incomplete
responders to oral appliance therapy (Residual AHI >10 events/h) (Table 4.5).
Additionally, OSA pathophysiological traits were similar between responders and

non-responders according to the definition of greater than 50% reduction in AHI (data

not shown).
Responder Non-responder P-value

Pcrit (cmH20) -1.5+22 -1.6+2.1 0.936
Arousal threshold (cmH20) -21.0+£6.9 -25.2 £ 91 0.342
Muscle responsiveness

-0.1[-1.0,-0.1] -0.1[-0.2,-0.1] 0.832
(Y%omax/cmH-0)
LG1 0.7+0.2 06+0.2 0.713
LGn 0.5+0.1 0.5+0.1 0.736

Table 4.5: Comparison of OSA pathophysiological traits measured by gold standard
methodology between responders and non-responders to oral appliance therapy.

Data are mean + standard deviation or median (interquartile range). N=9 in the responders group.
N=12 in the non-responders group. Pcrit=critical closing pressure (upper airway collapsibility),
LG1=loop gain determined at 1cycle/min, LGn=loop gain at the natural cycling frequency.

7



OSA pathophysiological traits calculated using a custom semi-automated script (271,
272) was compared between responders and non-responders (Residual
AHI>10events/h) and is summarised in Table 4.6. Passive upper airway collapsibility
(Vpassive) @and active upper airway collapsibility (Vacive) Were higher (less collapsible
airways) in those who responded to oral appliance therapy versus those who did not.
Pharyngeal muscle compensation (Vcomp) also tended to be worse in non-responders
versus responders to oral appliance therapy. The estimated arousal threshold was

similar between groups.

Responder Non responder P-value
Arousal threshold (%Veupnea) 124 [109,140] 147 [126,180] 0.166

Vpassive (% Veupnea) 93 [84,97] 79 [37,91] 0.025
Vactive (% Veupnea) 102 [92,112] 72 [0,100] 0.041
Veomp (% Veupnea) 5 [3,27] -7 [-26,2] 0.051

Table 4.6: Comparison of OSA pathophysiological traits as calculated using a custom semi-
automated script (271, 272) between responders and non-responders to oral appliance
therapy.

Data are median (interquartile range). N=10 participants who were responders. N=12 participants
who were non-responder (residual AHI>10 events/h). Vpassive=passive upper airway collapsibility,
Vactive=active upper airway collapsibility, Vcomp=pharyngeal muscle compensation.

4.4.5.Participant characteristics in those who did versus
did not return for the final efficacy study

6 participants did not return for the efficacy study as they were lost to follow up. Table
4.7 summarises the anthropometric data between participants who returned and did

not return for the efficacy study.

Table 4.8 summarises the OSA pathophysiological traits between participants who
returned for their treatment efficacy study and those who did not. Pcrit, arousal
threshold and muscle responsiveness and loop gain were similar between both

groups.
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Returned for Did not return for

efficacy study efficacy study P-value
Age (yr) 47 [34,60] 42 [31,49] 0.287
Body mass index (kg/m?) 28+4 285 0.884
Epworth sleepiness score 8 [6,11] 7 [3,16] 0.938
Baseline AHI (events/h) 21 [15,36] 25 [15,34] 0.979
NOSE questionaire 20+ 17 19+ 17 0.958
Mallampati score 3[2,4] 4 [3,4] 0.510
Insomnia severity index 9+6 127 0.315

Table 4.7: Comparison of anthropometric data between participants who returned and did
not return for their final efficacy study.

Data are means + standard deviation or median (interquartile range). N=6 did not return for the
efficacy study. N=24 in the group who returned for the efficacy study. AHI=apnoea/hypopnoea
index

Did not return
Returned for

for efficacy P-value
efficacy study
study

Pcrit (cmH20) -1.5+21 -1.2+26 0.849
Arousal threshold (cmH20) -23.5+£8.2 -20.2+6.0 0.417
Muscle responsiveness

-0.1[-0.2,-0.1] 0.0 [-0.2,0.0] 0.063
(Y%omax/cmH-0)
LG1 0.6+0.2 0.6+0.1 0.847
LGn 0.5+0.1 04+0.1 0.139

Table 4.8: Comparison of OSA pathophysiological traits between participants who returned
for their efficacy night and those who did not return for their efficacy study.

Data are mean + standard deviation or median (interquartile range). N=6 in the group who did not
return for the efficacy study. N=23 in the group who returned for the efficacy study. Pcrit= critical
closing pressure (upper airway collapsibility), LG1=loop gain determined at 1cycle/min, LGn=loop
gain at the natural cycling frequency.

4.5. Discussion

The main findings of this study are that the next generation novel oral appliance
reduced OSA severity by approximately 40% in participants with high and low nasal
resistance. In addition, OSA pathophysiological traits measured using gold standard
methodology did not differ between responders and non-responders to oral

appliance therapy. However, when the traits were calculated using a custom semi-
79



automated script (271, 272), baseline upper airway collapsibility (higher Vpassive and
Vactive) Was less severe in responders to oral appliance therapy versus non-
responders. In addition, responders to oral appliance therapy tended to have better

pharyngeal muscle compensation at baseline (Vcomp) compared to non-responders.

4.5.1.Efficacy of the next generation novel oral appliance

The approximately 40% overall reduction in OSA severity with the next generation
nylon-based novel oral appliance with built-in oral airway was similar to the titanium-
based oral appliance studied in Chapter 2. The magnitude of the reduction in OSA
severity is also comparable to traditional oral appliances (200). However, an earlier
study that used a mono-style prototype titanium-based oral appliance with built-in
oral airway reported more pronounced overall reductions in OSA severity of
approximately 60% (170). This apparent discrepancy between studies is likely

explained by differences in participant characteristics such as OSA severity.

On average, it is reported that at least 30-90% of patients on oral appliance therapy
achieve an AHI<10 events/h (200, 304). This is comparable to the current study
findings where 40% of participants had an AHI of <10 events/h on therapy. This is
also similar to the first generation mono-style oral appliance (170) and the findings
reported in Chapter 2 (313). However, none of the participants in the current study
had an AHI of <5 events/h on therapy. Four participants however, did have AHI
values of 5-6 events/h on therapy. Lack of complete resolution of OSA according to
the AHI <5 events/ definition in the current study may be explained, at least in part,
by the instructions given to participants to sleep supine as much as possible during
their sleep study. Indeed, on average, participants spent 70% of total sleep time
supine. Supine position results in more severe OSA due to increased gravitational
effects on airway collapsibility and has been reported to negatively impact oral

appliance therapy outcome (303).

Unlike traditional oral appliance therapy where high nasal resistance is associated
with poor treatment outcome (349), similar to the findings outlined in Chapter 2 (313),
and subjective assessment of nasal resistance in an earlier study with the mono-type
device (170), reductions in OSA severity in the current study using the oral appliance
with built-in oral airway were comparable in people with and without objectively

measured high nasal resistance.

80



Self-reported short term compliance to oral appliance therapy has been reported to
vary between approximately 75-95% (200). This is comparable with the current study
findings of 80% compliance according to the standard OSA treatment compliance

definition of at least 4 hours/night for a minimum of 5 nights/week (63).

4.5.2.Differences in OSA pathophysiological traits
between responders and incomplete responders to
oral appliance therapy

Contrary to our hypothesis and previous studies where OSA pathophysiological traits
such as a less collapsible airway and lower loop gain were associated with
favourable responses to oral appliance therapy (12, 81, 201, 238, 321), this was not
the case in the current study when the traits were quantified using gold standard
methodology. However, this finding is similar to the recently reported detailed upper
airway physiology findings from Bamagoos and colleagues (13) where genioglossus
muscle responsiveness and upper airway collapsibility measured using gold
standard methodology were also not systematically different between responders
and incomplete responders. This outcome was largely attributed to the relatively

small sample size (n=12).

However, in accordance with previous studies that used the same custom-design,
validated algorithms to estimate the OSA traits (12, 81, 201, 238, 321), important
differences in baseline OSA traits including estimates of pharyngeal collapsibility in
responders versus non-responders to oral appliance therapy were found in the
current study. Thus, the methodology used to quantify OSA pathophysiological traits

appears to be of crucial importance for oral appliance treatment prediction.

The algorithm-based estimates of OSA pathophysiological traits when quantified
using nasal pressure to determine ventilatory drive and airflow from a standard sleep
study (271, 272, 311) have a reported accuracy of between 70-90% (271) compared
with direct gold standard methodology. However, the semi-automated calculations of
pathophysiological traits are derived on whole night estimates, or in the current study
most of the night, from the detailed overnight sleep study. In contrast, gold standard
measurement methods used in the current study to quantify Pcrit were conducted
during the first sleep cycle where sleep drive tends to be strongest and slow wave
sleep predominates. Indeed, there are large differences in upper airway collapsibility
as measured via the Pcrit technique between N2 and slow wave sleep whereby the
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upper airway is less collapsible during slow wave sleep (39). This may explain, at
least in part, why none of the participants in the current study had a severely
collapsible pharyngeal airway (>+2cmH20) as measured via Pcrit and the lack of
treatment prediction performance. Thus, while gold standard physiological
methodology provides precise calculation of Pcrit at the time of measurement, like
all physiology measures, it is prone to both measurement and physiological variation.
Indeed, direct quantification of Pcrit and the pathophysiological traits using gold
standard methodology is technically challenging and requires subjective
interpretation of airflow and muscle data (74). This may inadvertently introduce
measurement noise and variability (328) and hence, a larger sample size may be
required to detect changes between groups and predict treatment outcomes.
Accordingly, the current findings indicate whole night estimates of upper airway
collapsibility have superior oral appliance treatment predictive performance
compared to direct Pcrit measurement calculated from just the early portion of the

night. This is encouraging from a translation perspective.

In addition to the consistent findings of baseline estimates of pharyngeal collapsibility
as an important predictor of oral appliance therapy (12, 81, 201, 238, 321), the
current findings also suggest that poor pharyngeal muscle compensation may be a
predictor of poor treatment outcome. This is consistent with phenotyping concepts
(163) whereby improving one trait (i.e. upper airway anatomy with an oral appliance)
may be insufficient for major reductions in OSA severity if one or more of the other
traits remains impaired. Indeed, while conceptually mandibular advancement may
improve the ability of the pharyngeal dilators to restore airflow (26), the only study to
measure this directly did not find that this was the case (13). These individuals may
require combination therapy with an agent that also improves pharyngeal muscle
responsiveness (309, 310) or an additional anatomical intervention (164) for

complete resolution of their OSA.

In contrast to previous studies (81, 238) however, high loop gain was not a negative
predictor of treatment outcome in the current study. This may be due to differences
in participant characteristics between studies and potentially the different types of

oral appliances used.
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4.5.3.Methodological considerations

A key strength of this study was that OSA pathophysiological traits were
prospectively and directly quantified using established gold standard methodology
(79). In addition, nasal resistance was objectively measured. Moreover, participants
in this study were well titrated and acclimatised to oral appliance therapy prior to their

efficacy study.

Nevertheless, this study had limitations. First, while double the sample size of the
largest published direct detailed physiology study conducted to date (13), the current
sample size may still have been insufficient to detect differences in directly measured
OSA pathophysiological traits between responders and incomplete responders.
Second, there was also quite a high proportion of participants who discontinued
participation during the acclimatisation period or did not attend the follow-up efficacy
study (8/32 - in part due to COVID-19 pandemic challenges) which could have biased
the study sample. However, this is unlikely as comparison of OSA
pathophysiological traits between those who completed the study and those who did
not return were not different. In addition, participants in the current study were
recruited via referral from experienced sleep specialists familiar with OSA
phenotyping concepts. This may have inadvertently introduced patient selection bias
based on clinical variables which favour oral appliance treatment response (303).
However, this is unlikely as treatment response rates were similar to the published
literature. Finally, use of the gold standard methodology to quantify OSA
pathophysiological traits is invasive and procedurally intensive. This can limit total
sleep time and therefore the amount of data collected. However, only three

participants in the current study were not able to tolerate the recording equipment.

4.6. Summary and conclusions

The next generation novel oral appliance therapy with an in-built oral airway reduced
OSA severity by 40% including those with high nasal resistance. Half of the
participants had a greater than 50% reduction in OSA severity. OSA
pathophysiological traits as measured by gold standard methodology did not differ
between responders and incomplete responders to oral appliance therapy. However,
computational estimates of upper airway collapsibility and pharyngeal muscle

compensation were different in responders versus non-responders. These findings
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have important implications for OSA phenotyping. Similar to other recently published
findings that highlight the potential to predict treatment responses to upper airway
surgery including hypoglossal nerve stimulation (139, 176, 239), the current findings
provide further encouraging support for the potential to translate these concepts into

the clinic to predict oral appliance treatment outcome using estimates of OSA traits.

84



5. Thesis summary and conclusions

OSA is a common and underdiagnosed condition with an estimated global
prevalence of nearly 1 billion people (20). Untreated OSA compromises quality of life
and is associated with other major health consequences and co-morbidities. Oral
appliances have emerged as a leading alternative to CPAP therapy. Yet efficacy of
oral appliances varies and is difficult to predict using standard clinical variables.
Several studies have investigated the mechanisms by which oral appliances reduce
OSA severity. Other studies have also sought to identify the favourable physiological
characteristics associated with improved efficacy of oral appliance therapy in people
with OSA.

In this thesis, | assessed the effects of changes in body position on nasal obstruction
and the influence of high nasal resistance on the efficacy of two iterations of a novel
oral appliance with built-in oral airway, studied the mechanisms and magnitude by
which combining oral appliance therapy with CPAP improves pharyngeal stability in
incomplete responders to oral appliance therapy alone and investigated potential
differences in OSA pathophysiological traits between responders and incomplete
responders to oral appliance therapy using direct gold standard methodology and

validated computational estimates.

Increased nasal resistance is recognised as a risk factor for OSA and a negative
predictor for oral appliance therapy outcome (349). Nasal resistance varies with body
posture in healthy individuals but previous investigations into the effects of changes
in body posture on nasal resistance in people with OSA have yielded variable results
(57, 118, 349). Furthermore, the effect of mandibular advancement on nasal
resistance in people with OSA remains unclear. Accordingly, in Chapter 2, the role
of mandibular advancement and body posture on nasal resistance was explored in
people with OSA using gold standard methodology (337). Nasal resistance increased
by up to 20% from seated, to supine, to lateral recumbent postures in people with
OSA. Comparing to previous studies in healthy individuals, the magnitude of the
increase in nasal resistance was markedly lower in people with OSA compared to
previous studies in healthy individuals. This suggests a diminished positional reflex
response and neurovascular control within the OSA cohort. However, this requires
further investigation including simultaneous measurements in people with and

without OSA.
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The second finding from Chapter 2 was that nasal resistance did not change with
mandibular advancement regardless of body position in people with OSA. Notably
however, nasal resistance increased with mandibular advancement in incomplete
responders to oral appliance therapy in the seated position. In contrast to healthy
individuals in previous studies (119, 235), these findings indicate an absence of an
effect in nasal resistance with mandibular advancement. This may be due to an
impaired functional response within the upper airway in patients with OSA. Indeed,
advancement of the mandible is known to alter upper airway structures and
differences in the degree of change have been reported between healthy individuals
and people with OSA (33, 43).

The novel titanium-based oral appliance with a built in oral airway decreased the
severity of OSA by approximately 50% in patients with and without nasal obstruction.
This indicates that with the addition of an alternate breathing route, OSA patients

with nasal obstruction can yield a similar benefit from oral appliance therapy.

Approximately 50% of people with OSA have incomplete resolution of their OSA with
oral appliance therapy (304). Thus, a substantial proportion of people prescribed oral
appliance therapy remain inadequately treated. In addition, despite the high efficacy
of CPAP therapy, it is often poorly tolerated (86). Discomfort due to high CPAP levels
may be an important contributor to poor adherence for certain patients. Alternative
approaches such as combining CPAP and oral appliance therapy has been proposed
as a strategy to accommodate incomplete responders to oral appliance therapy and
CPAP intolerant patients (84). Chapter 3 describes the findings from a detailed
physiological study which aimed to understand the mechanisms and magnitude by
which combination therapy using CPAP and oral appliance reduces the therapeutic
CPAP requirements in people with OSA. Incomplete responders to oral appliance
therapy from the study detailed in Chapter 2 were recruited. A pressure tipped
catheter was used to objectively measure pharyngeal pressure swings during CPAP
titrations. This approach is superior to the standard measure of airflow via a pressure
transducer and CPAP titrations conducted via visual inspection of respiratory events
during routine polysomnography. | found that therapeutic CPAP requirements were
reduced by at least 35% when CPAP was combined with oral appliance therapy in
the clinically relevant group of incomplete responders to oral appliance therapy
alone. These findings provide novel physiological insight into the mechanisms of oral
appliance therapy and combination therapy with CPAP.
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Prediction of successful treatment outcomes with oral appliance therapy remains
challenging. Clinical and standard anatomical parameters have proved insufficient to
consistently predict successful treatment outcomes of oral appliance therapy. More
recent estimates of OSA pathophysiological phenotypes such as upper airway
collapsibility and loop gain (12, 81, 201, 238, 321) have shown considerable promise
for accurate predication of oral appliance therapy outcome. To date, baseline
pathophysiological OSA phenotypes have primarily been compared using simplified
phenotyping methods between responders and incomplete responders to oral
appliance therapy. In Chapter 4, | prospectively assessed the effect of baseline
pathophysiological OSA phenotypes and nasal resistance on oral appliance
treatment responses using gold standard and validated computational methodology.
In addition, efficacy of a next generation nylon-based novel oral appliance with a

built-in oral airway was investigated.

The next generation nylon-based novel oral appliance reduced OSA severity by 40%
in those with high and low nasal resistance. At least half of participants achieved a
greater than 50% reduction in OSA severity and a reduction in OSA severity
category. This finding was comparable to the previous generation titanium-based
oral appliance studied in Chapter 2 (313). Baseline OSA pathophysiological traits
measured using gold standard phenotyping methodology were similar between
responders and incomplete responders to oral appliance therapy. However,
responders to oral appliance therapy tended to have less collapsible upper airways
and better pharyngeal dilator responses when the pathophysiological traits were
estimated using validated computational algorithms. Potential reasons for the
apparent disparities between methodologies are highlighted in the Discussion
section of Chapter 4. However, the important translational finding is that
computational estimates of OSA phenotypes may be more appropriate and relevant
for oral appliance treatment prediction. An important next step will be to incorporate
these tools clinically to determine if their use improves oral appliance treatment

outcomes prospectively.

Collectively, the detailed upper airway physiology and respiratory phenotyping

studies outlined in this thesis provide important new insights into the role of posture

and high nasal resistance on the efficacy of two iterations of a novel oral appliance

with built-in oral airway, the potential benefit of combination therapy with CPAP for

incomplete responders to oral appliance therapy alone, and the potential for OSA
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pathophysiological trait estimates to be used clinically to improve oral appliance

treatment prediction.

88



6.

10.
11.

12.

13.

14.

15.

16.

References

Indications and standards for use of nasal continuous positive airway
pressure (CPAP) in sleep apnea syndromes. American Thoracic Society.
Official statement adopted March 1944. Am J Respir Crit Care Med 150:
1738-1745, 1994.

Amatoury J, Azarbarzin A, Younes M, Jordan AS, Wellman A, and Eckert
DJ. Arousal Intensity is a Distinct Pathophysiological Trait in Obstructive
Sleep Apnea. Sleep 39: 2091-2100, 2016.

Amatoury J, Tong B, Nguyen C, Szollosi |, and Eckert D. The role of a
novel oral appliance therapy device on pharyngeal pressure swings and
CPAP requirements during sleep in obstructive sleep apnea: A pilot study. In:
American Academy of Dental Sleep Medicine2017.

Ancoli-Israel S, Klauber MR, Stepnowsky C, Estline E, Chinn A, and Fell
R. Sleep-disordered breathing in African-American elderly. American Journal
of Respiratory and Critical Care Medicine 152: 1946-1949, 1995.

Asakura K, Hoki K, Kataura A, Kasaba T, and Aoki M. Spontaneous Nasal
Oscillations in Dog: A Mucosal Expression of the Respiration-related Activities
of Cervical Sympathetic Nerve. Acta Oto-Laryngologica 104: 533-538, 1987.
Atkins M, Taskar V, Clayton N, Stone P, and Woodcock A. Nasal
Resistance in Obstructive Sleep Apnea. Chest 105: 1133-1135, 1994.
Ayuse T, Inazawa T, Kurata S, Okayasu |, Sakamoto E, Oi K, Schneider
H, and Schwartz AR. Mouth-opening Increases Upper-airway Collapsibility
without Changing Resistance during Midazolam Sedation. Journal of Dental
Research 83: 718-722, 2004.

B. G. Ferris J, Mead J, and Opie LH. Partitioning of respiratory flow
resistance in man. Journal of Applied Physiology 19: 653-658, 1964.
Babatola F. Reciprocal changes in nasal resistance in response to changes
in posture. Rhinology 36: 69-72, 1998.

Babu AR, Herdegen J, Fogelfeld L, Shott S, and Mazzone T. Type 2
diabetes, glycemic control, and continuous positive airway pressure in
obstructive sleep apnea. Arch Intern Med 165: 447-452, 2005.

Bacon WH, Turlot JC, Krieger J, and Stierle J-L. Cephalometric evaluation
of pharyngeal obstructive factors in patients with sleep apneas syndrome. The
Angle Orthodontist 60: 115-122, 1990.

Bamagoos AA, Cistulli PA, Sutherland K, Madronio M, Eckert DJ, Hess
L, Edwards BA, Wellman A, and Sands SA. Polysomnographic Endotyping
to Select Patients with Obstructive Sleep Apnea for Oral Appliances. Annals
of the American Thoracic Society 16: 1422-1431, 2019.

Bamagoos AA, Cistulli PA, Sutherland K, Ngiam J, Burke PGR, Bilston
LE, Butler JE, and Eckert DJ. Dose-dependent Effects of Mandibular
Advancement on Upper Airway Collapsibility and Muscle Function in
Obstructive Sleep Apnea. Sleep 2019.

Bamagoos AA, Eckert DJ, Sutherland K, Ngiam J, and Cistulli PA. Dose-
dependent effects of mandibular advancement on optimal positive airway
pressure requirements in obstructive sleep apnoea. Sleep and Breathing
2019.

Bamagoos AA, Sutherland K, and Cistulli PA. Mandibular Advancement
Splints. Sleep Medicine Clinics 11: 343-352, 2016.

Barnes M, McEvoy RD, Banks S, Tarquinio N, Murray CG, Vowles N, and
Pierce RJ. Efficacy of positive airway pressure and oral appliance in mild to

89



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

moderate obstructive sleep apnea. Am J Respir Crit Care Med 170: 656-664,
2004.

Basner RC, Simon PM, Schwartzstein RM, Weinberger SE, and Weiss
JW. Breathing route influences upper airway muscle activity in awake normal
adults. Journal of Applied Physiology 66: 1766-1771, 1989.

Bauchau V, and Durham SR. Prevalence and rate of diagnosis of allergic
rhinitis in Europe. European Respiratory Journal 24: 758, 2004.

Becker HF, Jerrentrup A, Ploch T, Grote L, Penzel T, Sullivan CE, and
Peter JH. Effect of nasal continuous positive airway pressure treatment on
blood pressure in patients with obstructive sleep apnea. Circulation 107: 68-
73, 2003.

Benjafield AV, Ayas NT, Eastwood PR, Heinzer R, Ip MSM, Morrell MJ,
Nunez CM, Patel SR, Penzel T, Pépin JL, Peppard PE, Sinha S, Tufik S,
Valentine K, and Malhotra A. Estimation of the global prevalence and
burden of obstructive sleep apnoea: a literature-based analysis. The Lancet
Respiratory medicine 7: 687-698, 2019.

Berger G, Balum-Azim M, and Ophir D. The normal inferior turbinate:
histomorphometric analysis and clinical implications. Laryngoscope 113:
1192-1198, 2003.

Berger G, Finkelstein Y, Ophir D, and Landsberg R. Old and new aspects
of middle turbinate histopathology. Otolaryngology—Head and Neck Surgery
140: 48-54, 2009.

Berry RB, Brooks R, Gamaldo CE, Harding SM, Lloyd RM, Quan SF,
Troester MM, Vaughn BV, and Medicine ftAA0S. The AASM Manual for the
Scoring of Sleep and Associated Events: Rules, Terminology and Technical
Specifications. Darien, IL: American Academy of Sleep Medicine, 2017.
Berry RB, and Gleeson K. Respiratory Arousal From Sleep: Mechanisms
and Significance. Sleep 20: 654-675, 1997.

Bhat S, Gupta D, Akel O, Polos PG, DeBari VA, Akhtar S, Mcintyre A,
Ming SX, Upadhyay H, and Chokroverty S. The relationships between
improvements in daytime sleepiness, fatigue and depression and
psychomotor vigilance task testing with CPAP use in patients with obstructive
sleep apnea. Sleep Medicine 49: 81-89, 2018.

Bilston LE, and Gandevia SC. Biomechanical properties of the human upper
airway and their effect on its behavior during breathing and in obstructive
sleep apnea. J Appl Physiol 116: 314-324, 2014.

Bixler EO, Vgontzas AN, Lin HM, Ten Have T, Rein J, Vela-Bueno A, and
Kales A. Prevalence of sleep-disordered breathing in women: effects of
gender. Am J Respir Crit Care Med 163: 608-613, 2001.

Bogdan C. Nitric oxide and the immune response. Nature Immunology 2:
907-916, 2001.

Borel J-C, Gakwaya S, Masse J-F, Melo-Silva CA, and Sériés F. Impact of
CPAP interface and mandibular advancement device on upper airway
mechanical properties assessed with phrenic nerve stimulation in sleep
apnea patients. Respiratory Physiology & Neurobiology 183: 170-176, 2012.
Boyd JH, Petrof BJ, Hamid Q, Fraser R, and Kimoff RJ. Upper Airway
Muscle Inflammation and Denervation Changes in Obstructive Sleep Apnea.
American Journal of Respiratory and Critical Care Medicine 170: 541-546,
2004.

Brand G. Olfactory/trigeminal interactions in nasal chemoreception. Neurosci
Biobehav Rev 30: 908-917, 2006.

90



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Brown EC, Cheng S, McKenzie DK, Butler JE, Gandevia SC, and Bilston
LE. Respiratory Movement of Upper Airway Tissue in Obstructive Sleep
Apnea. Sleep 36: 1069-1076, 2013.

Brown EC, Cheng S, McKenzie DK, Butler JE, Gandevia SC, and Bilston
LE. Tongue and lateral upper airway movement with mandibular
advancement. Sleep 36: 397-404, 2013.

Brown EC, Cheng S, McKenzie DK, Butler JE, Gandevia SC, and Bilston
LE. Tongue stiffness is lower in patients with obstructive sleep apnea during
wakefulness compared with matched control subjects. Sleep 38: 537-544,
2015.

Bucks RS, Olaithe M, and Eastwood P. Neurocognitive function in
obstructive sleep apnoea: A meta-review. Respirology 18: 61-70, 2013.
Camacho M, Certal V, Abdullatif J, Zaghi S, Ruoff CM, Capasso R, and
Kushida CA. Myofunctional Therapy to Treat Obstructive Sleep Apnea: A
Systematic Review and Meta-analysis. Sleep 38: 669-675, 2015.
Campos-Rodriguez F, Martinez-Garcia MA, Martinez M, Duran-Cantolla
J, Peia Mdl, Masdeu MJ, Gonzalez M, Campo Fd, Gallego I, Marin JM,
Barbe F, Montserrat JM, Farre R, and Network obotSS. Association
between Obstructive Sleep Apnea and Cancer Incidence in a Large
Multicenter Spanish Cohort. American Journal of Respiratory and Critical
Care Medicine 187: 99-105, 2013.

Carberry JC, Amatoury J, and Eckert DJ. Personalized Management
Approach for OSA. Chest 153: 744-755, 2018.

Carberry JC, Jordan AS, White DP, Wellman A, and Eckert DJ. Upper
Airway Collapsibility (Pcrit) and Pharyngeal Dilator Muscle Activity are Sleep
Stage Dependent. Sleep 39: 511-521, 2016.

Carrera M, Barbé F, Sauleda J, Tomas M, Goémez C, and Agusti A.
Patients with Obstructive Sleep Apnea Exhibit Genioglossus Dysfunction that
Is Normalized after Treatment with Continuous Positive Airway Pressure.
American Journal of Respiratory and Critical Care Medicine 159: 1960-1966,
1999.

Cartwright RD. Effect of sleep position on sleep apnea severity. Sleep 7: 110-
114, 1984.

Cassisi NJ, Biller HF, and Ogura JH. Changes in arterial oxygen tension
and pulmonary mechanics with the use of posterior packing in epistaxis: A
preliminary report. The Laryngoscope 81: 1261-1266, 1971.

Chan ASL, Sutherland K, Schwab RJ, Zeng B, Petocz P, Lee RWW,
Darendeliler MA, and Cistulli PA. The effect of mandibular advancement on
upper airway structure in obstructive sleep apnoea. Thorax 65: 726, 2010.
Clark DW, Del Signore AG, Raithatha R, and Senior BA. Nasal Airway
Obstruction: Prevalence and Anatomic Contributors. Ear, Nose & Throat
Journal 97: 173-176, 2018.

Clarke RW, and Jones AS. The distribution of nasal airflow sensitivity in
normal subjects. The Journal of Laryngology & Otology 108: 1045-1047,
1994.

Clarke RW, and Jones AS. Nasal airflow receptors: the relative importance
of temperature and tactile stimulation. Clinical Otolaryngology & Allied
Sciences 17: 388-392, 1992.

Clement PA. Committee report on standardization of rhinomanometry.
Rhinology 22: 151-155, 1984.

Clement PA, and Gordts F. Consensus report on acoustic rhinometry and
rhinomanometry. Rhinology 43: 169-179, 2005.

91



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Clement PAR, Halewyck S, Gordts F, and Michel O. Critical evaluation of
different objective techniques of nasal airway assessment: a clinical review.
European Archives of Oto-Rhino-Laryngology 271: 2617-2625, 2014.

Cole P. The Four Components of the Nasal Valve. American journal of
rhinology 17: 107-110, 2003.

Cole P, Ayiomanimitis A, and Ohki M. Anterior and posterior
rhinomanometry. Rhinology 27: 257-262, 1989.

Cole P, and Haight JS. Posture and nasal patency. The American review of
respiratory disease 129: 351-354, 1984.

Cole P, and Haight JS. Posture and the nasal cycle. The Annals of otology,
rhinology, and laryngology 95: 233-237, 1986.

Dalgorf DM, and Harvey RJ. Sinonasal Anatomy and Function. American
Journal of Rhinology & Allergy 27: S3-S6, 2013.

Dancey DR, Hanly PJ, Soong C, Lee B, Shepard J, and Hoffstein V.
Gender Differences in Sleep Apnea: The Role of Neck Circumference. Chest
123: 1544-1550, 2003.

Davies AM, and Eccles R. Reciprocal Changes in Nasal Resistance to
Airflow Caused by Pressure Applied to the Axilla. Acta Oto-Laryngologica 99:
154-159, 1985.

De Vito A, Berrettini S, Carabelli A, Sellari-Franceschini S, Bonanni E,
Gori S, Pasquali L, and Murri L. The Importance of Nasal Resistance in
Obstructive Sleep Apnea Syndrome: A Study with Positional
Rhinomanometry. Sleep and Breathing 5: 3-11, 2001.

De Vries GE DM, Hoekema A, Kerstjens HA, Wijkstra PJ. Continuous
positive airway pressure and oral appliance hybrid therapy in obstructive
sleep apnea; patient comfort, compliance, and preference: a pilot study.
Journal of Dental Sleep Medicine 3: 5-10, 2016.

Dement W, and Wolpert EA. The relation of eye movements, body motility,
and external stimuli to dream content. Journal of experimental psychology 55:
543-553, 1958.

Demirbas D, Cingi C, Cakli H, and Kaya E. Use of rhinomanometry in
common rhinologic disorders. Expert review of medical devices 8: 769-777,
2011.

Denbar MA. A case study involving the combination treatment of an oral
appliance and auto-titrating CPAP unit. Sleep Breath 6: 125-128, 2002.
Dieltjens M, Braem MJ, Vroegop AVMT, Wouters K, Verbraecken JA, De
Backer WA, Van de Heyning PH, and Vanderveken OM. Objectively
Measured vs Self-Reported Compliance During Oral Appliance Therapy for
Sleep-Disordered Breathing. Chest 144: 1495-1502, 2013.

Dieltiens M, Verbruggen AE, Braem MJ, and et al. Determinants of
objective compliance during oral appliance therapy in patients with sleep-
disordered breathing: A prospective clinical trial. JAMA Otolaryngology—Head
& Neck Surgery 141: 894-900, 2015.

Dieltjens M, Vroegop AV, Verbruggen AE, Wouters K, Willemen M, De
Backer WA, Verbraecken JA, Van de Heyning PH, Braem MJ, de Vries N,
and Vanderveken OM. A promising concept of combination therapy for
positional obstructive sleep apnea. Sleep & breathing = Schlaf & Atmung 19:
637-644, 2015.

Dingli K, Fietze I, Assimakopoulos T, Quispe-Bravo S, Witt C, and
Douglas NJ. Arousability in sleep apnoea/hypopnoea syndrome patients.
European Respiratory Journal 20: 733-740, 2002.

92



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Doff MHJ, Hoekema A, Wijkstra PJ, van der Hoeven JH, Huddleston
Slater JJR, de Bont LGM, and Stegenga B. Oral appliance versus
continuous positive airway pressure in obstructive sleep apnea syndrome: a
2-year follow-up. Sleep 36: 1289-1296, 2013.

Dotan Y, Pillar G, Schwartz AR, and Oliven A. Asynchrony of lingual muscle
recruitment during sleep in obstructive sleep apnea. Journal of Applied
Physiology 118: 1516-1524, 2015.

Doty RL, Brugger WE, Jurs PC, Orndorff MA, Snyder PJ, and Lowry LD.
Intranasal trigeminal stimulation from odorous volatiles: Psychometric
responses from anosmic and normal humans. Physiology & Behavior 20: 175-
185, 1978.

Duran J, Esnaola S, Rubio R, and Iztueta A. Obstructive sleep apnea-
hypopnea and related clinical features in a population-based sample of
subjects aged 30 to 70 yr. Am J Respir Crit Care Med 163: 685-689, 2001.
Eastwood PR, Barnes M, Walsh JH, Maddison KJ, Hee G, Schwartz AR,
Smith PL, Malhotra A, McEvoy RD, Wheatley JR, O'Donoghue FJ,
Rochford PD, Churchward T, Campbell MC, Palme CE, Robinson S,
Goding GS, Eckert DJ, Jordan AS, Catcheside PG, Tyler L, Antic NA,
Worsnop CJ, Kezirian EJ, and Hillman DR. Treating obstructive sleep
apnea with hypoglossal nerve stimulation. Sleep 34: 1479-1486, 2011.
Eccles R. The Central Rhythm of the Nasal Cycle. Acta Oto-Laryngologica
86: 464-468, 1978.

Eccles R. A role for the nasal cycle in respiratory defence. The European
respiratory journal : official journal of the European Society for Clinical
Respiratory Physiology 9: 371-376, 1996.

Eckert D, and Wellman A. Physiological phenotypes. In: European
Respiratory Monograph2015, p. 9-23.

Eckert DJ. Phenotypic approaches to obstructive sleep apnoea — New
pathways for targeted therapy. Sleep medicine reviews 37: 45-59, 2018.
Eckert DJ, Lo YL, Saboisky JP, Jordan AS, White DP, and Malhotra A.
Sensorimotor function of the upper-airway muscles and respiratory sensory
processing in untreated obstructive sleep apnea. Journal of Applied
Physiology 111: 1644-1653, 2011.

Eckert DJ, Malhotra A, Lo YL, White DP, and Jordan AS. The Influence of
Obstructive Sleep Apnea and Gender on Genioglossus Activity During Rapid
Eye Movement Sleep. Chest 135: 10.1378/chest.1308-2292, 2009.

Eckert DJ, McEvoy RD, George KE, Thomson KJ, and Catcheside PG.
Genioglossus reflex inhibition to upper-airway negative-pressure stimuli
during wakefulness and sleep in healthy males. The Journal of physiology
581: 1193-1205, 2007.

Eckert DJ, Owens RL, Kehimann GB, Wellman A, Rahangdale S, Yim-
Yeh S, White DP, and Malhotra A. Eszopiclone increases the respiratory
arousal threshold and lowers the apnoea/hypopnoea index in obstructive
sleep apnoea patients with a low arousal threshold. Clin Sci (Lond) 120: 505-
514, 2011.

Eckert DJ, White DP, Jordan AS, Malhotra A, and Wellman A. Defining
Phenotypic Causes of Obstructive Sleep Apnea. ldentification of Novel
Therapeutic Targets. American Journal of Respiratory and Critical Care
Medicine 188: 996-1004, 2013.

Eckert DJ, and Younes MK. Arousal from sleep: implications for obstructive
sleep apnea pathogenesis and treatment. Journal of Applied Physiology 116:
302-313, 2014.

93



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Edwards BA, Andara C, Landry S, Sands SA, Joosten SA, Owens RL,
White DP, Hamilton GS, and Wellman A. Upper-Airway Collapsibility and
Loop Gain Predict the Response to Oral Appliance Therapy in Patients with
Obstructive Sleep Apnea. American journal of respiratory and critical care
medicine 194: 1413-1422, 2016.

Edwards BA, Sands SA, Eckert DJ, White DP, Butler JP, Owens RL,
Malhotra A, and Wellman A. Acetazolamide improves loop gain but not the
other physiological traits causing obstructive sleep apnoea. The Journal of
physiology 590: 1199-1211, 2012.

El-Solh AA, Homish GG, Ditursi G, Lazarus J, Rao N, Adamo D, and Kufel
T. A Randomized Crossover Trial Evaluating Continuous Positive Airway
Pressure Versus Mandibular Advancement Device on Health Outcomes in
Veterans With Posttraumatic Stress Disorder. Journal of clinical sleep
medicine : JCSM : official publication of the American Academy of Sleep
Medicine 13: 1327-1335, 2017.

El-Solh AA, Moitheennazima B, Akinnusi ME, Churder PM, and Lafornara
AM. Combined oral appliance and positive airway pressure therapy for
obstructive sleep apnea: a pilot study. Sleep and Breathing 15: 203-208,
2011.

Engleman HM, Martin SE, Deary IJ, and Douglas NJ. Effect of continuous
positive airway pressure treatment on daytime function in sleep
apnoea/hypopnoea syndrome. Lancet (London, England) 343:. 572-575,
1994.

Engleman HM, Martin SE, and Douglas NJ. Compliance with CPAP therapy
in patients with the sleep apnoea/hypopnoea syndrome. Thorax 49: 263-266,
1994.

Engleman HM, Martin SE, Kingshott RN, Mackay TW, Deary IJ, and
Douglas NJ. Randomised placebo controlled trial of daytime function after
continuous positive airway pressure (CPAP) therapy for the sleep
apnoea/hypopnoea syndrome. Thorax 53: 341-345, 1998.

Engleman HM, McDonald JP, Graham D, Lello GE, Kingshott RN,
Coleman EL, Mackay TW, and Douglas NJ. Randomized Crossover Trial of
Two Treatments for Sleep Apnea/Hypopnea Syndrome. American Journal of
Respiratory and Critical Care Medicine 166: 855-859, 2002.

Eveloff SE, Rosenberg CL, Carlisle CC, and Millman RP. Efficacy of a
Herbst mandibular advancement device in obstructive sleep apnea. American
Journal of Respiratory and Critical Care Medicine 149: 905-909, 1994.
Faccenda JF, Mackay TW, Boon NA, and Douglas NJ. Randomized
placebo-controlled trial of continuous positive airway pressure on blood
pressure in the sleep apnea-hypopnea syndrome. Am J Respir Crit Care Med
163: 344-348, 2001.

Ferguson KA, Ono T, Lowe AA, Keenan SP, and Fleetham JA. A
Randomized Crossover Study of an Oral Appliance vs Nasal-Continuous
Positive Airway Pressure in the Treatment of Mild-Moderate Obstructive
Sleep Apnea. Chest 109: 1269-1275, 1996.

Figallo EE, and Acosta JA. Nose Muscular Dynamics: The Tip Trigonum.
Plastic and Reconstructive Surgery 108: 1118-1126, 2001.

Fisher EW, Liu M, and Lund VJ. The Nasal Cycle after Deprivation of Airflow:
A Study of Laryngectomy Patients Using Acoustic Rhinometry. Acta Oto-
Laryngologica 114: 443-446, 1994.

94



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Fitzpatrick MF, McLean H, Urton AM, Tan A, Donnell D, and Driver HS.
Effect of nasal or oral breathing route on upper airway resistance during sleep.
European Respiratory Journal 22: 827, 2003.

Flanagan P, and Eccles R. Spontaneous Changes of Unilateral Nasal Airflow
in Man. A Re-examination of the ‘Nasal Cycle’. Acta Oto-Laryngologica 117:
590-595, 1997.

Fordyce L, Siemens A, Rousseau R, and Becerra E. CPAP compliance —
the first year and beyond. Sleep Medicine 14: e128, 2013.

Gagnadoux F, Fleury B, Vielle B, Pételle B, Meslier N, N'Guyen XL,
Trzepizur W, and Racineux JL. Titrated mandibular advancement
&lt;em&gt;versus&lt;/em&gt; positive airway pressure for sleep apnoea.
European Respiratory Journal 34: 914, 20009.

Garbarino S, Guglielmi O, Sanna A, Mancardi GL, and Magnavita N. Risk
of Occupational Accidents in Workers with Obstructive Sleep Apnea:
Systematic Review and Meta-analysis. Sleep 39: 1211-1218, 2016.
Garthwaite J. Concepts of neural nitric oxide-mediated transmission. Eur J
Neurosci 27: 2783-2802, 2008.

Gay P, Weaver T, Loube D, and Iber C. Evaluation of positive airway
pressure treatment for sleep related breathing disorders in adults. Sleep 29:
381-401, 2006.

Genta PR, Schorr F, Eckert DJ, Gebrim E, Kayamori F, Moriya HT,
Malhotra A, and Lorenzi-Filho G. Upper airway collapsibility is associated
with obesity and hyoid position. Sleep 37: 1673-1678, 2014.

Georgalas C. The role of the nose in snoring and obstructive sleep apnoea:
an update. Eur Arch Otorhinolaryngol 268: 1365-1373, 2011.

Geurkink N. Nasal anatomy, physiology, and function. Journal of Allergy and
Clinical Immunology 72: 123-128, 1983.

Gilbert AN, and Rosenwasser AM. Biological Rhythmicity of Nasal Airway
Patency: A Re-examination of the ‘Nasal Cycle’. Acta Oto-Laryngologica 104:
180-186, 1987.

Gleadhill IC, Schwartz AR, Schubert N, Wise RA, Permutt S, and Smith
PL. Upper Airway Collapsibility in Snorers and in Patients with Obstructive
Hypopnea and Apnea. American Review of Respiratory Disease 143: 1300-
1303, 1991.

Gleeson K, Zwillich CW, and White DP. The Influence of Increasing
Ventilatory Effort on Arousal from Sleep. American Review of Respiratory
Disease 142: 295-300, 1990.

Grutzenmacher S, Lang C, Mlynski R, Mlynski B, and Mlynski G. Long-
Term Rhinoflowmetry: A New Method for Functional Rhinologic Diagnostics.
American journal of rhinology 19: 53-57, 2005.

Guilleminaut C. Sleep Apnoea Syndromes: Impact of Sleep and Sleep
States. Sleep 3: 227-234, 1980.

Guimaraes KC, Drager LF, Genta PR, Marcondes BF, and Lorenzi-Filho
G. Effects of Oropharyngeal Exercises on Patients with Moderate Obstructive
Sleep Apnea Syndrome. American Journal of Respiratory and Critical Care
Medicine 179: 962-966, 2009.

Haba-Rubio J, Janssens J-P, Rochat T, and Sforza E. Rapid Eye
Movement-Related Disordered Breathing: Clinical and Polysomnographic
Features. Chest 128: 3350-3357, 2005.

Haight JSJ, and Cole P. The site and function of the nasal valve. The
Laryngoscope 93: 49-55, 1983.

95



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Haight JSJ, and Djupesland PG. Nitric Oxide (NO) and Obstructive Sleep
Apnea (OSA). Sleep and Breathing 7: 53-61, 2003.

Haponik EF, Smith PL, Bohiman ME, Allen RP, Goldman SM, and
Bleecker ER. Computerized Tomography in Obstructive Sleep Apnea.
American Review of Respiratory Disease 127: 221-226, 1983.

Hasegawa M. Nasal cycle and postural variations in nasal resistance. The
Annals of otology, rhinology, and laryngology 91: 112-114, 1982.

Heetderks D. Observations on the reaction of normal nasal mucus
membrane. Am J Med Sci 174: 23144, 1927.

Heinzer R, Vat S, Marques-Vidal P, Marti-Soler H, Andries D, Tobback N,
Mooser V, Preisig M, Malhotra A, Waeber G, Vollenweider P, Tafti M, and
Haba-Rubio J. Prevalence of sleep-disordered breathing in the general
population: the HypnolLaus study. The Lancet Respiratory medicine 3: 310-
318, 2015.

Heinzer RC, Stanchina ML, Malhotra A, Fogel RB, Patel SR, Jordan AS,
Schory K, and White DP. Lung volume and continuous positive airway
pressure requirements in obstructive sleep apnea. American journal of
respiratory and critical care medicine 172: 114-117, 2005.

Hellgren J, Yee BJ, Dungan G, and Grunstein RR. Altered positional
regulation of nasal patency in patients with obstructive sleep apnoea
syndrome. European Archives of Oto-Rhino-Laryngology 266: 83, 2008.
Hiyama S, Ono T, Ishiwata Y, and Kuroda T. Effects of Mandibular Position
and Body Position on Nasal Patency in Normal Awake Subjects. Angle Orthod
72: 547-553, 2002.

Hoekema A, Doff MHJ, de Bont LGM, van der Hoeven JH, Wijkstra PJ,
Pasma HR, and Stegenga B. Predictors of Obstructive Sleep Apnea-
Hypopnea Treatment Outcome. Journal of Dental Research 86: 1181-1186,
2007.

Hoel HC, Kvinnesland K, and Berg S. Impact of nasal resistance on the
distribution of apneas and hypopneas in obstructive sleep apnea. Sleep
Medicine 71: 83-88, 2020.

Holden WE, Wilkins JP, Harris M, Milczuk HA, and Giraud GD.
Temperature conditioning of nasal air: effects of vasoactive agents and
involvement of nitric oxide. Journal of Applied Physiology 87: 1260-1265,
1999.

Horner RL, Mohiaddin RH, Lowell DG, Shea SA, Burman ED, Longmore
DB, and Guz A. Sites and sizes of fat deposits around the pharynx in obese
patients with obstructive sleep apnoea and weight matched controls. Eur
Respir J 2: 613-622, 1989.

Hummel T, and Livermore A. Intranasal chemosensory function of the
trigeminal nerve and aspects of its relation to olfaction. International Archives
of Occupational and Environmental Health 75: 305-313, 2002.

leto V, Kayamori F, Montes MI, Hirata RP, Gregério MG, Alencar AM,
Drager LF, Genta PR, and Lorenzi-Filho G. Effects of Oropharyngeal
Exercises on Snoring: A Randomized Trial. Chest 148: 683-691, 2015.
Ignarro LJ, Buga GM, Wood KS, Byrns RE, and Chaudhuri G.
Endothelium-derived relaxing factor produced and released from artery and
vein is nitric oxide. Proceedings of the National Academy of Sciences 84:
9265, 1987.

Inoue A, Chiba S, Matsuura K, Osafune H, Capasso R, and Wada K. Nasal
function and CPAP compliance. Auris Nasus Larynx 46: 548-558, 2019.

96



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Isono S. Obesity and obstructive sleep apnoea: Mechanisms for increased
collapsibility of the passive pharyngeal airway. Respirology 17: 32-42, 2012.
Isono S, Tanaka A, Sho Y, Konno A, and Nishino T. Advancement of the
mandible improves velopharyngeal airway patency. Journal of Applied
Physiology 79: 2132-2138, 1995.

Issa FG, and Bitner S. Effect of route of breathing on the ventilatory and
arousal responses to hypercapnia in awake and sleeping dogs. The Journal
of physiology 465: 615-628, 1993.

Jain B, Rubinstein |, Robbins RA, Leise KL, and Sisson JH. Modulation
of Airway Epithelial Cell Ciliary Beat Frequency by Nitric Oxide. Biochemical
and Biophysical Research Communications 191: 83-88, 1993.

Jamieson A, Guilleminault C, Partinen M, and Quera-Salva MA.
Obstructive Sleep Apneic Patients Have Craniomandibular Abnormalities.
Sleep 9: 469-477, 1986.

Johannessen N, Jensen PF, Kristensen S, and Juul A. Nasal packing and
nocturnal oxygen desaturation. Acta Otolaryngol Suppl 492: 6-8, 1992.
Johns MW. A New Method for Measuring Daytime Sleepiness: The Epworth
Sleepiness Scale. Sleep 14: 540-545, 1991.

Jones AS, Crosher R, Wight RG, Lancer JM, and Beckingham E. The
effect of local anaesthesia of the nasal vestibule on nasal sensation of airflow
and nasal resistance. Clinical otolaryngology and allied sciences 12: 461-464,
1987.

Jones AS, Wight RG, and Durham LH. The distribution of thermoreceptors
within the nasal cavity. Clinical otolaryngology and allied sciences 14: 235-
239, 1989.

Jones N. The nose and paranasal sinuses physiology and anatomy.
Advanced Drug Delivery Reviews 51: 5-19, 2001.

Jonson B, and Rundcrantz H. Posture and Pressure Within the Internal
Jugular Vein. Acta Oto-Laryngologica 68: 271-275, 1969.

Joosten SA, Leong P, Landry SA, Sands SA, Terrill Pl, Mann D, Turton
A, Rangaswamy J, Andara C, Burgess G, Mansfield D, Hamilton GS, and
Edwards BA. Loop Gain Predicts the Response to Upper Airway Surgery in
Patients With Obstructive Sleep Apnea. Sleep 40: 2017.

Jordan AS, Eckert DJ, Wellman A, Trinder JA, Malhotra A, and White DP.
Termination of respiratory events with and without cortical arousal in
obstructive sleep apnea. American journal of respiratory and critical care
medicine 184: 1183-1191, 2011.

Jordan AS, Wellman A, Edwards JK, Schory K, Dover L, MacDonald M,
Patel SR, Fogel RB, Malhotra A, and White DP. Respiratory control stability
and upper airway collapsibility in men and women with obstructive sleep
apnea. Journal of applied physiology (Bethesda, Md : 1985) 99: 2020-2027,
2005.

Jordan AS, and White DP. Pharyngeal motor control and the pathogenesis
of obstructive sleep apnea. Respiratory Physiology & Neurobiology 160: 1-7,
2008.

Kahana-Zweig R, Geva-Sagiv M, Weissbrod A, Secundo L, Soroker N,
and Sobel N. Measuring and Characterizing the Human Nasal Cycle. PloS
one 11: e0162918-e0162918, 2016.

Kalpaklioglu AF, Kavut AB, and Ekici M. Allergic and nonallergic rhinitis:
the threat for obstructive sleep apnea. Annals of Allergy, Asthma &
Immunology 103: 20-25, 2009.

97



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Kaminska M, Montpetit A, Mathieu A, Jobin V, Morisson F, and Mayer P.
Higher effective oronasal versus nasal continuous positive airway pressure in
obstructive sleep apnea: effect of mandibular stabilization. Canadian
respiratory journal 21: 234-238, 2014.

Kase Y, Hilberg O, and Pedersen OF. Posture and nasal patency:
evaluation by acoustic rhinometry. Acta Otolaryngol 114: 70-74, 1994.

Kato J, Isono S, Tanaka A, Watanabe T, Araki D, Tanzawa H, and Nishino
T. Dose-Dependent Effects of Mandibular Advancement on Pharyngeal
Mechanics and Nocturnal Oxygenation in Patients With Sleep-Disordered
Breathing. CHEST 117: 1065-1072, 2000.

Kayser R. Die exact Messung der Luftdurchgangigkeit der Nase. Arch
Laryngol Rhinol 3: 101-103, 1895.

Kennedy DW, Zinreich SJ, Kumar AJ, Rosenbaum AE, and Johns ME.
Physiologic mucosal changes within the nose and ethmoid sinus: Imaging of
the nasal cycle by MRI. The Laryngoscope 98: 928-933, 1988.

Kern EB. The noncycle nose. Rhinology 19: 59-74, 1981.

Kern EB, and Arbour P. The Phenomenon of Paradoxical Nasal Obstruction.
Archives of Otolaryngology 102: 669-671, 1976.

Khoo MC, Kronauer RE, Strohl KP, and Slutsky AS. Factors inducing
periodic breathing in humans: a general model. Journal of Applied Physiology
53: 644-659, 1982.

Kim AM, Keenan BT, Jackson N, Chan EL, Staley B, Poptani H, Torigian
DA, Pack Al, and Schwab RJ. Tongue fat and its relationship to obstructive
sleep apnea. Sleep 37: 1639-1648, 2014.

Kimura A, Chiba S, Capasso R, Yagi T, Ando Y, Watanabe S, and
Moriyama H. Phase of nasal cycle during sleep tends to be associated with
sleep stage. The Laryngoscope 123: 2050-2055, 2013.

Kirkness JP, Madronio M, Stavrinou R, Wheatley JR, and Amis TC.
Relationship between surface tension of upper airway lining liquid and upper
airway collapsibility during sleep in obstructive sleep apnea hypopnea
syndrome. J Appl Physiol (1985) 95: 1761-1766, 2003.

Kirkness JP, Schwartz AR, Schneider H, Punjabi NM, Maly JJ, Laffan AM,
McGinley BM, Magnuson T, Schweitzer M, Smith PL, and Patil SP.
Contribution of male sex, age, and obesity to mechanical instability of the
upper airway during sleep. J Appl Physiol (1985) 104: 1618-1624, 2008.

Ko JH, Kuo TB, and Lee GS. Effect of postural change on nasal airway and
autonomic nervous system established by rhinomanometry and heart rate
variability analysis. American journal of rhinology 22: 159-165, 2008.
Kobayashi |, Perry A, Rhymer J, Wuyam B, Hughes P, Murphy K, Innes
JA, Mclvor J, Cheesman AD, and Guz A. Inspiratory coactivation of the
genioglossus enlarges retroglossal space in laryngectomized humans.
Journal of Applied Physiology 80: 1595-1604, 1996.

Koenig JS, and Thach BT. Effects of mass loading on the upper airway.
Journal of Applied Physiology 64: 2294-2299, 1988.

Kramer MF, de la Chaux R, Fintelmann R, and Rasp G. NARES: a risk
factor for obstructive sleep apnea? Am J Otolaryngol 25: 173-177, 2004.
Kribbs NB, Pack Al, Kline LR, Smith PL, Schwartz AR, Schubert NM,
Redline S, Henry JN, Getsy JE, and Dinges DF. Objective Measurement of
Patterns of Nasal CPAP Use by Patients with Obstructive Sleep Apnea.
American Review of Respiratory Disease 147: 887-895, 1993.

Kushida CA, Littner MR, Hirshkowitz M, Morgenthaler TI, Alessi CA,
Bailey D, Boehlecke B, Brown TM, Coleman J, Jr., Friedman L, Kapen S,

98



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Kapur VK, Kramer M, Lee-Chiong T, Owens J, Pancer JP, Swick TJ, and
Wise MS. Practice parameters for the use of continuous and bilevel positive
airway pressure devices to treat adult patients with sleep-related breathing
disorders. Sleep 29: 375-380, 2006.

Lai V, Carberry JC, and Eckert DJ. Sleep Apnea Phenotyping: Implications
for Dental Sleep Medicine. J Dent Sleep Med (Official publication of the
American Academy of Dental Sleep Medicine: AADSM) 6:
doi.org/10.15331/jdsm.17072, 2019.

Lai V, Tong BK, Tran C, Ricciardiello A, Donegan M, Murray NP, Carberry
JC, and Eckert DJ. Combination therapy with mandibular advancement and
expiratory positive airway pressure valves reduces obstructive sleep apnea
severity. Sleep 42: 2019.

Lai VW, and Corey JP. The objective assessment of nasal patency. Ear Nose
Throat J 72: 395-396, 399-400, 1993.

Lal C, Strange C, and Bachman D. Neurocognitive impairment in obstructive
sleep apnea. Chest 141: 1601-1610, 2012.

Landry SA, Andara C, Terrill Pl, Joosten SA, Leong P, Mann DL, Sands
SA, Hamilton GS, and Edwards BA. Ventilatory control sensitivity in patients
with obstructive sleep apnea is sleep stage dependent. Sleep 41: zsy040,
2018.

Lane AP, Gomez G, Dankulich T, Wang H, Bolger WE, and Rawson NE.
The Superior Turbinate as a Source of Functional Human Olfactory Receptor
Neurons. The Laryngoscope 112: 1183-1189, 2002.

Lang C, Griutzenmacher S, Mlynski B, Plontke S, and Mlynski G.
Investigating the nasal cycle using endoscopy, rhinoresistometry, and
acoustic rhinometry. Laryngoscope 113: 284-289, 2003.

Lavery D, Szollosi I, Czyniewski S, Beer F, McCloy K, and Hart C. Safety
and Efficacy of a Novel Oral Appliance in the Treatment of Obstructive Sleep
Apnea. Journal of Dental Sleep Medicine 4: 57-63, 2017.

Lavie P, Fischel N, Zomer J, and Eliaschar |. The Effects of Partial and
Complete Mechanical Occlusion of the Nasal Passages on Sleep Structure
and Breathing in Sleep. Acta Oto-Laryngologica 95: 161-166, 1983.

Lavie P, Gertner R, Zomer J, and Podoshin L. Breathing Disorders in Sleep
Associated with “Microarousals” in Patients with Allergic Rhinitis. Acta Ofto-
Laryngologica 92: 529-533, 1981.

Lee SH, Choi JH, Shin C, Lee HM, Kwon SY, and Lee SH. How Does Open-
Mouth Breathing Influence Upper Airway Anatomy? The Laryngoscope 117:
1102-1106, 2007.

Leopold DA, Hummel T, Schwob JE, Hong SC, Knecht M, and Kobal G.
Anterior Distribution of Human Olfactory Epithelium. The Laryngoscope 110:
417-421, 2000.

Li KK, Kushida C, Powell NB, Riley RW, and Guilleminault C. Obstructive
Sleep Apnea Syndrome: A Comparison Between Far-East Asian and White
Men. The Laryngoscope 110: 1689-1693, 2000.

Li Y, Ye J, Han D, Cao X, Ding X, Zhang Y, Xu W, Orr J, Jen R, Sands S,
Malhotra A, and Owens R. Physiology-Based Modeling May Predict Surgical
Treatment Outcome for Obstructive Sleep Apnea. J Clin Sleep Med 13: 1029-
1037, 2017.

Lindman R, and Stal PS. Abnormal palatopharyngeal muscle morphology in
sleep-disordered breathing. Journal of the Neurological Sciences 195: 11-23,
2002.

99



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Lipan MJ, and Most SP. Development of a severity classification system for
subjective nasal obstruction. JAMA Facial Plastic Surgery 15: 358-361, 2013.
Littlejohn MC, Stiernberg CM, Hokanson JA, Quinn Jr. FB, and Bailey
BJ. The relationship between the nasal cycle and mucociliary clearance. The
Laryngoscope 102: 117-120, 1992.

Liu H-W, Chen Y-J, Lai Y-C, Huang C-Y, Huang Y-L, Lin M-T, Han S-Y,
Chen C-L, Yu C-J, and Lee P-L. Combining MAD and CPAP as an effective
strategy for treating patients with severe sleep apnea intolerant to high-
pressure PAP and unresponsive to MAD. PLoS ONE 12: e0187032, 2017.
Liu Y, Lowe AA, Orthodont D, Fleetham JA, and Park Y-C. Cephalometric
and physiologic predictors of the efficacy of an adjustable oral appliance for
treating obstructive sleep apnea. American Journal of Orthodontics and
Dentofacial Orthopedics 120: 639-647, 2001.

Lo Y-L, Jordan AS, Malhotra A, Wellman A, Heinzer RA, Eikermann M,
Schory K, Dover L, and White DP. Influence of wakefulness on pharyngeal
airway muscle activity. Thorax 62: 799-805, 2007.

Loewen A, Ostrowski M, Laprairie J, Atkar R, Gnitecki J, Hanly P, and
Younes M. Determinants of ventilatory instability in obstructive sleep apnea:
inherent or acquired? Sleep 32: 1355-1365, 2009.

Lofaso F, Coste A, d'Ortho M, Zerah-Lancner F, Delclaux C, Goldenberg
F, and Harf A. Nasal obstruction as a risk factor for sleep apnoea syndrome.
European Respiratory Journal 16: 639-643, 2000.

Lozano L, Tovar JL, Sampol G, Romero O, Jurado MJ, Segarra A, Espinel
E, Rios J, Untoria MD, and Lloberes P. Continuous positive airway pressure
treatment in sleep apnea patients with resistant hypertension: a randomized,
controlled trial. Journal of Hypertension 28: 2161-2168, 2010.

Lundberg JO. Acute Purulent Sinusitis Triggered by Topical Nasal Nitric
Oxide Synthase Inhibition. American Journal of Respiratory and Critical Care
Medicine 172: 512-513, 2005.

Lundberg JO. Nitric Oxide and the Paranasal Sinuses. The Anatomical
Record 291: 1479-1484, 2008.

Lundberg JO, Weitzberg E, Nordvall SL, Kuylenstierna R, Lundberg JM,
and Alving K. Primarily nasal origin of exhaled nitric oxide and absence in
Kartagener's syndrome. European Respiratory Journal 7: 1501, 1994.
Lundberg JON, Farkas-Szallasi T, Weitzberg E, Rinder J, Lidholm J,
Anggaard A, Hokfelt T, Lundberg JM, and Alving K. High nitric oxide
production in human paranasal sinuses. Nature Medicine 1: 370-373, 1995.
Lundberg JON, Lundberg JM, Settergren G, Alving K, and Weitzberg E.
Nitric oxide, produced in the upper airways, may act in an ‘aerocrine’ fashion
to enhance pulmonary oxygen uptake in humans. Acta Physiologica
Scandinavica 155: 467-468, 1995.

Lundberg JON, Settergren G, Gelinder S, Lundberg JM, Alving K, and
Weitzberg E. Inhalation of nasally derived nitric oxide modulates pulmonary
function in humans. Acta Physiologica Scandinavica 158: 343-347, 1996.
Luzzi V, Brunori M, Terranova S, Di Paolo C, lerardo G, Vozza |, and
Polimeni A. Difficult-to-treat OSAS: Combined continuous positive airway
pressure (CPAP) and mandibular advancement devices (MADs) therapy. A
case report. CRANIO® 1-5, 2018.

Malcomson KG. The Vasomotor Activities of the Nasal Mucous Membrane.
The Journal of Laryngology & Otology 73: 73-98, 1959.

Malhotra A, Huang Y, Fogel RB, Pillar G, Edwards JK, Kikinis R, Loring
SH, and White DP. The Male Predisposition to Pharyngeal Collapse.

100



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

American Journal of Respiratory and Critical Care Medicine 166: 1388-1395,
2002.

Malhotra A, and White DP. Obstructive sleep apnoea. The Lancet 360: 237-
245, 2002.

Mallampati SR, Gatt SP, Gugino LD, Desai SP, Waraksa B, Freiberger D,
and Liu PL. A clinical sign to predict difficult tracheal intubation: a prospective
study. Can Anaesth Soc J 32: 429-434, 1985.

Mancinelli RL, and McKay CP. Effects of nitric oxide and nitrogen dioxide
on bacterial growth. Appl Environ Microbiol 46: 198-202, 1983.

Marin JM, Carrizo SJ, Vicente E, and Agusti AGN. Long-term
cardiovascular outcomes in men with obstructive sleep apnoea-hypopnoea
with or without treatment with continuous positive airway pressure: an
observational study. The Lancet 365: 1046-1053, 2005.

Marklund M, Stenlund H, and Franklin KA. Mandibular Advancement
Devices in 630 Men and Women With Obstructive Sleep Apnea and Snoring:
Tolerability and Predictors of Treatment Success. Chest 125: 1270-1278,
2004.

Marklund M, Verbraecken J, and Randerath W. Non-CPAP therapies in
obstructive sleep apnoea: mandibular advancement device therapy.
European Respiratory Journal 39: 1241, 2012.

Marques M, Genta PR, Azarbarzin A, Taranto-Montemurro L, Messineo
L, Hess LB, Demko G, White DP, Sands SA, and Wellman A. Structure and
severity of pharyngeal obstruction determine oral appliance efficacy in sleep
apnoea. The Journal of physiology 597: 5399-5410, 2019.

Martin SE, Engleman HM, Kingshott RN, and Douglas NJ. Microarousals
in patients with sleep apnoea/hypopnoea syndrome. Journal of Sleep
Research 6: 276-280, 1997.

Martinez-Garcia M, Capote F, Campos-Rodriguez F, and et al. Effect of
cpap on blood pressure in patients with obstructive sleep apnea and resistant
hypertension: The hiparco randomized clinical trial. JAMA 310: 2407-2415,
2013.

Mayer G, and Meier-Ewert K. Cephalometric predictors for orthopaedic
mandibular advancement in obstructive sleep apnoea. European Journal of
Orthodontics 17: 35-43, 1995.

McCaffrey TV, and Kern EB. Clinical evaluation of nasal obstruction: A study
of 1,000 patients. Archives of Otolaryngology 105: 542-545, 1979.

McEvoy RD, Antic NA, Heeley E, Luo Y, Ou Q, Zhang X, Mediano O, Chen
R, Drager LF, Liu Z, Chen G, Du B, McArdle N, Mukherjee S, Tripathi M,
Billot L, Li Q, Lorenzi-Filho G, Barbe F, Redline S, Wang J, Arima H, Neal
B, White DP, Grunstein RR, Zhong N, and Anderson CS. CPAP for
Prevention of Cardiovascular Events in Obstructive Sleep Apnea. New
England Journal of Medicine 375: 919-931, 2016.

McNicholas WT. Obstructive Sleep Apnea and Inflammation. Progress in
Cardiovascular Diseases 51: 392-399, 2009.

McNicholas WT, Coffey M, and Boyle T. Effects of Nasal Airflow on
Breathing during Sleep in Normal Humans. American Review of Respiratory
Disease 147: 620-623, 1993.

McNicholas WT, Tarlo S, Cole P, Zamel N, Rutherford R, Griffin D, and
Phillipson EA. Obstructive Apneas during Sleep in Patients with Seasonal
Allergic Rhinitis. American Review of Respiratory Disease 126: 625-628,
1982.

101



210.

211.

212.

213.
214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Mellert TK, Getchell ML, Sparks L, and Getchell TV. Characterization of
the Immune Barrier in Human Olfactory Mucosa. Otolaryngology—Head and
Neck Surgery 106: 181-188, 1992.

Messineo L, Taranto-Montemurro L, Azarbarzin A, Marques M, Calianese
N, White DP, Wellman A, and Sands SA. Loop gain in REM versus non-
REM sleep using CPAP manipulation: A pilot study. Respirology 0: 2019.
Messineo L, Taranto-Montemurro L, Azarbarzin A, Oliveira Marques MD,
Calianese N, White DP, Wellman A, and Sands SA. Breath-holding as a
means to estimate the loop gain contribution to obstructive sleep apnoea. The
Journal of physiology 596: 4043-4056, 2018.

Mete A, and Akbudak i. Functional Anatomy and Physiology of Airway. 2018.
Meurice JC, Marc |, Carrier G, and Sériés F. Effects of mouth opening on
upper airway collapsibility in normal sleeping subjects. American Journal of
Respiratory and Critical Care Medicine 153: 255-259, 1996.

Mezzanotte WS, Tangel DJ, and White DP. Waking genioglossal
electromyogram in sleep apnea patients versus normal controls (a
neuromuscular compensatory mechanism). J Clin Invest 89: 1571-1579,
1992.

Ming-Chin Lan M-YL, Edward C Kuan, Yun-Chen Huang, Tung-Tsun
Huang, Yen-Bin Hsu. Nasal Obstruction as a Potential Factor Contributing
to Hypoxemia in Obstructive Sleep Apnea. Nature and science of sleep 13:
55-62, 2021.

Miynski G, Griitzenmacher S, Plontke S, Mlynski B, and Lang C.
Correlation of nasal morphology and respiratory function. Rhinology 39: 197-
201, 2001.

Miynski GH. Physiology and pathophysiology of nasal breathing. In: Nasal
physiology and pathophysiology of nasal disorders, edited by Onerci
TMSpringer, 2013, p. 257-272.

Montesi SB, Edwards BA, Malhotra A, and Bakker JP. The effect of
continuous positive airway pressure treatment on blood pressure: a
systematic review and meta-analysis of randomized controlled trials. Journal
of clinical sleep medicine : JCSM : official publication of the American
Academy of Sleep Medicine 8: 587-596, 2012.

Moran DT, Rowley JC, Jafek BW, and Lovell MA. The fine structure of the
olfactory mucosa in man. Journal of Neurocytology 11: 721-746, 1982.
Morin CM, Belleville G, Bélanger L, and Ivers H. The Insomnia Severity
Index: psychometric indicators to detect insomnia cases and evaluate
treatment response. Sleep 34: 601-608, 2011.

Mortimore IL, and Douglas NJ. Palatal Muscle EMG Response to Negative
Pressure in Awake Sleep Apneic and Control Subjects. American Journal of
Respiratory and Critical Care Medicine 156: 867-873, 1997.

Mostafiz W, Dalci O, Sutherland K, Malhotra A, Srinivasan V,
Darendeliler MA, and Cistulli PA. Influence of oral and craniofacial
dimensions on mandibular advancement splint treatment outcome in patients
with obstructive sleep apnea. Chest 139: 1331-1339, 2011.

Naclerio RM, Bachert C, and Baraniuk JN. Pathophysiology of nasal
congestion. International journal of general medicine 3: 47-57, 2010.
Neelapu BC, Kharbanda OP, Sardana HK, Balachandran R, Sardana V,
Kapoor P, Gupta A, and Vasamsetti S. Craniofacial and upper airway
morphology in adult obstructive sleep apnea patients: A systematic review
and meta-analysis of cephalometric studies. Sleep medicine reviews 31: 79-
90, 2017.

102



226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Ng AT, Gotsopoulos H, Qian J, and Cistulli PA. Effect of Oral Appliance
Therapy on Upper Airway Collapsibility in Obstructive Sleep Apnea. American
Journal of Respiratory and Critical Care Medicine 168: 238-241, 2003.

Ng AT, Qian J, and Cistulli PA. Oropharyngeal Collapse Predicts Treatment
Response With Oral Appliance Therapy in Obstructive Sleep Apnea. Sleep
29: 666-671, 2006.

Ng ATM, Darendeliler MA, Petocz P, and Cistulli PA. Cephalometry and
prediction of oral appliance treatment outcome. Sleep and Breathing 16: 47-
58, 2012.

Nguyen CD, Amatoury J, Carberry JC, and Eckert DJ. An automated and
reliable method for breath detection during variable mask pressures in awake
and sleeping humans. PLOS ONE 12: e0179030, 2017.

Nigro CEN, Nigro JFdA, Mion O, and Mello JF. Nasal Valve: anatomy and
physiology. Brazilian Journal of Otorhinolaryngology 75: 305-310, 2009.
Nino-Murcia G, McCann CC, Bliwise DL, Guilleminault C, and Dement
WC. Compliance and side effects in sleep apnea patients treated with nasal
continuous positive airway pressure. The Western journal of medicine 150:
165-169, 1989.

O'Driscoll DM, Landry SA, Pham J, Young A, Sands SA, Hamilton GS,
and Edwards BA. The physiological phenotype of obstructive sleep apnea
differs between Caucasian and Chinese patients. Sleep 2019.

O'Flynn P. Posture and nasal geometry. Acta Otolaryngol 113: 530-532,
1993.

Ogretmenoglu O, Yilmaz T, Rahimi K, and Aksdyek S. The effect on
arterial blood gases and heart rate of bilateral nasal packing. European
Archives of Oto-Rhino-Laryngology 259: 63-66, 2002.

Okawara Y, Tsuiki S, Hiyama S, Hashimoto K, Ono T, and Ohyama K.
Oral appliance titration and nasal resistance in nonapneic subjects. American
Journal of Orthodontics and Dentofacial Orthopedics 126: 620-622, 2004.
Onal E, and Lopata M. Periodic Breathing and the Pathogenesis of Occlusive
Sleep Apneas. American Review of Respiratory Disease 126: 676-680, 1982.
Ong JSL, Touyz G, Tanner S, Hillman DR, Eastwood PR, and Walsh JH.
Variability of human upper airway collapsibility during sleep and the influence
of body posture and sleep stage. Journal of Sleep Research 20: 533-537,
2011.

Op de Beeck S, Dieltjens M, Azarbarzin A, Willemen M, Verbraecken J,
Braem MJ, Wellman A, Sands SA, and Vanderveken OM. Mandibular
Advancement Device Treatment Efficacy is Associated with
Polysomnographic Endotypes. Ann Am Thorac Soc 2020.

Op de Beeck S, Wellman A, Dieltjens M, Strohl KP, Willemen M, Van de
Heyning PH, Verbraecken JA, Vanderveken OM, Sands SA, and
investigators St. Endotypic Mechanisms of Successful Hypoglossal Nerve
Stimulation for Obstructive Sleep Apnea. Am J Respir Crit Care Med 2020.
Owens RL, Edwards BA, Eckert DJ, Jordan AS, Sands SA, Malhotra A,
White DP, Loring SH, Butler JP, and Wellman A. An Integrative Model of
Physiological Traits Can be Used to Predict Obstructive Sleep Apnea and
Response to Non Positive Airway Pressure Therapy. Sleep 38: 961-970,
2015.

Owens RL, Malhotra A, Eckert DJ, White DP, and Jordan AS. The
influence of end-expiratory lung volume on measurements of pharyngeal
collapsibility. Journal of applied physiology (Bethesda, Md : 1985) 108: 445-
451, 2010.

103



242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

Pamidi S, and Tasali E. Obstructive sleep apnea and type 2 diabetes: is
there a link? Frontiers in neurology 3: 126-126, 2012.

Patel RM, and Pinto JM. Olfaction: Anatomy, physiology, and disease.
Clinical Anatomy 27: 54-60, 2014.

Pendolino AL, Lund VJ, Nardello E, and Ottaviano G. The nasal cycle: a
comprehensive review. Rhinology Online 1: 67-76, 2018.

Pendolino AL, Nardello E, Lund VJ, Maculan P, Scarpa B, Martini A, and
Ottaviano G. Comparison between unilateral PNIF and rhinomanometry in
the evaluation of nasal cycle. Rhinology 56: 122-126, 2018.

Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, and Hla KM.
Increased Prevalence of Sleep-Disordered Breathing in Adults. American
Journal of Epidemiology 177: 1006-1014, 2013.

Peppard PE, Young T, Palta M, and Skatrud J. Prospective Study of the
Association between Sleep-Disordered Breathing and Hypertension. New
England Journal of Medicine 342: 1378-1384, 2000.

Pevernagie DA, De Meyer MM, and Claeys S. Sleep, breathing and the
nose. Sleep medicine reviews 9: 437-451, 2005.

Phillips CL, Grunstein RR, Darendeliler MA, Mihailidou AS, Srinivasan
VK, Yee BJ, Marks GB, and Cistulli PA. Health Outcomes of Continuous
Positive Airway Pressure versus Oral Appliance Treatment for Obstructive
Sleep Apnea. American Journal of Respiratory and Critical Care Medicine
187: 879-887, 2013.

Phillipson EA, and Sullivan CE. Arousal: The Forgotten Response to
Respiratory Stimuli. American Review of Respiratory Disease 118: 807-809,
1978.

Pinto JM. Olfaction. Proceedings of the American Thoracic Society 8: 46-52,
2011.

Poirrier A-L, Eloy P, and Rombaux P. Nose and sleep breathing disorders.
In: Nasal physiology and pathophysiology of nasal disorders, edited by Onerci
TMSpringer, 2013, p. 293-311.

Poulet C, Veale D, Arnol N, Lévy P, Pepin JL, and Tyrrell J. Psychological
variables as predictors of adherence to treatment by continuous positive
airway pressure. Sleep Medicine 10: 993-999, 2009.

Ramar K, Dort LC, Katz SG, Lettieri CJ, Harrod CG, Thomas SM, and
Chervin RD. Clinical Practice Guideline for the Treatment of Obstructive
Sleep Apnea and Snoring with Oral Appliance Therapy: An Update for 2015.
Journal of clinical sleep medicine : JCSM : official publication of the American
Academy of Sleep Medicine 11: 773-827, 2015.

Rao S, and Potdar A. Nasal airflow with body in various positions. Journal of
Applied Physiology 28: 162-165, 1970.

Ratnavadivel R, Chau N, Stadler D, Yeo A, McEvoy RD, and Catcheside
PG. Marked Reduction in Obstructive Sleep Apnea Severity in Slow Wave
Sleep. Journal of Clinical Sleep Medicine : JCSM : Official Publication of the
American Academy of Sleep Medicine 5: 519-524, 2009.

Redline S, Tishler PV, Hans MG, Tosteson TD, Strohl KP, and Spry K.
Racial differences in sleep-disordered breathing in African-Americans and
Caucasians. American Journal of Respiratory and Critical Care Medicine 155:
186-192, 1997.

Redline S, Yenokyan G, Gottlieb DJ, Shahar E, O'Connor GT, Resnick
HE, Diener-West M, Sanders MH, Wolf PA, Geraghty EM, Ali T, Lebowitz
M, and Punjabi NM. Obstructive sleep apnea-hypopnea and incident stroke:

104



259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

the sleep heart health study. American journal of respiratory and critical care
medicine 182: 269-277, 2010.

Rees K, Spence DP, Earis JE, and Calverley PM. Arousal responses from
apneic events during non-rapid-eye-movement sleep. American Journal of
Respiratory and Critical Care Medicine 152: 1016-1021, 1995.

Remmers JE, deGroot WJ, Sauerland EK, and Anch AM. Pathogenesis of
upper airway occlusion during sleep. Journal of Applied Physiology 44: 931-
938, 1978.

Reutrakul S, and Mokhlesi B. Obstructive Sleep Apnea and Diabetes: A
State of the Art Review. Chest 152: 1070-1086, 2017.

Rohrmeier C, Schittek S, Ettl T, Herzog M, and Kuehnel TS. The nasal
cycle during wakefulness and sleep and its relation to body position. The
Laryngoscope 124: 1492-1497, 2014.

Roithmann R, Demeneghi P, Faggiano R, and Cury A. Effects of posture
change on nasal patency. Brazilian Journal of Otorhinolaryngology 71: 478-
484, 2005.

Rundcrantz H. Postural variations of nasal patency. Acta Otolaryngologica
68: 435-443, 1969.

Rundcrantz H. Posture and congestion of nasal mucosa in allergic rhinitis:
objective measure of effect of specific treatment. Acta Otfolaryngologica 58:
283-287, 1964.

Saboisky JP, Butler JE, Fogel RB, Taylor JL, Trinder JA, White DP, and
Gandevia SC. Tonic and Phasic Respiratory Drives to Human Genioglossus
Motoneurons During Breathing. Journal of Neurophysiology 95: 2213-2221,
2006.

Saboisky JP, Stashuk DW, Hamilton-Wright A, Carusona AL, Campana
LM, Trinder J, Eckert DJ, Jordan AS, McSharry DG, White DP, Nandedkar
S, David WS, and Malhotra A. Neurogenic Changes in the Upper Airway of
Patients with Obstructive Sleep Apnea. American Journal of Respiratory and
Critical Care Medicine 185: 322-329, 2012.

Sahin-Yilmaz A, and Naclerio RM. Anatomy and Physiology of the Upper
Airway. Proceedings of the American Thoracic Society 8: 31-39, 2011.
Samsoon GLT, and Young JRB. Difficult tracheal intubation: a retrospective
study. Anaesthesia 42: 487-490, 1987.

Sands SA, Eckert DJ, Jordan AS, Edwards BA, Owens RL, Butler JP,
Schwab RJ, Loring SH, Malhotra A, White DP, and Wellman A. Enhanced
upper-airway muscle responsiveness is a distinct feature of overweight/obese
individuals without sleep apnea. American journal of respiratory and critical
care medicine 190: 930-937, 2014.

Sands SA, Edwards BA, Terrill Pl, Taranto-Montemurro L, Azarbarzin A,
Marques M, Hess LB, White DP, and Wellman A. Phenotyping Pharyngeal
Pathophysiology using Polysomnography in Patients with Obstructive Sleep
Apnea. American Journal of Respiratory and Critical Care Medicine 197:
1187-1197, 2018.

Sands SA, Terrill Pl, Edwards BA, Taranto Montemurro L, Azarbarzin A,
Marques M, de Melo CM, Loring SH, Butler JP, White DP, and Wellman
A. Quantifying the Arousal Threshold Using Polysomnography in Obstructive
Sleep Apnea. Sleep 41: zsx183, 2018.

Sanna A. Obstructive sleep apnoea, motor vehicle accidents, and work
performance. Chron Respir Dis 10: 29-33, 2013.

105



274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Saroha D, Bottrill I, Saif M, and Gardner B. Is the nasal cycle ablated in
patients with high spinal cord trauma? Clinical Otolaryngology & Allied
Sciences 28: 142-145, 2003.

Sauerland EK, and Harper RM. The human tongue during sleep:
Electromyographic activity of the genioglossus muscle. Experimental
Neurology 51: 160-170, 1976.

Schumacher MJ. Nasal congestion and airway obstruction: the validity of
available objective and subjective measures. Current Allergy and Asthma
Reports 2: 245-251, 2002.

Schwab RJ, Gupta KB, Gefter WB, Metzger LJ, Hoffman EA, and Pack
Al. Upper airway and soft tissue anatomy in normal subjects and patients with
sleep-disordered breathing. Significance of the lateral pharyngeal walls.
American Journal of Respiratory and Critical Care Medicine 152: 1673-1689,
1995.

Schwab RJ, Pasirstein M, Pierson R, Mackley A, Hachadoorian R, Arens
R, Maislin G, and Pack Al. Identification of Upper Airway Anatomic Risk
Factors for Obstructive Sleep Apnea with Volumetric Magnetic Resonance
Imaging. American Journal of Respiratory and Critical Care Medicine 168:
522-530, 2003.

Schwartz AR, O'Donnell CP, Baron J, Schubert N, Alam D, Samadi SD,
and Smith PL. The Hypotonic Upper Airway in Obstructive Sleep Apnea.
American Journal of Respiratory and Critical Care Medicine 157: 1051-1057,
1998.

Schwartz AR, Smith PL, Wise RA, Gold AR, and Permutt S. Induction of
upper airway occlusion in sleeping individuals with subatmospheric nasal
pressure. Journal of Applied Physiology 64: 535-542, 1988.

Segal Y, Malhotra A, and Pillar G. Upper airway length may be associated
with the severity of obstructive sleep apnea syndrome. Sleep and Breathing
12: 311-316, 2008.

Sekizawa S-i, and Tsubone H. Nasal receptors responding to noxious
chemical irritants. Respiration Physiology 96: 37-48, 1994.

Shadan FF, Jalowayski AA, Fahrenholz J, Kline LE, and Dawson A. Nasal
Cytology: a Marker of Clinically Silent Inflammation in Patients with
Obstructive Sleep Apnea and a Predictor of Noncompliance with Nasal CPAP
Therapy. Journal of Clinical Sleep Medicine 01: 266-270, 2005.
Shannahoff-Khalsa D. Lateralized rhythms of the central and autonomic
nervous systems. International Journal of Psychophysiology 11: 225-251,
1991.

Sharp JT, Henry JP, Sweany SK, Meadows WR, and Pietras RJ. The total
work of breathing in normal and obese men. J Clin Invest 43: 728-739, 1964.
Shen H-L, Wen Y-W, Chen N-H, and Liao Y-F. Craniofacial morphologic
predictors of oral appliance outcomes in patients with obstructive sleep
apnea. The Journal of the American Dental Association 143: 1209-1217,
2012.

Simpson L, Hillman DR, Cooper MN, Ward KL, Hunter M, Cullen S, James
A, Palmer LJ, Mukherjee S, and Eastwood P. High prevalence of
undiagnosed obstructive sleep apnoea in the general population and methods
for screening for representative controls. Sleep and Breathing 17: 967-973,
2013.

Slocum CW, Maisel RH, and Cantrell RW. Arterial blood gas determination
in patients with anterior packing. The Laryngoscope 86: 869-873, 1976.

106



289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

Smith PL, Wise RA, Gold AR, Schwartz AR, and Permutt S. Upper airway
pressure-flow relationships in obstructive sleep apnea. Journal of Applied
Physiology 64: 789-795, 1988.

Soane RJ, Carney AS, Jones NS, Frier M, Perkins AC, Davis SS, and
lllum L. The effect of the nasal cycle on mucociliary clearance. Clinical
Otolaryngology & Allied Sciences 26: 9-15, 2001.

Stewart M, Ferguson B, and Fromer L. Epidemiology and burden of nasal
congestion. International journal of general medicine 3: 37-45, 2010.
Stewart MG, Witsell DL, Smith TL, Weaver EM, Yueh B, and Hannley MT.
Development and Validation of the Nasal Obstruction Symptom Evaluation
(NOSE) Scale. Otolaryngology—Head and Neck Surgery 130: 157-163, 2004.
Stoksted P. Rhinometric Measurements for Determination of the Nasal
Cycle. Acta Oto-Laryngologica 43: 159-175, 1953.

Stoksted P, Thrane K, and Norsk F. The Physiologic Cycle of the Nose
Under Normal and Pathologic Conditions. Acta Oto-Laryngologica 42: 175-
179, 1952.

Strohl KP, and Redline S. Nasal CPAP Therapy, Upper Airway Muscle
Activation, and Obstructive Sleep Apnea. American Review of Respiratory
Disease 134: 555-558, 1986.

Strollo PJ, Jr., Soose RJ, Maurer JT, de Vries N, Cornelius J, Froymovich
0O, Hanson RD, Padhya TA, Steward DL, Gillespie MB, Woodson BT, Van
de Heyning PH, Goetting MG, Vanderveken OM, Feldman N, Knaack L,
and Strohl KP. Upper-airway stimulation for obstructive sleep apnea. The
New England journal of medicine 370: 139-149, 2014.

Sugiura T, Noda A, Nakata S, Yasuda Y, Soga T, Miyata S, Nakai S, and
Koike Y. Influence of Nasal Resistance on Initial Acceptance of Continuous
Positive Airway Pressure in Treatment for Obstructive Sleep Apnea
Syndrome. Respiration 74: 56-60, 2007.

Sullivan C, Berthon-Jones M, Issa F, and Eves L. Reversal of obstructive
sleep apnoea by continuous positive airway pressure applied through the
nares. The Lancet 317: 862-865, 1981.

Suratt PM, Turner BL, and Wilhoit SC. Effect of Intranasal Obstruction on
Breathing during Sleep. Chest 90: 324-329, 1986.

Sutherland K, Chan ASL, and Cistulli PA. Three-dimensional assessment
of anatomical balance and oral appliance treatment outcome in obstructive
sleep apnoea. Sleep and Breathing 20: 903-910, 2016.

Sutherland K, Chan ASL, Ngiam J, Dalci O, Darendeliler MA, and Cistulli
PA. Awake Multimodal Phenotyping for Prediction of Oral Appliance
Treatment Outcome. Journal of clinical sleep medicine : JCSM : official
publication of the American Academy of Sleep Medicine 14: 1879-1887, 2018.
Sutherland K, Phillips CL, and Cistulli PA. Efficacy versus Effectiveness in
the Treatment of Obstructive Sleep Apnea: CPAP and Oral Appliances.
Journal of Dental Sleep Medicine 02: 175-181, 2015.

Sutherland K, Takaya H, Qian J, Petocz P, Ng AT, and Cistulli PA. Oral
Appliance Treatment Response and Polysomnographic Phenotypes of
Obstructive Sleep Apnea. Journal of Clinical Sleep Medicine : JCSM : Official
Publication of the American Academy of Sleep Medicine 11: 861-868, 2015.
Sutherland K, Vanderveken OM, Tsuda H, Marklund M, Gagnadoux F,
Kushida CA, and Cistulli PA. Oral Appliance Treatment for Obstructive
Sleep Apnea: An Update. Journal of Clinical Sleep Medicine : JCSM : Official
Publication of the American Academy of Sleep Medicine 10: 215-227, 2014.

107



305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

Suzuki K, Nakata S, Tagaya M, Yasuma F, Moral S, Miyao E, Tsuiki S,
and Nakashima T. Prediction of oral appliance treatment outcome in
obstructive sleep apnoea syndrome: a preliminary study. B-ent 10: 185-191,
2014.

Taasan V, Wynne JW, Cassisi N, and Block AJ. The Effect of nasal packing
on sleep-disordered breathing and nocturnal oxygen desaturation. The
Laryngoscope 91: 1163-1172, 1981.

Tan YK, L'Estrange PR, Luo YM, Smith C, Grant HR, Simonds AK, Spiro
SG, and Battagel JM. Mandibular advancement splints and continuous
positive airway pressure in patients with obstructive sleep apnoea: a
randomized cross-over trial. European Journal of Orthodontics 24: 239-249,
2002.

Taranto-Montemurro L, Edwards BA, Sands SA, Marques M, Eckert DJ,
White DP, and Wellman A. Desipramine Increases Genioglossus Activity
and Reduces Upper Airway Collapsibility during Non-REM Sleep in Healthy
Subjects. American journal of respiratory and critical care medicine 194: 878-
885, 2016.

Taranto-Montemurro L, Messineo L, Sands SA, Azarbarzin A, Marques
M, Edwards BA, Eckert DJ, White DP, and Wellman A. The Combination
of Atomoxetine and Oxybutynin Greatly Reduces Obstructive Sleep Apnea
Severity. A Randomized, Placebo-controlled, Double-Blind Crossover Trial.
American Journal of Respiratory and Critical Care Medicine 199: 1267-1276,
2019.

Taranto-Montemurro L, Sands SA, Edwards BA, Azarbarzin A, Marques
M, de Melo C, Eckert DJ, White DP, and Wellman A. Desipramine improves
upper airway collapsibility and reduces OSA severity in patients with minimal
muscle compensation. The European respiratory journal 48: 1340-1350,
2016.

Terrill Pl, Edwards BA, Nemati S, Butler JP, Owens RL, Eckert DJ, White
DP, Malhotra A, Wellman A, and Sands SA. Quantifying the ventilatory
control contribution to sleep apnoea using polysomnography. European
Respiratory Journal 45: 408-418, 2015.

Todorov Atanasov A, and Donchev Dimov P. Nasal and sleep cycle —
possible synchronization during night sleep. Medical Hypotheses 61: 275-
277, 2003.

Tong BK, Tran C, Ricciardiello A, Chiang A, Donegan M, Murray N,
Szollosi I, Amatoury J, Carberry JC, and Eckert DJ. Efficacy of a novel oral
appliance and the role of posture on nasal resistance in obstructive sleep
apnea. J Clin Sleep Med 16: 483-492, 2020.

Tong BK, Tran C, Ricciardiello A, Donegan M, Chiang AKI, Szollosi |,
Amatoury J, Carberry JC, and Eckert DJ. CPAP combined with oral
appliance therapy reduces CPAP requirements and pharyngeal pressure
swings in obstructive sleep apnea. Journal of Applied Physiology 129: 1085-
1091, 2020.

Tsuiki S, Ito E, Isono S, Ryan CF, Komada Y, Matsuura M, and Inoue Y.
Oropharyngeal Crowding and Obesity as Predictors of Oral Appliance
Treatment Response to Moderate Obstructive Sleep Apnea. Chest 144: 558-
563, 2013.

Tufik S, Santos-Silva R, Taddei JA, and Bittencourt LRA. Obstructive
Sleep Apnea Syndrome in the Sao Paulo Epidemiologic Sleep Study. Sleep
Medicine 11: 441-446, 2010.

108



317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Udaka T, Suzuki H, Fujimura T, Hiraki N, Shiomori T, Kitamura T, Ueda
N, Inaba T, and Fujino Y. Relationships between nasal obstruction, observed
apnea, and daytime sleepiness. Ofolaryngology—Head and Neck Surgery
137: 669-673, 2007.

Upadhyay R, Dubey A, Kant S, and Singh BP. Management of severe
obstructive sleep apnea using mandibular advancement devices with auto
continuous positive airway pressures. Lung India : official organ of Indian
Chest Society 32: 158-161, 2015.

Vanderveken OM, Dieltjens M, Wouters K, De Backer WA, Van de
Heyning PH, and Braem MJ. Objective measurement of compliance during
oral appliance therapy for sleep-disordered breathing. Thorax 68: 91-96,
2013.

Varendh M, Andersson M, Bjgrnsdottir E, Hrubos-Strem H, Johannisson
A, Arnardottir ES, Gislason T, and Juliusson S. Nocturnal nasal
obstruction is frequent and reduces sleep quality in patients with obstructive
sleep apnea. Journal of Sleep Research 27: e12631, 2018.

Vena D, Azarbarzin A, Marques M, Op de Beeck S, Vanderveken OM,
Edwards BA, Calianese N, Hess LB, Radmand R, Hamilton GS, Joosten
SA, Taranto-Montemurro L, Kim SW, Verbraecken J, Braem M, White DP,
Sands SA, and Wellman A. Predicting sleep apnea responses to oral
appliance therapy using polysomnographic airflow. Sleep 43: 2020.

Virkkula P, Bachour A, Hytonen M, Malmberg H, Salmi T, and Maasilta P.
Patient- and Bed Partner-Reported Symptoms, Smoking, and Nasal
Resistance in Sleep-Disordered Breathing. Chest 128: 2176-2182, 2005.
Virkkula P, Hurmerinta K, Loytonen M, Salmi T, Malmberg H, and
Maasilta P. Postural Cephalometric Analysis and Nasal Resistance in Sleep-
Disordered Breathing. The Laryngoscope 113: 1166-1174, 2003.

Virkkula P, Maasilta P, Hytonen M, Salmi T, and Malmberg H. Nasal
Obstruction and Sleep-disordered Breathing: The Effect of Supine Body
Position on Nasal Measurements in Snorers. Acta Oto-Laryngologica 123:
648-654, 2003.

Walsh JH, Maddison KJ, Platt PR, Hillman DR, and Eastwood PR.
Influence of head extension, flexion, and rotation on collapsibility of the
passive upper airway. Sleep 31: 1440-1447, 2008.

Wang H-W. Effects of Posture on Nasal Resistance. J Med Sci 22: 161-164,
2002.

Weaver TE, and Grunstein RR. Adherence to continuous positive airway
pressure therapy: the challenge to effective treatment. Proceedings of the
American Thoracic Society 5: 173-178, 2008.

Wellman A, Eckert DJ, Jordan AS, Edwards BA, Passaglia CL, Jackson
AC, Gautam S, Owens RL, Malhotra A, and White DP. A method for
measuring and modeling the physiological traits causing obstructive sleep
apnea. Journal of Applied Physiology 110: 1627-1637, 2011.

Wellman A, Edwards BA, Sands SA, Owens RL, Nemati S, Butler J,
Passaglia CL, Jackson AC, Malhotra A, and White DP. A simplified method
for determining phenotypic traits in patients with obstructive sleep apnea.
Journal of Applied Physiology 114: 911-922, 2013.

Wellman A, Malhotra A, Fogel RB, Edwards JK, Schory K, and White DP.
Respiratory system loop gain in normal men and women measured with
proportional-assist ventilation. Journal of Applied Physiology 94: 205-212,
2003.

109



331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

Wellman A, Malhotra A, Jordan AS, Stevenson KE, Gautam S, and White
DP. Effect of oxygen in obstructive sleep apnea: Role of loop gain.
Respiratory Physiology & Neurobiology 162: 144-151, 2008.

Wexler DB, and Davidson TM. The nasal valve: a review of the anatomy,
imaging, and physiology. American journal of rhinology 18: 143-150, 2004.
White DE, Bartley J, and Nates RJ. Model demonstrates functional purpose
of the nasal cycle. BioMedical Engineering OnLine 14: 38, 2015.

White DP, Cadieux RJ, Lombard RM, Bixler EO, Kales A, and Zwillich
CW. The Effects of Nasal Anesthesia on Breathing during Sleep. American
Review of Respiratory Disease 132: 972-975, 1985.

White LH, and Bradley TD. Role of nocturnal rostral fluid shift in the
pathogenesis of obstructive and central sleep apnoea. The Journal of
physiology 591: 1179-1193, 2013.

Wijers CD, Chmiel JF, and Gaston BM. Bacterial infections in patients with
primary ciliary dyskinesia: Comparison with cystic fibrosis. Chronic respiratory
disease 14: 392-406, 2017.

Wijesuriya NS, Lewis C, Butler JE, Lee BB, Jordan AS, Berlowitz DJ, and
Eckert DJ. High nasal resistance is stable over time but poorly perceived in
people with tetraplegia and obstructive sleep apnoea. Respiratory Physiology
& Neurobiology 235: 27-33, 2017.

Wilkinson V, Malhotra A, Nicholas CL, Worsnop C, Jordan AS, Butler JE,
Saboisky JP, Gandevia SC, White DP, and Trinder J. Discharge Patterns
of Human Genioglossus Motor Units During Sleep Onset. Sleep 31: 525-533,
2008.

Wolkove N, Baltzan M, Kamel H, Dabrusin R, and Palayew M. Long-term
compliance with continuous positive airway pressure in patients with
obstructive sleep apnea. Canadian respiratory journal 15: 365-369, 2008.
Yaggi HK, Concato J, Kernan WN, Lichtman JH, Brass LM, and
Mohsenin V. Obstructive sleep apnea as a risk factor for stroke and death.
The New England journal of medicine 353: 2034-2041, 2005.

Yang M-C, Huang Y-C, Lan C-C, Wu Y-K, and Huang K-F. Beneficial Effects
of Long-Term CPAP Treatment on Sleep Quality and Blood Pressure in
Adherent Subjects With Obstructive Sleep Apnea. Respiratory Care 60: 1810,
2015.

Younes M. Role of Arousals in the Pathogenesis of Obstructive Sleep Apnea.
American Journal of Respiratory and Critical Care Medicine 169: 623-633,
2004.

Younes M, Loewen AHS, Ostrowski M, Laprairie J, Maturino F, and Hanly
PJ. Genioglossus activity available via non-arousal mechanisms vs. that
required for opening the airway in obstructive apnea patients. Journal of
Applied Physiology 112: 249-258, 2012.

Younes M, Ostrowski M, Thompson W, Leslie C, and Shewchuk W.
Chemical Control Stability in Patients with Obstructive Sleep Apnea.
American Journal of Respiratory and Critical Care Medicine 163: 1181-1190,
2001.

Young T, Finn L, and Kim H. Nasal obstruction as a risk factor for sleep-
disordered breathing. Journal of Allergy and Clinical Immunology 99: S757-
S762, 1997.

Young T, Finn L, and Palta M. Chronic Nasal Congestion at Night Is a Risk
Factor for Snoring in a Population-Based Cohort Study. Archives of Internal
Medicine 161: 1514-1519, 2001.

110



347.

348.

349.

350.

351.

352.

Young T, Palta M, Dempsey J, Skatrud J, Weber S, and Badr S. The
occurrence of sleep-disordered breathing among middle-aged adults. The
New England journal of medicine 328: 1230-1235, 1993.

Young T, Skatrud J, and Peppard PE. Risk factors for obstructive sleep
apnea in adults. JAMA 291: 2013-2016, 2004.

Zeng B, Ng AT, Qian J, Petocz P, Darendeliler MA, and Cistulli PA.
Influence of Nasal Resistance on Oral Appliance Treatment Outcome in
Obstructive Sleep Apnea. Sleep 31: 543-547, 2008.

Zerah F, Harf A, Perlemuter L, Lorino H, Lorino A-M, and Atlan G. Effects
of Obesity on Respiratory Resistance. Chest 103: 1470-1476, 1993.
Zinchuk AV, Gentry MJ, Concato J, and Yaggi HK. Phenotypes in
obstructive sleep apnea: A definition, examples and evolution of approaches.
Sleep medicine reviews 35: 113-123, 2017.

Zwillich CW, Pickett C, Hanson FN, and Weil JV. Disturbed Sleep and
Prolonged Apnea during Nasal Obstruction in Normal Men. American Review
of Respiratory Disease 124: 158-160, 1981.

111



112



	Table of contents
	List of tables
	List of figures
	Abstract
	Publications
	Acknowledgements
	Funding support

	Glossary of abbreviations
	1. Literature review
	1.1. Obstructive sleep apnoea
	1.1.1. Description
	1.1.2. Prevalence
	1.1.3. Consequences

	1.2. Pathophysiology of OSA
	1.2.1. Pcrit
	1.2.2. Arousal threshold
	1.2.3. Loop gain
	1.2.4. Muscle responsiveness

	1.3.  The PALM scale approach
	1.4. Treatment for OSA
	1.4.1. Continuous positive airway pressure
	1.4.2. Mandibular advancement devices
	1.4.3. Combination therapy

	1.5. The nose
	1.5.1.  Anatomy and function
	1.5.2. Nasal cycle
	1.5.3. Nasal resistance
	1.5.3.1. Nasal resistance measurement by rhinomanometry
	1.5.3.2. Body posture and nasal resistance
	1.5.3.3. OSA and nasal resistance
	1.5.3.4. Mandibular advancement and nasal resistance

	1.6. Aims and outline of subsequent chapters

	2. Efficacy of a novel oral appliance and the role of posture on nasal resistance in obstructive sleep apnea
	2.1. Abstract
	2.2. Introduction
	2.3. Materials and methods
	2.3.1.  Participants
	2.3.2.  Protocol
	2.3.2.1. Dental visits
	2.3.2.2. Awake nasal resistance assessments
	2.3.2.3. Overnight polysomnography
	2.3.3. Participant set-up and equipment
	2.3.3.1. Nasal resistance set up
	2.3.3.2. Overnight polysomnography
	2.3.3.3. Data analysis
	2.3.4. Statistical analysis

	2.4. Results
	2.4.1. Participant characteristics
	2.4.2. Effect of posture and mandibular advancement on awake nasal resistance
	2.4.3. Effect of mandibular advancement on OSA severity and sleep parameters
	2.4.4. Subjective compliance and perceived changes in sleep with oral appliance therapy

	2.5. Discussion
	2.5.1. Postural effects on awake nasal resistance
	2.5.2. Effects of mandibular advancement on nasal resistance
	2.5.3. Efficacy of the novel oral appliance including in people with high nasal resistance
	2.5.4. Methodological considerations

	2.6. Summary

	3. CPAP combined with oral appliance therapy reduces CPAP requirements and pharyngeal pressure swings in obstructive sleep apnea
	3.1. Abstract
	3.2. Introduction
	3.3. Materials and methods
	3.3.1. Participant
	3.3.2. Participant set up and equipment
	3.3.2.1. Overnight polysomnography
	3.3.2.2. Physiological measurements
	3.3.2.3. Oral appliance
	3.3.2.4. CPAP titrations
	3.3.3. Protocol
	3.3.4. Data acquisition and analysis
	3.3.5. Statistical analysis

	3.4. Results
	3.4.1. Participant characteristics
	3.4.2. Effect of combination therapy (CPAP+OA) on therapeutic CPAP requirements
	3.4.3. Pharyngeal pressure swings with combination therapy (CPAP+OA)

	3.5. Discussion
	3.5.1. Methodological considerations
	3.5.2. Summary


	4. Efficacy of a novel oral appliance and the influence of nasal resistance and OSA pathophysiological traits on treatment response
	4.1. Abstract
	4.2. Introduction
	4.3. Methods
	4.3.1.  Participants
	4.3.2. Protocol
	4.3.2.1. Overnight diagnostic polysomnography
	4.3.2.2. Dental visits
	4.3.2.3. Detailed physiology overnight sleep study
	4.3.2.4. Oral appliance efficacy sleep study
	4.3.3. Participant set up and equipment
	4.3.3.1. Overnight polysomnography
	4.3.3.2. Detailed physiology overnight polysomnography
	4.3.4. Data analysis
	4.3.5.  Statistical analysis

	4.4. Results
	4.4.1. Participant characteristics
	4.4.2. Efficacy of the next generation novel oral appliance
	4.4.3. Self-reported compliance to oral appliance therapy
	4.4.4. Effects of nasal resistance and OSA pathophysiological traits on treatment response
	4.4.5. Participant characteristics in those who did versus did not return for the final efficacy study

	4.5. Discussion
	4.5.1. Efficacy of the next generation novel oral appliance
	4.5.2. Differences in OSA pathophysiological traits between responders and incomplete responders to oral appliance therapy
	4.5.3. Methodological considerations

	4.6. Summary and conclusions

	5. Thesis summary and conclusions
	6. References

