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GENERAL INTRODUCTION 

Physiological basis of sleep
Since approximately one third of our lifetime is spent sleeping, the impact of sleep 
quality on our health cannot be underestimated.1 It is thus not surprising that a wide 
range of theoretical proposals on the beneficial effects of sleep is available. The 
ecological hypothesis states that we sleep in order to optimize the timing and effectivity 
of our activities.2 Another proposal emphasizes energy conservation, which implies that 
we sleep to save energy.3 The recovery hypothesis is based on the belief that sleep 
removes metabolic waste and restores our neurocognitive and emotional functions.4 
Others think that sleeping reinforces our memories and adaptive immunity.5,6 Perhaps 
we sleep in order to maintain our neural networks and immune system’s functions.7 
Most of these hypotheses are not mutually exclusive, which makes it evident that 
sleep is a complex system, with functions ranging from basis physiological needs to 
complex network-like functions.8 All these functions should be beneficial for general 
health. It is therefore worrying that about 30% of people are plagued by excessive 
daytime sleepiness.9 Consequently, the interest in sleep medicine and science is 
rapidly growing and developing across all major clinical specialties.9,10 

Assessment of sleep disorders
Sleep disorders are common and carry a significant healthcare burden, comparable to 
those of other major diseases.11,12 Accurate screening tools and cost-effective treatment, 
essential in order to treat patients with sleep-related morbidities properly and at the 
same time reduce consequential economic burden, have been developed.10 When - in 
the 1960s - the polysomnography (PSG) was introduced, a need to reach consensus on 
the definition of sleep disorders arose.10 The first classification system was proposed in 
1972.13 In 2014, the International Classification of Sleep Disorders was updated to its 3rd 
edition (ICSD-3) and constitutes the currently available and recommended classification 
for use by sleep experts. The following categories of sleep disorders are defined:14

•	Insomnia
•	Sleep-related breathing disorders
•	Central disorders of hypersomnolence
•	Circadian rhythm sleep-wake disorders
•	Parasomnias
•	Sleep-related movement disorders
•	Other sleep disorders
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The estimated prevalence of insomnia alone is already up to 20% of the adult 
population worldwide.12 The subject of this thesis is another very prevalent sleep 
disorder, Obstructive Sleep Apnea (OSA), belonging to the Sleep-Related Breathing 
Disorders (SRBDs), with a worldwide prevalence of at least 10% in the middle- and 
older-aged population.15

Diagnostic process of sleep-related breathing disorders
Sleep-related breathing disorders (SRBDs) are characterized by disordered 
respiration during sleep and classified by the ICSD-3 as follows:16

•	Obstructive Sleep Apnea (OSA) disorders
•	Central Sleep Apnea (CSA) syndromes
•	Sleep-related hypoventilation disorders
•	Sleep-related hypoxemia disorder
•	Isolated symptom/normal variant (primary snoring and catathrenia)

SRBDs are a diagnostic challenge because of their broad variety in clinical presentation.17 
For each category, minimal diagnostic criteria exist that should be met.18 A classification 
system rather serves as a framework for scientific research, but in clinical reality often 
more than one sleep disorder is present. The evaluation of a patient with sleep disorders 
includes three key elements: the history of patient’s sleep and daytime complaints, a 
physical examination, and sleep diagnostic and daytime function tests.18 Extensive 
diagnostic work-up completes the foundation of the final diagnosis.10 

Clinical interviewing consists of identification of main complaints, long-term daytime 
and nighttime symptoms, and information on medical history and use of medication. 
Structured interviews and standardized questionnaires can be of significant added 
value.18 The obtained information may lead to specific focus areas for physical 
examination. Assessment of the upper airway, Body-Mass-Index (BMI), blood 
pressure and pulse, and cardiopulmonary status should always be done to identify 
potential risk factors.19

Once the differential diagnosis is established, the appropriate diagnostics tools/tests 
are selected, based on a cost-benefit basis according to clinical suspicion and best 
scientific evidence. Assessment of sleepiness through investigation of sleep and 
wakefulness should include subjective scales and objective test, and should always 
be interpreted in the context of the full clinical picture.13 Careful assessment of SRBDs 
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can only be achieved by an overnight sleep test.  such as a PSG (in laboratory or 
ambulatory), Polygraphy (PG), limited-channel devices (i.e., only heart-rate, oxygen-
saturation levels), and home-based sleep studies. Selecting the proper test should 
be based on resource availability and pretest probability of OSA. The indication for a 
PSG includes suspected sleep apnea, including suspected OSA despite a low level 
of clinical suspicion, clinical signs of a comorbid sleep disorder, or known significant 
pulmonary, cardiovascular, or neuromuscular comorbid disease.10 

A PSG provides detailed information on sleep stages, arousal from sleep, respiratory 
abnormalities, hypopnea, periodic leg movements, and other indices obtained by 
electroencephalogram, electro-oculogram, and electromyogram of the submental 
muscle.14,20 The latter is measured because sleep bruxism is characterized by rhythmic 
masticatory muscle activity and related to OSA.21 Respiration is measured in many 
simultaneous ways: by a nasal cannula, a pulse oximeter to determine oxygen saturation 
levels, and a respiratory effort belt to measure thoracoabdominal excursions. In addition, 
a position sensor  determines body position. In case of automatized analysis of the 
PSG recording, manual corrections, using the AASM scoring manual, are essential. It 
must be noted that the latter can create considerable inter-observer variability in the 
scoring of events.14 In addition, night-to-night variability in respiratory variables may be 
considerable.22 This variability is most likely related to the time spent in supine sleeping 
position, in which the AHI is typically higher. Other causes/factors include the variation 
in sleep stage, degree of nasal congestion, alcohol and/or drug consumption causing 
relaxation, the so called first night effect (i.e. decreased total sleep time, lower sleep 
efficiencies, reduction in REM sleep, and longer REM latencies on the first night of 
testing), and environmental factors (e.g. noises, bedpartner, light).20 An apnea is defined 
as a ≥90% decrease in peak signal excursion for at least 10 seconds; a hypopnea is 
an drop in airflow by ≥30% for at least 10 seconds in combination with ≥3% oxygen 
desaturation.14 The scoring rules to be used are  still a matter of discussion, and for this 
reason the reference for the scoring procedure used should always be mentioned.13 

Obstructive sleep apnea
The criteria for the OSA diagnosis according to the ICSD-3 are shown in Table 
1.16 OSA severity is internationally classified by the apnea-hypopnea index (AHI), 
assessed by PSG or PG, where 5-14 events/hr is defined as mild, 15-29 events/
hr as moderate and ≥30 events/hr as severe OSA. The Epworth Sleepiness Scale 
(ESS) is used to indicate evident daytime sleepiness.23
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Table 1. Diagnostic criteria for OSA, adults.14

A The presence of ≥1 of the following:
•	 Complaints of sleepiness, non-restorative sleep, fatigue, or insomnia symptoms
•	 Breath holding, gasping or chocking symptoms which causes waking -up
•	 Reported habitual snoring and/or breathing interruptions by bed partner
•	 Diagnosis with hypertension, a mood disorder, cognitive dysfunction, coronary 

artery disease, stroke, CHF, atrial fibrillation, or type 2 diabetes mellitus 
B PSG or out of center sleep testing demonstrates ≥5 predominantly obstructive 

respiratory events per hour of sleep
C PSG or out of centre sleep testing demonstrates ≥15 predominantly obstructive 

respiratory events per hour of sleep

(A and B)  or C satisfy the criteria

Epidemiology and risk factors 

A recent study on global prevalence of OSA in adults aged 30-69 years estimated the 
existence of almost a billion cases with an AHI ≥5 events/hr.11 Within the Netherlands, 
the same study estimated 49% of the middle-aged population to have an AHI≥5 events/
hr and 28.5% with an AHI≥15 events/hr.11 It must be noted that this study did not take 
into account whether patients where symptomatic. An explanation for the world-wide 
increasing prevalence of OSA could be its direct relation to obesity, ageing, and usage 
of adjusted criteria to define an apnea or hypopnea. More than 70% of the patients with 
OSA are obese.24 Weight gain of 10% causes an AHI increase of approximately 32%, 
and increases the chance of having an AHI≥15 events/hr with a factor of six.25 The 
ratio of men versus women having OSA is 2:1. This difference might  be explained by 
the negative effect of androgens on the collapsibility of the upper airway. Progesterone 
has the opposite effect, which explains why after menopause and during pregnancy, 
when these levels are low, the prevalence of OSA amongst women increases. Another 
risk factor is age. OSA prevalence increases with age until the age of 70 years, after 
which a plateau is reached.26

Pathophysiology

OSA is characterized by varying obstructions of the upper airway, which causes 
cessations (apneas) or reductions (hypopneas) of the respiratory flow. These breathing 
disturbances are associated with oxygen desaturations, activation of the central 
nervous system (arousals), and/or excretion of stress hormones. The predisposition 
for developing OSA depends upon the collapsibility (diameter) of a segment of the 
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upper airway, which is not completely stiffened by bony and cartilaginous structures.27 
The degree of collapsibility is characterized by the balance between the occluding 
(extraluminal) pressure of the surrounding tissue and the dilating positive (intraluminal) 
pressure which can be quantified by the critical closing pressure (Pcrit). The Pcrit 
determines the threshold between free and interrupted airflow.28 The diameter of the 
upper airway (degree of obstruction) varies depending on, for instance, sleep stage and 
body-position.10 In addition, the occluding pressure (decrease in diameter) increases 
in patients with morphological malformations (such as the position of the mandible), 
fat deposition, enlargement of the tonsils, uvula or tongue, or fluid accumulation in the 
soft tissues.29 The dilating positive pressure (increase in diameter) depends on upper 
airway muscles, especially the m. genioglossus, the muscle tone of which might be 
impaired in OSA.27 Muscle relaxation during sleep is also present in healthy people, in 
particular during REM sleep, although it does not cause a clinically relevant reduction 
of the diameter of the upper airway.30 In OSA patients, increased muscle activity 
compensates the occluding pressure on the upper airway, and this mechanism fails 
during sleep, possibly due to structural damage and the influence of individual muscle 
responsiveness.28 The described pathophysiology of the upper airway obstructions 
is reflected by PSG outcomes. Decrease in diameter of the upper airway leads to 
decreased inspiratory flow (flattening flow curve on PSG). Respiration through 
narrowed airways and the rapid increase of respiration after reopening of the airway 
causes vibrations of the soft tissue (snoring and/or sharp increase in respiration on 
PSG). While the upper airway is obstructed, paradoxical breathing occurs; the thorax 
and abdomen not fully move in phase (also shown on PSG). Obstructive disturbances 
appear more likely during Rapid Eye Movement (REM) sleep.31 The precise analysis 
of the individually relevant components of the pathophysiology can  be helpful with the 
selection of the treatment options. These mechanical, pharmaceutical, and functional 
treatment options may address morphology, the central nervous influence, the muscle 
function, and the ventilatory response.

Clinical picture and diagnosis 

SRBDs have both similarities and differences in their clinical presentation. If OSA is 
suspected, it is therefore recommended to follow the standardized diagnostic work-
up as previously described. The clinical symptoms in OSA are often heterogeneous 
and can be divided into daytime and nighttime symptoms. During sleep, complaints 
include snoring, observed apneas by a bed partner, dry mouth, sore throat, chocking 
and dyspnea, nocturia, nocturnal sweating, and frequent awakenings.10 The 
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majority of OSA patients (95%) report disruptive snoring, however the predictive 
value of this symptom is low due to the high prevalence of snoring complaints in 
the general population.32 Regularly occurring apneas are reported by bed partners 
in 75% of the OSA population and are consequently a better diagnostic predictor.10 
OSA symptoms during wakefulness include excessive sleepiness, non-restorative 
sleep, fatigue, cognitive dysfunction, emotional imbalance, depressive symptoms, 
decreased libido, and morning headaches.10 Only 25% of the OSA population reports 
excessive daytime sleepiness as primary symptom, which is more pathognomonic 
for OSA than symptoms like exhaustion or fatigue, which are reported by half of the 
population as main symptom.33 Because symptoms progress gradually, many patients 
underestimate the severity of their sleepiness until their daytime function and activities 
are severely affected. All of these symptoms can negatively influence their quality of 
life and professional performance, and increases – for instance – their risk to become 
involved in vehicle accidents. However, attention must be drawn to the fact that having 
an AHI≥5 events/hr without any symptomatology is common as well.34 

The added value of carefully addressing the symptoms is to identify specific 
phenotypes and endotypes. A phenotype is an observable characteristic with no 
direct relationship to a disease process. An endotype is a specific biological pathway 
that explains the observable properties of a phenotype. The identification of these 
pheno- and endotypes contribute to a better understanding of the pathophysiology, 
provides guidance through the diagnostic procedures, and facilitates tailored  
treatment (recommendations) and prediction of treatment outcome.35

Phenotype

Gender36,37

•	Age 20-55 years: male>female
•	Age >55 years: male = female 
•	Snoring and apneas: male>female
•	Fatigue, headache, depression: female>male	

Positional OSA38

•	AHI in supine sleeping position is twice as high as in non-supine position
•	>56% of the OSA population has position-dependent OSA
•	Severity is often mild to moderate	
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REM-related OSA30

•	AHI in REM is twice as high as in non-REM in these patients, symptoms and OSA 
severity are often mild

•	Better prediction cardiometabolic disease risk by using REM-AHI compared to 
non-REM measurements

Endotype

Decreased neuromuscular function35

•	Impaired neuromuscular (genioglossus) response to hypoxia and hypoxemia 
•	In 36% of the OSA population

Anatomy39 ( 66% of the OSA population)
•	Obesity (most frequent)
•	Bone structures inferior positioning of the hyoid bone, retro positioning of the 

mandible, smaller cranial base
•	Abnormal upper airway soft tissue morphology (large tonsils or uvula)

Arousal threshold40

•	Low arousal threshold reduces dilator activity of the upper airway
•	In 37% of the OSA population

Loop gain41

•	Higher degree of response to a ventilatory stimulus (desaturation)

Examination of the upper airway is of added value in the diagnostic process and as 
to screen for treatment eligibility.23 Certain findings are more common in patients 
with OSA, and in some cases a treatable underlying cause can be present. Findings 
include nasal abnormalities, which may cause a decreased nasal airflow and can be 
associated with snoring, a higher predisposition of OSA, and decreased effectiveness 
of Continuous Positive Airway Pressure (CPAP).42 In the pharynx, the presence of a 
voluminous tongue, webbing of the soft palate, enlarged uvula, increased soft tissue 
of the lateral walls of the oropharynx, and hypertrophic tonsils can all contribute to 
an increased risk of developing OSA.23 The presence of retrognathia and an arched 
palate should also be noted.43 
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As previously mentioned, better insight in the complex underlying pathophysiology 
potentially helps to increase treatment success by choosing targeted treatment. 
Assessment of the collapsibility of the upper airway during sleep by a drug-induced 
sleep endoscopy (DISE) can be of additional value.44 Currently, DISE is mainly done 
if upper airway surgery or upper airway stimulation is considered to treat OSA. Many 
scientist are currently investigating the added predictive value of DISE with regard 
to non-invasive treatment options such as positional therapy (PT) or a mandibular 
advancement device (MAD. During DISE, a ‘’natural’’ sleeping situation is simulated by 
the use of, most often, propofol administration to reach the desired level of sedation.44 
With the appropriate depth of sedation, patients should temporary not be able to 
respond to verbal stimuli while they maintain their own respiration activity. Such an 
endoscopy is executed in a quiet and dark room. On average, patients are asleep for 
15 minutes. With a flexible laryngoscope, introduced through the nose, in particular 
the collapsible segment of the upper airway is examined, preferably with the patient in 
lateral head-and-trunk position and subsequently in supine position. In both positions, 
four potential obstruction levels of the upper airway are investigated, with and without 
a manually performed jaw-thrust with an estimated 70% of maximal protrusion of the 
mandible.44,45 To systematically report on the DISE findings, the VOTE scoring system 
was created.45 This abbreviation refers to the four potential obstructed levels of the upper 
airway: namely velum (V), oropharynx (O), tongue base (T), and epiglottis (E).45 The 
obstruction severity is defined as no collapse (zero, <50% obstruction), partial collapse 
(one, 50% - 75% obstruction), or complete collapse (two, >75% obstruction).45 The 
configuration of the collapse is either anterior-posterior (AP), lateral, or concentric.45 
Research on the predictive value of DISE has found a negative relationship between 
complete concentric collapse on soft palate level and surgical success.46 In addition, 
data from DISEs have shown that the phenomenon of floppy epiglottis is very rare in 
the lateral position, but when present in supine position, could cause CPAP failure.47 
The suspicion of enlarged tonsils as  the cause of the OSA could also be confirmed 
by DISE.48,49 All these findings can be of added value in order to determine targeted 
treatment.48,50 In this thesis, we will also discuss the, more controversial, predictive 
value of the lateral head-and-trunk position, the jaw-thrust maneuver, and the use of a 
temporary MAD during DISE regarding non-surgical treatment outcome.51,52 

Comorbidities 

Intermitted hypoxia and sleep fragmentation caused by upper airway obstruction 
induce oxidative stress.53 In response to this sympathetic over-activity, inflammation 
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and endothelial dysfunction occur.53 These chain reactions consequently can cause 
an increase of comorbidities throughout life.40 Many studies have proven that 
untreated OSA acts as the modulator of the occurrence, severity, and progression 
of cardiovascular and metabolic diseases.53,54 Severe OSA could cause a four to six 
times increased risk of mortality, irrespective of factors such as age, diabetes, or high 
cholesterol.55 In addition to the direct health consequences of these comorbidities, 
OSA may also lead to chronic pain, a decrease in activities, lack of social interaction, 
and increased mortality.56 Another important risk of untreated OSA is a higher change 
of being involved in a traffic accident because of excessive daytime sleepiness33. As 
previously described, OSA and other sleep-disorders such as insomnia and restless 
legs syndrome often co-occur. Many theories exist on the  pathophysiology and 
developmental course of these co-morbid sleep-disorders. It is recommended to 
address them, in order to optimize OSA treatment effect55. 

Treatment

New concepts of personalized medicine emphasize the importance of 
pathophysiological considerations in a tailored treatment strategy.57 The precise 
analysis of the individually relevant components will assist in the selection of the best 
(combination of) treatment options. Consequently, there is no standard approach for 
treatment of OSA. Therapeutic management consists of lifestyle recommendations, 
treatment of associated comorbidities, oral appliances, CPAP, positional therapy, 
surgical interventions, including neurostimulation and, more experimental, drug 
treatment.10 Choices should not only be based on clinical and pathophysiological 
characteristics, but also on patients’ preference by the concept of shared decision 
making to improve treatment adherence.58 Treatment should be aimed towards the 
reduction of symptoms, while reduction of the AHI could be a measure to monitor 
treatment effect. It must be noted that the latter not always correlates with reduction 
of symptoms. Prevention of comorbidities should also be taken into account. Patient 
education regarding OSA is key for successful treatment, because the apneic events 
occur during sleep and are therefore often not recognized, and because of the often 
lifelong treatment that OSA requires.  

Lifestyle recommendations
Because of the common interaction between insomnia and OSA, practitioners should 
always promote healthy sleep. An example of good sleep hygiene is avoidance of 



1

	 General introduction

17   

sleep-disturbing habits prior to bed time, such as excessive exercise and consumption 
of caffeine, nicotine, and alcohol.59 In addition, hypnotic and opioid pharmaceuticals 
should be avoided due to their myorelaxant effects, which may negatively influence 
OSA severity.60,61 As previously mentioned, obesity is closely related to OSA. Weight 
loss counteracts the caused anatomical abnormalities.62 Replacement of fatty tissue with 
muscle can improve both the AHI and sleepiness, even if the BMI does not decrease.63

Indication
Before starting specific therapy, these lifestyle interventions should be encouraged. 
In addition, existing comorbid sleep disorders, including insomnia, restless legs 
syndrome, chronic pain or depression, should be addressed.

Contraindication
Not applicable.

Drug treatment
In treatment OSA, currently no licensed medications are available. However, 
pharmaceuticals that improve associated conditions of OSA might be helpful. 
Antimuscarinergic and andrenergic drugs may stabilize upper airway muscles, while 
other pharmaceuticals may influence respiratory drive or arousability.64

Indication
The definite place of drug treatment in OSA is still to be determined.

Contraindication
The definite place of drug treatment in OSA is still to be determined.

Positional therapy
In the majority of OSA population the following applies: the lower the AHI, the 
higher the prevalence of patients with position-dependent OSA.65 The most often 
used definition is having twice as many apneic events in supine position than in the 
other sleeping positions.66 Positional Therapy (PT) has been developed to prevent 
patients from sleeping in this position. The new-generation PT consist of a small 
device worn on the chest during the night which vibrates if the patient sleeps on the 
back, consequently stimulating the patient to choose another sleeping position.67,68 
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Indication
PT can be used for patients with position-dependent OSA (POSA) as standalone 
treatment. In some non-positional patients, if OSA following treatment remains as 
a less severe POSA, PT can be used as  combined therapy.69,70 A floppy epiglottis, 
observed during DISE, is a phenomenon occurring in the supine position and rarely 
in non-supine sleeping positions, and is therefore well responsive to PT.47

Contraindication
If the AHI in non-supine position exceeds 10 events/hr, the effect of PT could 
be suboptimal, in which case this form of therapy  could be used as combined 
treatment.69 In patients with physical issues, in whom the supine sleeping position is 
the only preferred position, other treatment options should be considered. In patients 
with co-existing insomnia, OSA care givers should pay attention to the effect of the 
vibrations on this complaint. 

Oral appliances
The practical guideline for oral appliances states that these modalities should be 
considered in adult patients requesting treatment for primary snoring or denying or 
not tolerating CPAP treatment.32 The appliance should be a custom-made titratable 
device, provided by a specialized dentist.32,71 A Mandibular Advancement Device 
(MAD) is the most commonly prescribed type of oral appliances. It consists of 
two adjustable elements (“duobloc”), covering the teeth, in order to advance the 
lower jaw. By moving the mandible forward, it counteracts the effects of anatomical 
abnormalities that decrease the volume of the upper airway.72 It remains difficult 
to predict the needed amount of mandibular protrusion in order to decrease the 
AHI.73 Although MADs have a lower efficacy than CPAP, due to better adherence on 
MADs therapy, it’s reported to have the same effectiveness as CPAP.74,75 Possible 
explanation for the better adherence is more patient comfort.76 The reported treatment 
outcomes of MADs range widely. A recent review reported complete success (AHI 
<5 events/hr) rates of 29% to 71% among studies.77 This underlines the need for 
research on potential variables influencing treatment outcome. 

Indication
MADs improve the pharyngeal collapsibility.78 Since treatment success of MADs 
varies, potential predictors for success are widely studied.79 Low BMI, lower age, 
female sex, snoring, mild to moderate OSA, and POSA are positive predictors.80
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Contraindication
Oral appliances should not be prescribed to patients with an insufficient number of 
teeth to anchor the appliance, periodontal disease, limited mouth opening, extreme 
gag reflex, or restriction of mandibular advancement.81 A complete concentric 
collapse and collapse of the lateral walls, observed during DISE, are associated 
with negative treatment outcomes.82 MADs seem not to affect loop gain, arousal 
threshold, and dilator muscle activity.78

CPAP
Continuous positive airway pressure through the (oro)nasal route is used to improve airflow 
to the lungs and constitutes the gold standard therapy for OSA.42 Preferably, CPAP is 
administered via the nose with the interface.83 Contemporary technology has contributed 
to improvement of the machine and interface/mask over the years. CPAP should now 
be easily portable, sturdy though light weight, quite silent, and above all comfortable. 
The choice of mask depends on anatomical features and personal preference. Air leaks 
should be avoided as they lead to sub-optimal treatment and discomfort.83 Nasal pressure 
of 4.5-10 cm H2O increases intraluminal pressure in the upper airway, consequently 
exceeding the critical closing pressure and therefore preventing passive collapses of 
the upper airway during sleep 42. The effective pressure level, directly related to the 
collapsibility of the upper airway, provides predictive information on responsiveness to 
alternative treatment.84,85 Other potential effects of CPAP include decreased work of 
breathing, improved stability of the central respiratory drive, improved cardiac function 
due to reductions in preload and afterload.86 Adequate CPAP compliance is defined as 
usage of ≥4 hours/night, 70% of the nights. However, between 46% and 83% patients 
with OSA insufficiently use CPAP as defined.83 Support from family members at home 
and appropriate usage during the initial weeks will improve long-term adherence.87

Indication
The adherence and therefore effectiveness of CPAP therapy is better in the more 
severe cases of the disease (AHI) and in the presence of daytime sleepiness. 

Contraindication
Recent base of skull surgery, facial emphysema, severe facial eczema.88,89 
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Upper airway surgery
Upper airway surgery acts on the volume of the upper airway by elevating structural 
abnormalities in the pharyngeal airway and consequently increasing its volume. In 
addition, surgery could correct specific anatomical abnormalities which compromise 
adherence to non-surgical treatment options for OSA90. DISE is recommended to 
optimize patient selection and consequently treatment success.44 Nasal surgery has 
no effect on OSA severity, although improvement of nasal patency might improve 
CPAP compliance.91 Adenoidectomy and tonsillectomy are, in particular  in the 
pediatric population, very effective in reducing the AHI if the adenoid and tonsils are 
evidently enlarged.92 Lateral pharyngoplasty, barbed reposition pharyngoplasty, and 
expansion sphincter pharyngoplasty are relatively new surgical interventions which 
remodel the pharyngeal tissues instead of the previously performed resections.93 
For obstructions regarding the tongue, radiofrequency ablation to stiffen the tongue 
base and trans oral robotic surgery (TORS) to reduce the volume of the tongue base 
could be the remedy.94,95 Another way to improve the volume of the upper airway is 
by stimulating the genioglossus muscle, a non-anatomical but physiological targeted 
type of therapy. With a relatively new surgical treatment, this upper airway dilatator 
muscle is activated by hypoglossal nerve stimulation (HNS), which causes opening 
of the upper airway at the tongue base by protrusion of the tongue and also on soft 
palate level during inspiration.96,97Maxillomandibular advancement (MMA) surgery 
protrudes both jaws to affect the configuration of the soft tissues and consequently 
enlarge the volume of the upper airway.98 This type of surgery urges intensive 
pre- and postoperative orthodontic treatment to prevents malocclusion. In very 
severe, therapy resistant OSA cases, bypassing the upper airway obstruction with a 
tracheostomy is a very effective and permanent therapeutic solution. It must be noted 
this is a last resort treatment option because of its specific nursing requirements 
and impact on social life. Since obesity and OSA are evidently related, and weight 
reductions commonly fail, bariatric surgery nowadays is increasingly being applied. 
Due to the perioperative complications caused by OSA, all bariatric patients should 
be screened in advance and treated with CPAP perioperative in case of moderate to 
severe OSA.99 Bariatric surgery substantially reduces the weight and AHI, however 
many patients still require additional treatment for their (less severe) OSA. 

Indication
In case of mild OSA and evident anatomical abnormalities, surgery could be first-line 
therapy. In more severe cases, surgery is only indicated if non-surgical therapies do 
not have favorable outcomes. 
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Contraindication
A complete concentric collapse of the soft palate during DISE is a contraindication 
for the majority of surgical interventions. In addition, a high BMI (>35 kg/m2) has 
been associated with negative treatment outcomes.
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THESIS OUTLINE
In the field of obstructive sleep apnea (OSA), the healthcare industry is constantly 
developing and optimizing diagnostic tools and treatment modalities. The general 
aim of this thesis was to investigate the value of some recent developments, 
which potentially can contribute to appropriate care: optimization of screening 
and treatment outcome in patients with OSA. Choice of diagnostic tools and 
treatment depends, amongst other things, on OSA severity and patient preference, 
complaints and characteristics. Given the wide range of diagnostic tools and 
treatment modalities, in some patients there are multiple suitable options. For both, 
the patient and the physician, the main goal is to achieve the highest possible 
treatment outcome. To accomplish that goal, it is of added value to identify potential 
predictors influencing OSA severity and treatment outcome. Consequently, 
treatment success will increase by choosing targeted treatment. In all chapters, 
predictors for OSA severity and parameters influencing treatment outcome are 
ascertained. In chapter 2, the association between demographic, anthropometric 
and acoustic factors and the obstruction sites of the upper airway is described. 
We hypothesize that snoring sounds may have a predictive value with regard to 
site and configuration of upper airway obstruction and therefore might, in specific 
cases, be a viable screening alternative to drug-induced sleep endoscopy (DISE), 
which is more time consuming and expensive. In chapter 3 we explore whether 
clinical observable dental parameters including profile, molar classification, overjet, 
overbite, maximal retrusion, and protrusion in patients with OSA influence or predict 
OSA severity and mandibular advancement device (MAD) treatment outcome. 

As described in the general introduction, MAD treatment success ranges widely.  
In the literature it has been reported a high body-mass index (BMI) or high 
pretreatment apnea-hypopnea index (AHI) negatively influence MAD treatment 
outcome. In chapters 3-7, we investigate potential predictors for treatment 
outcome, which could be used in the future for screening purposes with regard 
to treatment eligibility. In chapters 3 and 4, specific dental characteristics and 
position-dependent OSA (POSA) are explored as potential predictive phenotypes 
for MAD treatment outcome.

DISE is a widely used screening tool in patients with OSA can provide additional 
information on collapse patterns of the upper airway, it is especially performed 
if upper airway surgery is considered. Although more controversial, DISE might 
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also predict treatment success of a MAD and/or Positional Therapy (PT). Based 
on the outcomes of various studies, our DISE protocol was adjusted as an attempt 
to better mimic the effect of a MAD, PT, or combination of both. The aim of the 
studies in chapters 5 and 6 was to verify whether our adjustments would increase 
the value of DISE as a screening tool. In chapter 5, we study the predictive value 
of passive maneuvers, performed during DISE, including lateral head-and-trunk 
rotation, jaw thrust and a temporary MAD, in patients eligible for positional therapy 
and MAD treatment. We hypothesize that DISE could be carried out more widely 
than only for upper airway surgery.  Subsequently, in chapter 6, we focus in a 
prospective manner on the predictive value of this temporary MAD applied during 
DISE on MAD treatment outcome, measured by polysomnography (PSG) after 3 
months. Treatment success not only depends on selecting suitable patients, also 
optimization of treatment modalities is of great importance to improve adherence and 
consequently treatment outcome. In chapter 7, two types of MADs – custom versus 
non-custom – are compared with regard to objective and self-reported outcomes. 
We hypothesize that if the treatment efficacy is comparable, a non-custom MAD 
could be used as a selection tool for MAD treatment eligibility to improve treatment 
outcome of a more expensive, custom MAD. 

The other investigated treatment option for OSA in this thesis is hypoglossal nerve 
stimulation (HNS). For the majority of treatment options, pre-treatment OSA severity 
is a predictor for success; the more severe, the less the chance on successful 
treatment. In chapter 8 we report on pre-treatment OSA severity (AHI) and its 
influence on HNS treatment success. After implantation and activation of HNS, 
titrations are performed to optimize its effectiveness. Traditionally, these titrations 
are performed during an in-laboratory overnight PSG. In chapter 9 we report on 
an alternative, daytime titration, hypothesizing that the latter might be a valuable 
and viable alternative for conventional overnight titrations. As daytime titrations 
are cheaper, associated with easier logistics and better work circumstances for 
somnotechnologists without jeopardizing titration quality. 

In chapter 10 the main findings and their consequences are described, in addition 
suggestions for clinical implementation and future research are provided.  

Chapter 11 contains a summary of this thesis in English and in Dutch. 
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ABSTRACT
Study objectives: The primary aim was to predict upper airway collapse sites found 
in drug-induced sleep endoscopy (DISE) from demographic, anthropometric, clinical 
examination, sleep study, and snoring sound parameters in obstructive sleep apnea 
(OSA) patients. The secondary aim was to identify the above-mentioned parameters 
that are associated with complete concentric collapse of the soft palate (CCCp). 

Methods: All OSA patients who underwent DISE and simultaneous snoring 
sound recording were enrolled in this study. Demographic, anthropometric, 
clinical examination (viz., modified Mallampati classification and Friedman tonsil 
classification), and sleep study parameters were extracted from the polysomnography 
(PSG) report and DISE report. Snoring sound parameters during DISE were 
calculated. 

Results: One hundred and nineteen OSA patients (79.8% men; age = 48.1 ± 12.4 
yrs) were included. Increased body mass index (BMI) was found to be associated 
with higher probability of oropharyngeal collapse (P < 0.01; OR = 1.29). Patients 
with a high Friedman tonsil score were less likely to have tongue base collapse (P < 
0.01; OR = 0.12) and epiglottic collapse (P = 0.01; OR = 0.20) than those with a low 
score. A longer duration of snoring events (P = 0.05; OR = 2.99) was associated with 
a higher probability of CCCp.

Conclusions: Within the current patient profile and approach, given that only a 
limited number of predictors were identified, it does not seem feasible to predict 
upper airway collapse sites found in DISE from demographic, anthropometric, 
clinical examination, sleep study, and snoring sound parameters in OSA patients. 

Keywords: obstructive sleep apnea, snoring sound, drug-induced sleep endoscopy, 
upper airway, acoustic analysis, clinical data
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INTRODUCTION
Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder. The 
reported prevalence of OSA in the general adult population ranges from 9% to 38%1. 
OSA is characterized by repetitive partial or complete collapse of the upper airway 
during sleep, which may consequently lead to hypoxemia, respiratory arousals, 
and non-restorative sleep2. Due to the serious nature of patients’ complaints and 
potential health risks (e.g., metabolic and cardiovascular disorders2), more attention 
has been given to the diagnosis and management of OSA3. 

Identification of level, degree, and configuration of the collapse has been reported to 
be essential in treatment selection in OSA patients4, when continuous positive airway 
pressure (CPAP), the gold standard therapy of OSA, fails or is not tolerated. Nowadays, 
several modalities (e.g., Müller’s maneuver, dynamic magnetic resonance imaging [MRI], 
drug-induced sleep endoscopy [DISE]) are generally used to investigate the collapse 
site of the upper airway, but all these modalities have drawbacks. For example, Müller’s 
maneuver enables the observation of the upper airway using a flexible endoscope5, but 
it is performed in awake subjects and the findings show poor agreement with the results 
observed during sleep6. Dynamic MRI creates noise that may keep patients awake, is 
costly, and may cause claustrophobic effects7. DISE is a unique and dynamic technique. 
During drug-induced sleep, the upper airway is observed using a flexible endoscope, 
and the information on collapse sites can be obtained8. However, drug selection has 
been found to have influence on DISE findings9 and there is potential inaccuracy of DISE 
results due to the difference between natural sleep and drug-induced sleep10. Therefore, 
there is a continuous search for more accurate and feasible methods to identify the level, 
degree, and configuration of upper airway collapse.

As one of the most frequently reported symptoms of OSA11, snoring is characterized 
by audible vibrations of the upper airway during respiration in sleep11. Previous studies 
demonstrated the informative nature of snoring sound in predicting the presence/
severity of OSA12. Similar to speech, the anatomy of the upper airway was found to 
have significant influence on the acoustic characteristics of snoring sound, which is 
known as the “source-filter theory”13. It was therefore hypothesized that snoring sound 
parameters may be potential predictors of the collapse site of the upper airway14. 

Recent studies built prediction models of collapse sites based on snoring sound 
parameters, with a reported accuracy ranging from 60.4% to 92.2%15,16. It needs 
to be noted that these studies only focused on snoring sound parameters. Other 
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factors, such as gender, height, body mass index (BMI), and apnea-hypopnea index 
(AHI), were also reported to be associated with the presence of collapse17 but were 
not included in the prediction models. In addition, importantly, previous studies only 
included patients whose collapse site was also the site where the snoring sound was 
generated (i.e., the excitation site of snoring sound). This means that the snoring 
sound and the collapse/excitation site are considered to have a direct association. 
However, it is a clinical reality that the majority of OSA patients, especially those 
with moderate to severe OSA, have multilevel collapse18-20. In that case, only one or 
two of the collapse sites generate snoring sound while the other collapse sites do 
not produce any sound. However, the presence of other collapse sites does have 
an impact on the acoustic characteristics of snoring sound. As a consequence, 
the association between the snoring sound and the collapse sites should in fact 
be regarded as indirect and complicated. Taken together, the above-mentioned 
evidence suggests that the clinical relevance of exploring the possibility to predict 
the presence of collapse in OSA patients based on demographic, anthropometric, 
clinical, and acoustic parameters should be performed at each level (viz., velum, 
oropharynx, tongue base, and epiglottis) of the upper airway. Therefore, the primary 
aim of the present study was to predict the presence of collapse at each level of the 
upper airway observed during DISE based on demographic, anthropometric, clinical 
examination, and sleep study parameters and acoustic parameters of the snoring 
sound during DISE in OSA patients. As mentioned above, we hypothesized that, 
in addition to snoring sound parameters, parameters like AHI and BMI may also be 
predictive of the presence of collapse. 

In addition to the primary aim, previous studies found that the finding of complete 
concentric collapse of the soft palate (CCCp) during DISE was associated with 
poor response to treatment options like mandibular advancement device (MAD) 
and upper airway stimulation3,4. However, maxillomandibular advancement (MMA) 
surgery was reported to be a promising solution to CCCp21. Hence, being aware of 
whether the soft palate collapse is CCCp can help clinicians to select appropriate 
treatment. To the best of the authors’ knowledge, no previous study has identified 
associated factors of CCCp among demographic, anthropometric, clinical, and 
acoustic parameters. Therefore, the secondary aim of this study was to identify 
demographic, anthropometric, clinical, and acoustic parameters associated with 
CCCp in OSA patients during DISE. We hypothesized that results from soft palate-
related clinical examinations like Mallampati classification can be used to predict 
CCCp during DISE.
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METHODS

Participants
This prospective study included adult patients who were diagnosed with OSA by 
polysomnography (PSG) and underwent DISE at the Department of Otolaryngology, 
Head and Neck Surgery of the OLVG (Amsterdam, The Netherlands) between June 
2020 and May 2021. All adult patients who underwent DISE were approached for 
this study and patients were included if they were willing to provide written informed 
consent. This study was approved by the medical ethics committee of the OLVG (file 
number: WO 20.056). 

Polysomnography
Ambulatory PSG recordings (SOMNOscreen Plus, Randersacker, Germany) were 
performed in accordance with the hospital’s protocol. The PSG recordings included 
electrooculogram (EOG); electroencephalogram (EEG); electrocardiogram (ECG); 
electromyogram (EMG) of chin, jaw, and leg muscles; oronasal airflow; tracheal 
sound; thoraco-abdominal movement; oxygen saturation (SPO2); pulse; and position 
monitoring. All PSG recordings were manually scored according to the standard criteria 
(AASM, version 2.6, 2020)22 by an experienced sleep technician who was not involved 
in this study. Apnea was defined as a reduction of ≥ 90% in the nasal airflow pressure 
signal lasting for ≥ 10 s. Hypopnea was defined as a reduction of ≥ 30% in the nasal 
airflow pressure signal lasting for ≥ 10 s, associated with an oxygen desaturation ≥ 
3%. Subjects with an AHI ≥ 5 events/hr were identified as OSA patients.

Drug-induced sleep endoscopy
According to the hospital protocol23, DISE is generally performed before considering 
surgical treatment for OSA, which is mainly considered for OSA patients with a BMI 
< 32 kg/m2 and an AHI < 30 events/hr. For those with an AHI ≥ 30 events/hr, CPAP 
is recommended first, and surgical treatment is considered when patients have 
CPAP failure or intolerance. Before DISE, every patient received routine clinical 
examinations, which included Friedman tonsil classification24, modified Mallampati 
classification25, and the presence of soft palatal webbing (viz., redundant posterior 
palatal pillar mucosa). DISE was performed by an experienced clinician (PB) in an 
outpatient endoscopy room with dimmed lights and standard anesthetic equipment. 
Proper sedation was achieved using target-controlled infusion (TCI) of propofol in 
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accordance with the method described by Schnider et al26. A trained nurse anesthetist 
controlled the sedation and monitored blood pressure, electrocardiogram, and 
oxygen levels. Patients were asleep for about 15 minutes. The VOTE (Velum, 
Oropharynx, Tongue base, and Epiglottis) classification27 was used to document DISE 
findings, which incorporated the collapse patterns (antero-posterior [AP], lateral, and 
concentric) and the collapse degrees (0: no collapse, 1: partial collapse [collapse 
between 50 and 75%], and 2: complete collapse [collapse more than 75%]) of the 
most common levels and structures contributing to collapse (velum [V], oropharynx 
[O], tongue base [T], and epiglottis [E]; Figure 1). Given the impact of body position 
on snoring sound28, only snoring sounds generated when patients were in supine 
position without any maneuver (e.g., jaw thrusting) were extracted and analyzed. 

Figure 1-Schematic visualization of the upper airway. According to the VOTE classification, 
velum, oropharynx, tongue base, and epiglottis are four anatomical levels that are commonly 
involved in upper airway collapse, either individually or in every possible combination. 

Snoring sound recording
A non-contact microphone (20-20k Hz; ZOOM H5, Zoom Corporation, New York, 
USA) was used to record snoring sounds. Before recording, the recording chain was 
calibrated using a sound calibrator (Testo 0554.0452, Testo Ltd, Alton Hampshire, UK), 
which produced a reference sound pressure level (94 dB [0 dB = 20 µPa], 1 kHz sine 
wave). The microphone was hung about 50 cm above the patient’s mouth to record 
snoring sounds during DISE. A snoring event was identified when the vibration of soft 
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tissue was observed in the endoscopic video recording and the snoring sound was 
heard. When a snoring event was identified, the time point on the sound recorder was 
manually recorded so that the snoring event could be extracted afterwards. It needs 
to be noted that, when a patient was in supine position and presented with a stable 
collapse pattern during DISE, multiple snoring events can be recorded. 

Data extraction
Patients’ demographic data (viz., age and gender), anthropometric data (viz., height 
and BMI), and sleep study data (viz., AHI and AHI in supine position [AHIS]) were 
extracted from PSG reports. Snoring-related complaint (viz., the presence and 
position of snoring in natural sleep; see results), Friedman tonsil classification, 
modified Mallampati classification, and the presence of soft palatal webbing, were 
extracted from DISE reports. As for the acoustic parameters, the acoustic analysis of 
snoring events consisted of two parts, viz., extraction of snoring events in Audacity 
(Dominic Mazzoni, Fremont, USA) and data analysis in R (Vienna University of 
Economics and Business, Vienna, Austria). Audacity is a digital audio editor and R 
is a programming language, by which data analysis and statistical computing can be 
performed. In the present study, the original recordings with a sampling frequency 
of 44.1 kHz were used for snoring sound analysis. According to the time points that 
were manually recorded during DISE, all snoring events were extracted from the 
recordings in Audacity. To avoid bias in the result caused by the high weight of a 
single patient’s snoring events in the database, only the first five snoring events were 
extracted if more than five snoring events were identified in a snoring sound recording. 
After that, the extracted snoring events were input into R and 12 snoring sound 
parameters were calculated. Among the 12 parameters, nine conventional snoring 
sound parameters, viz., crest factor (the peak amplitude of the waveform divided by 
the root mean square [RMS] value of the waveform)29, dominant frequency (DF; the 
frequency that carries the most energy)30, duration of snoring event, fundamental 
frequency (FF; the lowest frequency of a waveform)31, the first three formants (F1, 
F2, F3; three specific frequencies of snoring sound that are amplified by resonating 
in the upper airway)31, and sound pressure level (max, mean; sound intensity), 
were extracted from each of the snoring event using the “seewave” package of R32 
and the codes written by the authors (ZH and AH). It needs to be noted that the 
above-mentioned frequency components, viz., DF, FF, F1, F2, and F3, are relatively 
low frequency components. To extract the information in high frequency range, i.e., 
higher than F3, three frequencies with the highest energy were extracted as well. 
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Sample size
Since no similar study has been performed, the calculation of the sample size of this study 
cannot be based on previous findings. In the present study, 22 independent variables 
were included in the regression models and we followed the rule that a minimum of 15 
snoring events are required for each independent variable to ensure sufficient statistical 
power33. This suggested a minimum sample size of 330 snoring events for this study.

Statistics
Descriptive statistics included demographic parameters, anthropometric parameters, 
clinical parameters, and acoustic parameters. In addition, the descriptive statistics of 
the dependent variables (for the primary aim: the presence of collapse at each of the 
V, O, T, and E levels; for the secondary aim: the presence of CCCp) were included 
as well. Ratio and interval data were presented as mean ± SD; nominal and ordinal 
data were presented as percentages. 

For the primary aim, logistic regression models were built to evaluate the associations 
between the dependent variables (viz., the presence of collapse at each of the V, O, T, 
and E levels) and the independent variables (demographic parameters, anthropometric 
parameters, clinical parameters, and snoring sound parameters). Because multiple 
snoring events can be extracted from the recording of a participant, a multilevel dataset 
was obtained, i.e., snoring event-level variables (level 1; snoring sound parameters) 
were nested within participant-level variables (level 2; demographic parameters, 
anthropometric parameters, and clinical parameters). Therefore, a multilevel binary 
logistic regression model was built for each collapse level.  As the first step, univariable 
logistic regression models were built to assess the associations between the presence 
of collapse at each of the V, O, T, and E levels on the one hand and all demographic 
parameters, anthropometric parameters, clinical parameters, and snoring sound 
parameters on the other hand. Snoring event-level variables and individual-level 
variables that showed at least a weak association (P < 0.1) with each collapse level were 
entered in the corresponding multilevel logistic regression model. To adjust for the fact 
that multiple snoring events from one participant were not independent of each other, 
generalized estimating equations (GEE) was used to build multilevel logistic regression 
models as to assess the adjusted associations between snoring event-level variables 
and individual-level variables on the one hand and the presence of collapse at each 
of the V, O, T, and E levels on the other hand. Independent variables with a P value 
of < 0.05 in the multilevel models were considered to be significantly associated with 
the presence of collapse. For the secondary aim, the univariable and multilevel logistic 
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regression models were also built to identify the associated factor(s) of CCCp among 
demographic parameters, anthropometric parameters, clinical parameters, and snoring 
sound parameters. Given that patients who received previous upper airway surgeries 
were also included in the present study, the above-mentioned logistic regression 
analyses were performed twice, viz., analyses with and without patients who received 
previous upper airway surgeries, in case including these patients might affect the results. 

For the ordinal variables (viz., modified Mallampati classification and Friedman tonsil 
classification), initial analyses were based on the full range of the response options, 
and linearity of their effect on the dependent variable was checked by inspection of the 
regression coefficients. Linearity was considered present if the regression coefficients 
consistently increased or decreased. In case of a nonlinear association, the variable was 
dichotomized. Independent variables in each multilevel logistic regression model were 
checked for multicollinearity, using tolerance value <0.1 or variance inflation factor (VIF) 
>1034. To ensure the validity of the logistic regression model, no analysis was performed 
in cases where events per variable (EPV) was less than 15. Analyses were conducted 
using the IBM SPSS Statistics 27 software package (IBM Corp, Chicago, USA).

RESULTS
In total, 312 patients received DISE at the Department of Otolaryngology, Head, and 
Neck Surgery of the OLVG between June 2020 and May 2021. Of the 312 patients, 
278 patients provided informed consent; 31 primary snorers were excluded as this 
study focused on OSA patients; and three patients declined to provide written informed 
consent as they were not willing to participate in this study. Of the 278 patients who 
provided informed consent, 191 (68.7%) patients snored in supine position during 
DISE, but snoring sounds from 72 patients were too light to be recorded and analyzed. 
As a consequence, only 119 (42.8%) snoring OSA patients were included in this study. 
It needs to be noted that there was no significant difference between included and 
excluded OSA patients in age, gender, BMI, AHI, prevalence of CCCp, and prevalence 
of collapse at each of the V, O, T, and E levels (Table S1 in the supplemental material). 
All the included 119 participants were inspiratory snorers; the participant characteristics 
are shown in Table 1. It is worth noting that 27 (22.7%) of the 119 participants 
received previous upper airway surgeries (viz., 23 had tonsillectomy [TE], three had 
uvulopalatopharyngoplasty [UPPP], and one had expansion sphincter pharyngoplasty 
[ESP]) and therefore presented with a Friedman tonsil classification of zero. However, 
19 of these 27 participants still had oropharyngeal collapse. The collapse patterns and 
sites that were observed during DISE are shown in Table 2. 
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Table 1-Participant characteristics

Characteristics
Demographic parameters
Age (y, mean ± SD) 48.1 ± 12.4
Male gender (N, %) 95 (79.8%)
Anthropometric parameters
Height (cm, mean ± SD) 177.4 ± 11.4
BMI (kg/m2, mean ± SD) 27.9 ± 3.1
Clinical parameters
AHI (events/hr, mean ± SD) 29.8 ± 20.2
AHIS (events/hr, mean ± SD) 44.9 ± 28.9
Patient’s complaint

-	 Snoring is not a main complaint (N, %) 13 (10.9%)
-	 Snoring position unknown (N, %) 37 (30.3%)
-	 Snoring in every position (N, %) 53 (45.4%)
-	 Snoring in supine position (N, %) 16 (13.4%)

Friedman tonsil classification
-	 Class 0 (N, %) 31 (26.1%)

	 Without intervention 4 (3.4%)
	 After surgery 27 (22.7%)

	 Tonsillectomy 23 (19.3%)
	UPPP 3 (2.5%)
	 ESP 1 (0.8%)

-	 Class 1 (N, %) 36 (30.3%)
-	 Class 2 (N, %) 37 (31.1%)
-	 Class 3 (N, %) 11 (9.2%)
-	 Class 4 (N, %) 1 (0.8%)

Mallampati classification
-	 Class 0 (N, %) 2 (1.7%)
-	 Class 1 (N, %) 9 (7.6%)
-	 Class 2 (N, %) 66 (55.5%) 
-	 Class 3 (N, %) 37 (31.1%)
-	 Class 4 (N, %) 3 (2.5%)

Webbing (N, %) 49 (41.2%)
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Acoustic parameters
Duration of snoring event (s, mean ± SD) 1.1 ± 0.3
Crest factor 6.0 ± 2.5
Max dB (dB, mean ± SD) 72.9 ± 6.7
Mean dB (dB, mean ± SD) 55.3 ± 4.6
FF (Hz, mean ± SD) 291.2 ± 14.0
DF (Hz, mean ± SD) 254.5 ± 238.8
F1 (Hz, mean ± SD) 1417.2 ± 787.4
F2 (Hz, mean ± SD) 3155.9 ± 1961.6
F3 (Hz, mean ± SD) 4914.6 ± 2417.3
High Frequency component 1 (Hz, mean ± SD) 6743.3 ± 2101.4
High Frequency component 2 (Hz, mean ± SD) 7187.5 ± 2199.9
High Frequency component 3 (Hz, mean ± SD) 7560.4 ± 2257.4

AHI = apnea-hypopnea index; AHIS = AHI in supine position; BMI = body mass index; dB = 
decibel; DF = dominant frequency; ESP = expansion sphincter pharyngoplasty; F1 = the first 
formant; F2 = the second formant; F3 = the second formant; FF = fundamental frequency; Hz 
= hertz; SD = standard deviation; UPPP = uvulopalatopharyngoplasty

A total of 384 snoring events were extracted from the recordings of the 119 participants. 
As 379 of the 384 snoring events corresponded to the presence of velum collapse, 
logistic regression models could not be built for velum collapse. Another point to be 
noted that the Class 4 of Friedman tonsil classification was merged into Class 3 for 
the feasibility of statistical analysis, since only one participant was classified as Class 
4. In addition, the Class 4 of modified Mallampati classification was merged into 
Class 3, since only two participants were classified as Class 4. For oropharyngeal 
collapse, logistic regression models with (Table 3) and without (Table 4) patients who 
received previous upper airway surgeries showed different results.

In the model with patients who received previous upper airway surgeries, patients 
with Class 1 Friedman tonsil classification were less likely to have oropharyngeal 
collapse than those with Class 0 (P = 0.04; OR = 0.17 [0.03 – 0.88]). However, 
this association disappeared, and increased BMI was found to be associated with 
higher probability of oropharyngeal collapse (P < 0.01; OR = 1.29 [1.07 – 1.55]) in 
the model without patients who received previous upper airway surgeries. It needs 
to be noted that, for tongue base collapse, epiglottic collapse, and CCCp, there was 
no difference in identified associated factors between logistic regression models with 
(Table 5, 6, and 7, respectively) and without (Table S2-4 in the supplemental
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Table 2-Collapse patterns and sites observed during DISE in supine position and corresponding 
participants and snoring events

Collapse pattern
Multilevel collapse

-	 Participants (N, %) 110 (92.4%)
-	 Snoring events (N, %) 357 (93.0%)

Single-level collapse 
-	 Participants (N, %) 9 (7.6%)

	 solitary velum collapse (N, %) 7 (5.9%)
	 solitary oropharyngeal collapse (N, %) 2 (1.7%)

-	 Snoring events (N, %) 27 (7.0%)
	 solitary velum collapse (N, %) 22 (5.7%)
	 solitary oropharyngeal collapse (N, %) 5 (1.3%)

Collapse site
Velum collapse 

-	 Participants (N, %) 117 (98.3%)
	 CCCp (N, %) 21 (17.9%)
	 non-CCCp (N, %) 96 (82.1%)
	Partial concentric (N, %) 2 (1.8%)
	AP (N, %) 61 (52.1%)
	Lateral (N, %) 33 (28.2%)

-	 Snoring events (N, %) 379 (98.7%)
	 CCCp (N, %) 71 (18.7%)
	 non-CCCp (N, %) 308 (81.3%)
	Partial concentric (N, %) 3 (0.8%)
	AP (N, %) 207 (54.6%)
	Lateral (N, %) 98 (25.9%)

Oropharyngeal collapse 
-	 Participants (N, %) 82 (68.9%)
-	 Snoring events (N, %) 243 (63.3%)

Tongue base collapse
-	 Participants (N, %) 72 (60.5%)
-	 Snoring events (N, %) 236 (61.5%)

Epiglottic collapse 
-	 Participants (N, %) 78 (65.5%)

	 Secondary to tongue base collapse 58 (74.4%)
-	 Snoring events (N, %) 253 (65.9%)

AP = anterior-posterior; CCCp = complete concentric collapse of the soft palate; SD = standard 
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deviation
Table 3-Logistic regression models for oropharyngeal collapse (with patients who received 
previous upper airway surgeries)

Univariable logistic  
regression model

Multilevel logistic  
regression model

Independent variable P value OR (95% CI) P value OR (95% CI)
Age (y) 0.51 0.99 (0.96 – 1.02)
Gender

-	 Female Reference
-	 Male 0.79 1.14 (0.44 – 2.96)

Height (cm) 0.74 0.99 (0.96 – 1.03)
BMI (kg/m2) 0.12 1.11 (0.97 – 1.26)
AHI (events/hr) 0.23 1.01 (0.99 – 1.04)
AHIS (events/hr) 0.09 1.01 (1.00 – 1.03) 0.07
Patient’s complaint
  - Snoring is not a main complaint Reference
  - Snoring position unknown 0.26 2.19 (0.56 – 8.57)
  - Snoring in every position 0.73 1.25 (0.36 – 4.37)
  - Snoring in supine position 0.96 1.04 (0.23 – 4.70)
Friedman tonsil classification

-	 Class 0 Reference Reference
-	 Class 1 0.05 0.37 (0.13 – 1.01) 0.04 0.17 (0.03 – 0.88)
-	 Class 2 0.21 2.11 (0.66 – 6.80) 0.19
-	 Class 3 0.18 4.50 (0.50 – 40.17) 0.22

Mallampati classification
-	 Class 1 Reference
-	 Class 2 0.69 1.31 (0.35 – 5.00)
-	 Class 3 0.69 1.33 (0.33 – 5.42)

Webbing
-	 No Reference
-	 Yes 0.13 1.95 (0.83 – 4.63)

Duration of snoring event (s) 0.63 0.86 (0.47 – 1.57)
Crest factor 0.29 0.96 (0.88 – 1.04)
Max dB (dB) 0.51 1.01 (0.98 – 1.04)
Mean dB (dB) 0.05 1.05 (1.00 – 1.10) 0.53
FF (Hz) 0.13 0.99 (0.97 – 1.00)
DF (Hz) 0.63 1.00 (1.00 – 1.00)
F1 (Hz) 0.54 1.00 (1.00 – 1.00)
F2 (Hz) 0.30 1.00 (1.00 – 1.00)
F3 (Hz) 0.80 1.00 (1.00 – 1.00)
High Frequency component 1 (Hz) 0.44 1.00 (1.00 – 1.00)
High Frequency component 2 (Hz) 0.35 1.00 (1.00 – 1.00)
High Frequency component 3 (Hz) 0.67 1.00 (1.00 – 1.00)

AHI = apnea-hypopnea index; AHIS = AHI in supine position; BMI = body mass index; CI = 
confidence interval; dB = decibel; DF = dominant frequency; F1 = the first formant; F2 = the second 
formant; F3 = the second formant; FF = fundamental frequency; Hz = hertz; OR = odds ratio
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Table 4-Logistic regression models for oropharyngeal collapse (without patients who received 
previous upper airway surgeries)

Univariable logistic  
regression model

Multilevel logistic  
regression model

Independent variable P value OR (95% CI) P value OR (95% CI)
Age (y) 0.40 0.99 (0.95 – 1.02)
Gender

-	 Female Reference
-	 Male 0.19 2.02 (0.70 – 5.82)

Height (cm) 0.87 1.00 (0.97 – 1.04)
BMI (kg/m2) 0.04 1.18 (1.01 – 1.37) <0.01 1.29 (1.07 – 1.55)
AHI (events/hr) 0.23 1.01 (0.99 – 1.04)
AHIS (events/hr) 0.29 1.01 (0.99 – 1.02)
Patient’s complaint
  - Snoring is not a main complaint Reference
  - Snoring position unknown 0.05 5.63 (1.02 – 30.90) 0.16
  - Snoring in every position 0.16 2.86 (0.67 – 12.27)
  - Snoring in supine position 0.46 1.88 (0.35 – 9.98)
Friedman tonsil classification

-	 Class 0 Reference
-	 Class 1 0.31 0.30 (0.03 – 1.01)
-	 Class 2 0.66 1.72 (0.15 – 19.49)
-	 Class 3 0.40 3.67 (0.17 – 77.55)

Mallampati classification
-	 Class 1 Reference
-	 Class 2 0.88 1.13 (0.25 – 5.07)
-	 Class 3 0.90 1.11 (0.23 – 5.47)

Webbing
-	 No Reference
-	 Yes 0.22 1.76 (0.71 – 4.36)

Duration of snoring event (s) 0.88 1.08 (0.41 – 2.84)
Crest factor 0.41 0.95 (0.83 – 1.08)
Max dB (dB) 0.47 1.02 (0.96 – 1.09)
Mean dB (dB) 0.07 1.09 (0.99 – 1.20) 0.13
FF (Hz) 0.08 0.98 (0.96 – 1.00) 0.18
DF (Hz) 0.58 1.00 (1.00 – 1.00)
F1 (Hz) 0.44 1.00 (1.00 – 1.00)
F2 (Hz) 0.27 1.00 (1.00 – 1.00)
F3 (Hz) 0.86 1.00 (1.00 – 1.00)
High Frequency component 1 (Hz) 0.31 1.00 (1.00 – 1.00)
High Frequency component 2 (Hz) 0.20 1.00 (1.00 – 1.00)
High Frequency component 3 (Hz) 0.61 1.00 (1.00 – 1.00)

AHI = apnea-hypopnea index; AHIS = AHI in supine position; BMI = body mass index; CI = 
confidence interval; dB = decibel; DF = dominant frequency; F1 = the first formant; F2 = the second 
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formant; F3 = the second formant; FF = fundamental frequency; Hz = hertz; OR = odds ratio
Table 5-Logistic regression models for tongue base collapse

Univariable logistic  
regression model

Multilevel logistic  
regression model

Independent variable P value OR (95% CI) P value OR (95% CI)
Age (y) 0.05 1.03 (1.00 – 1.06) 0.34
Gender

-	 Female Reference
-	 Male 0.11 0.45 (0.16 – 1.20)

Height (cm) 0.81 1.00 (0.97 – 1.04)
BMI (kg/m2) 0.02 0.86 (0.76 – 0.98) 0.06
AHI (events/hr) 0.57 1.01 (0.99 – 1.02)
AHIS (events/hr) 0.95 1.00 (0.99 – 1.01)
Patient’s complaint
  - Snoring is not a main complaint Reference
  - Snoring position unknown 0.49 0.62 (0.16 – 2.40) 0.85
  - Snoring in every position 0.96 0.97 (0.26 – 3.59) 0.46
  - Snoring in supine position 0.05 0.20 (0.04 – 0.98) 0.13
Friedman tonsil classification

-	 Low score Reference Reference
-	 High score < 0.01 0.28 (0.13 – 0.60) < 0.01 0.12 (0.04 – 0.44)

Mallampati classification
-	 Class 1 Reference
-	 Class 2 0.71 1.28 (0.36 – 4.64)
-	 Class 3 0.63 1.39 (0.36 – 5.35)

Webbing
-	 No Reference
-	 Yes 0.77 0.89 (0.41 – 1.94)

Duration of snoring event (s) 0.14 1.59 (0.86 – 2.93)
Crest factor 0.80 1.01 (0.93 – 1.10)
Max dB (dB) 0.69 0.99 (0.94 – 1.02)
Mean dB (dB) 0.41 0.98 (0.94 – 1.03)
FF (Hz) 0.26 1.01 (0.99 – 1.02)
DF (Hz) 0.39 1.00 (1.00 – 1.00)
F1 (Hz) 0.18 1.00 (1.00 – 1.00)
F2 (Hz) 0.38 1.00 (1.00 – 1.00)
F3 (Hz) 0.62 1.00 (1.00 – 1.00)
High Frequency component 1 (Hz) 0.39 1.00 (1.00 – 1.00)
High Frequency component 2 (Hz) 0.21 1.00 (1.00 – 1.00)
High Frequency component 3 (Hz) 0.47 1.00 (1.00 – 1.00)

AHI = apnea-hypopnea index; AHIS = AHI in supine position; BMI = body mass index; CI = 
confidence interval; dB = decibel; DF = dominant frequency; F1 = the first formant; F2 = the 
second formant; F3 = the second formant; FF = fundamental frequency; Hz = hertz; OR = 
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odds ratio
Table 6-Logistic regression models for epiglottic collapse

Univariable logistic  
regression model

Multilevel logistic  
regression model

Independent variable P value OR (95% CI) P value OR (95% CI)
Age (y) 0.08 1.03 (1.00 – 1.06) 0.30
Gender

-	 Female Reference
-	 Male 0.12 0.43 (0.15 – 1.26)

Height (cm) 0.42 1.01 (0.98 – 1.05)
BMI (kg/m2) 0.03 0.86 (0.76 – 0.99) 0.06
AHI (events/hr) 0.65 1.00 (0.98 – 1.01)
AHIS (events/hr) 0.39 0.99 (0.98 – 1.01)
Patient’s complaint
  - Snoring is not a main complaint Reference
  - Snoring position unknown 0.49 0.60 (0.14 – 2.60) 0.59
  - Snoring in every position 0.55 0.65 (0.16 – 2.68) 0.83
  - Snoring in supine position 0.08 0.23 (0.05 – 1.19) 0.16
Friedman tonsil classification

-	 Low score Reference Reference
-	 High score 0.01 0.35 (0.16 – 0.78) 0.01 0.20 (0.06 – 0.72)

Mallampati classification
-	 Class 1 Reference
-	 Class 2 0.50 0.62 (0.15 – 2.54)
-	 Class 3 0.74 0.78 (0.18 – 3.43)

Webbing
-	 No Reference
-	 Yes 0.18 0.58 (0.26 – 1.28)

Duration of snoring event (s) 0.23 1.47 (0.79 – 2.74)
Crest factor 0.58 1.02 (0.94 – 1.12)
Max dB (dB) 0.39 0.99 (0.96 – 1.02)
Mean dB (dB) 0.19 0.97 (0.93 – 1.02)
FF (Hz) 0.69 1.00 (0.99 – 1.02)
DF (Hz) 0.58 1.00 (1.00 – 1.00)
F1 (Hz) 0.65 1.00 (1.00 – 1.00)
F2 (Hz) 0.29 1.00 (1.00 – 1.00)
F3 (Hz) 0.58 1.00 (1.00 – 1.00)
High Frequency component 1 (Hz) 0.17 1.00 (1.00 – 1.00)
High Frequency component 2 (Hz) 0.16 1.00 (1.00 – 1.00)
High Frequency component 3 (Hz) 0.71 1.00 (1.00 – 1.00)

AHI = apnea-hypopnea index; AHIS = AHI in supine position; BMI = body mass index; CI 
= confidence interval; dB = decibel; DF = dominant frequency; F1 = the first formant; F2 = 
the second formant; F3 = the second formant; FF = fundamental frequency; Hz = hertz; OR 
= odds ratio
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Table 7-Logistic regression models for complete concentric collapse of the soft palate (CCCp)

Univariable logistic  
regression model

Multilevel logistic  
regression model

Independent variable P value OR (95% CI) P value OR (95% CI)
Age (y) 0.77 0.99 (0.96 – 1.03)
Gender

-	 Female Reference
-	 Male 0.68 0.79 (0.26 – 2.43)

Height (cm) 0.43 1.02 (0.98 – 1.06)
BMI (kg/m2) 0.13 1.13 (0.96 – 1.34)
AHI (events/hr) 0.38 1.01 (0.99 – 1.03)
AHIS (events/hr) 0.13 1.01 (1.00 – 1.03)
Patient’s complaint
  - Snoring is not a main complaint Reference
  - Snoring position unknown 0.19 0.31 (0.05 – 1.80)
  - Snoring in every position 0.94 1.06 (0.25 – 4.43)
  - Snoring in supine position 0.51 0.51 (0.07 – 3.68)
Friedman tonsil classification

-	 Low score Reference
-	 High score 0.68 0.82 (0.31 – 2.16)

Mallampati classification
-	 Class 1 Reference
-	 Class 2 0.46 2.26 (0.26 – 19.42)
-	 Class 3 0.40 2.58 (0.29 – 23.24)

Webbing
-	 No Reference
-	 Yes 0.57 1.32 (0.51 – 3.41)

Duration of snoring event (s) < 0.01 3.95 (1.91 – 8.16) 0.05 2.99 (1.01 – 8.84)
Crest factor 0.07 0.89 (0.78 – 1.01) 0.11
Max dB (dB) 0.53 0.99 (0.95 – 1.03)
Mean dB (dB) 0.78 1.01 (0.95 – 1.07)
FF (Hz) 0.28 1.01 (0.99 – 1.03)
DF (Hz) 0.16 1.00 (1.00 – 1.00)
F1 (Hz) 0.54 1.00 (1.00 – 1.00)
F2 (Hz) 0.30 1.00 (1.00 – 1.00)
F3 (Hz) 0.80 1.00 (1.00 – 1.00)
High Frequency component 1 (Hz) 0.44 1.00 (1.00 – 1.00)
High Frequency component 2 (Hz) 0.35 1.00 (1.00 – 1.00)
High Frequency component 3 (Hz) 0.67 1.00 (1.00 – 1.00)

AHI = apnea-hypopnea index; AHIS = AHI in supine position; BMI = body mass index; CI = 
confidence interval; dB = decibel; DF = dominant frequency; F1 = the first formant; F2 = the 
second formant; F3 = the second formant; FF = fundamental frequency; Hz = hertz; OR = 
odds ratio
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material) patients who received previous upper airway surgeries. For tongue base 
collapse, the full range of the response options of the Friedman tonsil classification 
showed non-linear association with the presence of collapse and was therefore 
dichotomized (low score = Class 0 and Class 1; high score = Class 2 and Class 3). 
In the multilevel logistic regression model, an interesting finding was that patients 
with a high Friedman tonsil score were less likely to have tongue base collapse 
than those with a low score (P < 0.01; OR = 0.12 [0.04 – 0.44]). In addition, a high 
Friedman tonsil score (P = 0.01; OR = 0.20 [0.06 – 0.72]) was also found to be 
associated with lower probability of epiglottic collapse. For CCCp, it was found that 
the duration of snoring event (P = 0.05; OR = 2.99 [1.01 – 8.84]) was the only 
associated factor of CCCp, viz., the longer the duration of a snoring event, the higher 
the probability of CCCp. 

DISCUSSION
In the present study, the logistic regression model with patients who received 
previous upper airway surgeries showed that patients with Class 1 Friedman tonsil 
classification were less likely to have oropharyngeal collapse than those with Class 
0. However, in the model without patients who received previous upper airway 
surgeries, increased BMI was found to be associated with higher probability of 
oropharyngeal collapse. In addition, it was found that patients with a high Friedman 
tonsil score were less likely to have tongue base collapse and epiglottic collapse 
than those with a low score. For CCCp, the probability of CCCp increases with the 
increase of the duration of snoring events. 

In the present study, only 68.7% of OSA patients snored in supine position during 
DISE and only 42.8% of OSA patients generated analyzable snoring sounds in 
supine position during DISE, while previous studies reported that 82% - 100%35,36 
OSA patients snored during DISE. A possible explanation to this discrepancy is that 
we only included patients who snored in supine position in the present study. It is 
a clinical reality that some OSA patients only snored in lateral position, but not in 
supine position. Another possible reason is that only TCI was used during DISE as 
to obtain a medium-sedation level status (viz., loss of response to verbal stimulation 
at a normal volume37), but EEG-derived index like bispectral index (BIS) was not 
used to monitor the depth of sedation. A previous study found that the mean infusion 
rate was significantly higher in patients receiving TCI of propofol without monitoring 
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BIS than in those who received TCI of propofol with monitoring BIS38. This suggests 
the possibility that some snoring OSA patients might have been excluded due to 
relatively high sedative dose, which may lead to excessive muscle relaxation, more 
severe obstructive breathing, and consequent absence of snoring.

It was found that including patients who received previous upper airway surgeries 
affected the analysis for oropharyngeal collapse, but not those for tongue base 
collapse, epiglottic collapse, and CCCp. A possible explanation is that these upper 
airway surgeries (viz., TE, UPPP, and ESP) focus on velum and oropharynx, but have 
no effect on tongue base and epiglottis. In addition, CCCp was found to be associated 
with decreased success rate of upper airway surgeries21. As a consequence, only 
analysis for oropharyngeal collapse was affected. In the model without patients who 
received previous upper airway surgeries, increased BMI was found to be associated 
with higher probability of oropharyngeal collapse. Previous studies reported same 
results39,40 and explained that obesity was associated with anatomic factors (e.g., 
lateral pharyngeal muscle thickness and fat volume39) that may cause the narrowing 
of the oropharynx. Taken together, the above-mentioned evidence suggests that the 
presence of oropharyngeal collapse is affected by obesity. 

An interesting finding is that high score (viz., Class 2 and Class 3) of the Friedman 
tonsil classification was associated with lower probability of tongue base collapse 
during DISE in supine position. We hypothesize that large tonsils may act as airway 
stents to create space for the retroglossal area, thereby reducing the degree of 
tongue base collapse during sleep. To the best of the authors’ knowledge, only 
two previous studies41,42 proposed the same hypothesis. In addition, two other 
previous studies found that larger tonsils are associated with higher success rate 
of surgery for tongue base collapse43,44, even though these two studies did not 
discuss the potential supporting role of tonsils in tongue base collapse. Tonsils, as 
a common cause of oropharyngeal collapse39, are generally removed during upper 
airway surgery. However, due to the collapse of other anatomical structures, such as 
the lateral pharyngeal wall, oropharyngeal collapse may remain after tonsillectomy. 
This situation was also observed in the present study, viz., 19 participants presented 
with a postoperative Friedman tonsil classification of zero but still had oropharyngeal 
collapse. Hence, futures studies are needed to investigate the role of tonsils in 
tongue base collapse. In addition, otolaryngologist-head and neck surgeons need to 
comprehensively consider the potential postoperative changes in the upper airway 
of OSA patients, evaluating the necessity of tonsillectomy. 
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Another finding is that the results of the logistic regression models (both the 
identified associated factors and the directions of associated factors) for tongue 
base collapse and epiglottic collapse are basically the same. A possible reason of 
the similarity is that a majority of the epiglottic collapse cases (74.4%; Table 2) were 
secondary to tongue base collapse (viz., a bulky tongue base pushes the epiglottis 
backwards and causes collapse45). It is a clinical reality that, compared with primary 
epiglottic collapse (e.g., floppy epiglottis45), secondary epiglottic collapse is more 
common45,46. It is also possible that the above-mentioned stent role of tonsils also 
applies to epiglottic area, but future studies are needed to test this hypothesis. 

As for velum collapse, it is consistent with previous studies that velum is the most 
frequently observed collapse site in the upper airway (98.3% in the present study)8 
and the prevalence of CCCp ranges from 10% - 32% (17.9% in the present study)4. 
As for the associated factor of CCCp, a longer duration of snoring event was found 
to be associated with higher probability of CCCp. Long duration of a snoring event 
means long inspiratory time and small inspiratory volume per unit time. Given that 
CCCp is associated with high upper airway collapsibility (viz., small cross-sectional 
area and limited airflow)33,44, it is reasonable that snoring events from patients 
with CCCp had longer duration than those from patients without CCCp. The positive 
association between the duration of snoring event and the probability of CCCp 
during DISE in supine position may be applicable to snoring sounds during natural 
sleep to predict the presence of CCCp. But before that, given the potential difference 
between natural sleep and drug-induced sleep47, this finding needs to be confirmed 
in a representative OSA population during natural sleep, and the cut-off value(s) 
for the duration of CCCp snoring sound or/and the proportion of the duration of 
CCCp snoring sound in a respiratory cycle (inspiration and expiration) needs to be 
determined in further studies. 

In previous studies15,16, snoring sound parameters, especially those in frequency 
domain, e.g., DF, FF, F1-3, were found to be applicable to distinguish between snoring 
sounds that were generated from different levels in the upper airway. However, in 
the present study, only the duration of snoring event was identified as an associated 
factor of CCCp and no snoring sound parameter was found to be associated with 
the collapse at the levels of oropharynx, tongue base, and epiglottis. This may be 
due to the fact that, compared with single-level collapse (viz., the collapse site is 
also the excitation site of snoring sound), the association between snoring sound 
parameters and multi-level collapse is relatively indirect. As a consequence, it is 
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difficult to identify the associated factors of the presence of collapse at each level 
of the upper airway, especially for conventional statistical methods like logistic 
regression models. Nowadays, as a branch of artificial intelligence, machine learning 
plays an increasingly important role in making predictions, including for acoustic 
analysis15,16. According to the “source-filter” theory13, it is theoretically feasible to 
predict the presence of collapse at each level of the upper airway based on snoring 
sound parameters, but, in future studies, more intelligent techniques like machine 
learning are needed for the task. 

The present study inevitably has some limitations. Firstly, as an intrinsic limitation, 
acoustic analysis of snoring sound only applies to snoring OSA patients. For non-
snoring OSA patients, acoustic analysis is not applicable. In addition, although there 
is no difference in age, gender, BMI, AHI, and collapse site between included and 
excluded OSA patients, the generalizability of the results was limited by the inclusion 
of only patients who generated analyzable snoring sounds in supine position during 
DISE. DISE is generally prescribed when upper airway surgery is considered and 
upper airway surgery is only considered for OSA patients with a BMI < 32 kg/m2 
and an AHI < 30 events/hr, and when patients have CPAP failure or intolerance. In 
other words, a lot of OSA patients with high BMI and AHI were excluded from this 
study and the study results may be limited to the current patient profile. Secondly, as 
mentioned above, some snoring OSA patients might have been excluded because 
only TCI was used during DISE. Thirdly, previous studies also reported the impact 
of the degree and configuration of collapse on snoring sounds48. However, as to 
keep this study focused, the degree of collapse and the configuration of collapse 
at oropharynx, tongue base, and epiglottis levels were not taken into consideration. 

CONCLUSION
Within the current patient profile and approach, given that only a limited number of 
predictors were identified, it does not seem feasible to predict upper airway collapse 
sites found in DISE from demographic, anthropometric, clinical examination, sleep 
study, and snoring sound parameters in OSA patients.
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ABSTRACT
Background: Mandibular Advancement Devices (MAD’s) are oral appliances 
commonly used in treatment of Obstructive Sleep Apnea (OSA). OSA severity and 
certain other factors, such as BMI and neck circumference, correlate with MAD 
therapy success. So far, the predictive value of dental parameters, such as dental 
profile, molar-classification, overjet, overbite, maximal retrusion, maximal protrusion, 
and protrusive range, has not been fully investigated. 

Objectives: We aimed to investigate whether dental parameters influence OSA 
severity and MAD therapy outcome and could therefore be helpful in phenotyping 
OSA patients. Furthermore, we studied the predictive power of dental parameters 
for OSA severity and successful MAD therapy. We hypothesize that specific dental 
parameters correlate with more severe OSA and with more successful MAD 
treatment.

Methods: We performed a cohort study, including OSA patients diagnosed by 
polysomnography (PSG). Dental parameters were collected. Objective treatment 
outcome was collected by performing a PSG with MAD after three months of 
therapy. Differences between OSA severity groups and MAD treatment outcomes 
were analyzed and dental parameters were correlated between groups. 

Results: The relation between dental parameters and OSA severity was analyzed 
in 143 patients, fifty patients had a PSG with MAD in situ after a 3-month therapy. 
The median baseline Apnea Hypopnea Index (AHI) significantly reduced from 17.6 
(8.7-29.3) to 11.1 (5.5-17.5). Overbite and maximal retrusion differed significantly 
between mild, moderate, and severe OSA. Other dental parameters did not differ 
significantly between the groups, nor correlated with OSA severity or MAD treatment 
outcome. 

Conclusion: In this study, no correlation between dental parameters and OSA 
severity or MAD treatment outcomes was found. Therefore, screening patients 
for OSA and MAD treatment outcome based on dental parameters is currently not 
possible. 

Key words: Obstructive Sleep Apnea (OSA) - Mandibular Advancement Device 
(MAD) - Polysomnography (PSG) - Treatment outcome
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INTRODUCTION
Obstructive sleep apnea (OSA) is a chronic disease. Treatment consists, amongst 
others, of oral appliance therapy, which protrudes the mandibula during sleep. Since 
dentists are in frequent contact with their patients, they may play a role in both 
screening and treatment of OSA patients.

Risk factors to develop OSA and predictors influencing successful treatment using 
mandibular advancement device (MAD) have been investigated. Morphological risk 
factors for OSA include anterior lower facial height, inferior position of the hyoid 
bone, narrow pharyngeal airway space, and a convex or class II retrusive position of 
the mandible (1,2). Predictors of MAD treatment outcome include Apnea Hypopnea 
Index (AHI), age, Body Mass Index (BMI), neck circumference, waist circumference, 
sleep stage, and body position. Various factors have been suggested to contribute to 
MAD treatment outcome. Possible contributing factors are an increased collapsibility 
of the upper airway and minimal or no impairment in other non-anatomical variables 
such as poor upper airway muscle functioning, low respiratory arousal threshold, 
or high loop gain (3,4). A MAD is more successful among patients with mild OSA 
and a patent airway than in patients with more severe OSA. However, there is no 
consensus (yet) on predictors of MAD treatment outcome (5,6). In addition, cranial 
base angle and the distance between the sella turcica and the deepest point in 
the posterior cranial fossa are suggested as potential predictors (6). Furthermore, 
a pre-treatment anteriorly located soft palate or tongue base could possibly favor 
MAD treatment outcome (7). Finally, large palatine tonsils or pronounced pharyngeal 
pillars leading to partial obscuration or compression of the tongue base could worsen 
MAD treatment outcome (7). 

Considering the morphological risk factors, the dentist could play a role in screening 
for OSA. 

Dental sleep medicine is an emerging discipline in dentistry, which includes the 
early detection and treatment of sleep-related breathing disorders (SDBs), such as 
snoring and OSA (8). The role of the dentist could be twofold. 

Firstly, there could be a role for the dentist in the early detection of patients with 
OSA since a patient generally visits the dentist once or twice a year. During the visits 
intraoral and extraoral features could be measured and a history of severe snoring, 
and other complaints such as hypersomnolence could be mapped. Intraoral and 
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extraoral features may be facial profile, molar occlusion, overbite, overjet, maximal 
retrusion, maximal protrusion, protrusive range, and maximal mouth opening. During 
specific intraoral examination, a dentist may focus on: enlarged tonsils, large tongue, 
webbing of the soft palate (i.e., a flap of skin), a long and wide uvula, and palatal 
stenosis after palate surgery. In addition, general risk factors, such as a large neck 
and waist circumference and a high BMI, can be identified by the dentist. 

Secondly, there may be a role for the dentist in treatment of OSA patients with MAD 
therapy. In this regard, it is remarkable that relatively little is known about the potential 
dental predictors for MAD treatment outcome, such as overjet, overbite, maximal 
retrusion, maximal protrusion, protrusive range, and maximal mouth opening. 

The aim of this study is to investigate whether clinical dental parameters such as 
profile, molar classification, overjet, overbite, maximal retrusion, maximal protrusion, 
protrusive range, and maximal mouth opening in patients with OSA influence or 
predict OSA severity and MAD treatment outcome. Intuitively, dental overjet and 
overbite or maximal retrusion might also be prognostic for MAD treatment outcome. 
We therefore hypothesize that dental parameters, such as a more convex profile 
(Angle class II), more retrusive molar classification, and larger maximal retrusion, 
protrusive range, or overjet correlate with a higher OSA severity and favor MAD 
treatment outcome. The outcomes of this study may be helpful in early detection of 
OSA patients and responders to MAD therapy. 

METHODS

Patient selection
We performed a cohort study, with inclusion of patients between January 2019 and 
July 2020. Patients that underwent Drug Induced Sleep Endoscopy (DISE) at the 
Department of Otolaryngology, Head and Neck surgery of the OLVG (Amsterdam, the 
Netherlands) were selected for inclusion. Patients had to be 18 years or older, give 
written informed consent, and be diagnosed with OSA confirmed by a polysomnography 
(PSG) (AHI³5 events/hr). Patients were excluded when diagnosed with Central Sleep 
Apnea (CSA), in case of earlier (failed) MAD therapy, or when their dental condition was 
insufficient to fit a MAD. Insufficient dental condition was defined by having less than 
eight teeth per jaw, having extensive periodontal disease, or having extensive tooth 
decay. Patients with active temporomandibular disorders (TMD) were also excluded. 



3

Do dental parameters predict severity of obstructive sleep apnea and mandibular advancement device therapy 

outcomes? A pilot study

63   

This study was performed in accordance with the ethical standards of the responsible 
committee on human experimentation and with the Declaration of Helsinki of 1975 
and approved by the Medical research Ethics Committees United (MEC-U nr. 
NL66070.100.18). A written informed consent was obtained from each patient before 
enrollment. 

Interventions

Polysomnography
All included patients had a full-night PSG at baseline, patients who were advised to 
use a MAD had another PSG with their MAD in situ at 3-month follow-up (EMBLA 
A10/Titanium, Medcare Flaga, Iceland; and SomnocreenTM, SOMNOmedics GmbH, 
Randersacker, Germany). Obstructive respiratory events were analyzed according 
to the 2017 AASM criteria (9). Total AHI, supine AHI, non-supine AHI, total sleep time 
(TST) in supine position, and Oxygen Desaturation Index (ODI) were used for further 
calculations. Patients were divided into subgroups based on OSA severity; mild (AHI 
5-15 events/hr), moderate (AHI 15-30 events/hr) or severe (AHI>30 events/hr) OSA.

Orofacial examination
All patients underwent a clinical physical examination by the same dentist specialized 
in Dental Sleep Medicine before making a MAD. The facial profile classification, molar 
classification, overjet, overbite, maximal retrusion, maximal protrusion, protrusive 
range, and maximal mouth opening, were scored. Facial profile classification is extra 
orally observed from a lateral view and defined as neutral (I), retrusive – convex (II) 
or protrusive – concave (III). Molar occlusion is intra orally observed as the contact 
of the upper and lower molars and defined as a neutral (I) distal (II) or mesial (III) 
occlusion. The maximal retrusion is defined as the most retrusive position of the 
mandible, independent of tooth contact, in which the condyles articulate in the 
anterior-superior position against the posterior slopes of the articular eminences. 
The maximal protrusion is defined as the most protrusive position of the mandible, 
independent of tooth contact. Both are measured using a George Gauge and scored 
as distance from end to end at incisal position in mm. The distance between the most 
protrusive and most retrusive position of the mandible, measured by the George 
Gauge, is defined as the protrusive range. Overjet is scored as horizontal overlap 
of teeth, overbite is scored as vertical overlap of teeth, also quantified in mm (10).
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Treatment
A selection of patients was advised to start with MAD treatment. Patients received a 
TAP appliance (Thornton Adjustable Positioner, Airway Management Inc. Dallas, Tx, 
USA) or a Somnodent appliance (Somnodent, Somnomed AG, Australia). Patients 
who were willing to participate on further research with regard to MADs were 
selected for the TAP appliance and also joined another study protocol. Patients who 
were not willing to join further research were selected for the Somnodent appliance. 
Treatment outcome was based on the outcomes of follow-up PSG, with MAD in situ, 
after three months of MAD therapy. 

At baseline, mandibular protrusion was set at 50% of maximum protrusion. Patients 
were subsequently, instructed to advance their mandible until symptoms abated 
or until maximum comfortable protrusion was achieved. Maximum comfortable 
protrusion was determined at baseline by advancement of the mandible with MAD in 
situ until pain or discomfort in teeth, jaw, or muscles occurred. From there, the device 
was retruded for one millimeter.

Complete MAD treatment success was defined as an AHI<5. Partial success was 
defined as a reduction in the AHI of more than 50% and an AHI<15. Patients were 
considered non-responders if they did not meet the criteria for complete or partial 
treatment success. 

Statistical analysis
Statistical analysis was performed using SPSS (SPSS Inc., Chicago, IL, version 22). 

Patients were divided into subgroups based on OSA severity and analyzed 
differences and potential correlations in dental parameters between the subgroups. 
Furthermore, we divided patients into subgroups based on MAD treatment outcome 
and analyzed differences and potential correlations in dental parameters between 
the subgroups.

Continuous variables were presented as mean and standard deviation (SD) if 
normally distributed, or as median and interquartile range (Q1-Q3) if the distribution 
was skewed. Categorical variables were presented in terms of proportions.  

Descriptive statistics were used for continuous variables. Student t-test, in case of 
normal distributions, and Mann-Whitney U test, in case of skewed distributions, were 
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used to calculate the difference between dental parameters in OSA severity groups 
and treatment outcome groups. A p-value of <0.05 was considered to indicate 
statistical significance. For categorical variables, Chi-square test was used. For 
numeric variables, ANOVA test was used; in case of not normal distribution, Kruskal 
Wallis test was used. To calculate correlations, Spearman correlation coefficient was 
used. 

RESULTS

Baseline characteristics 

In total, 143 patients were analyzed. The majority of the patients were male (83.9%); the 
median (interquartile range) age was 50 (39-55) years, and their mean (±SD) BMI was 
27.2±3.1 kg/m2 (BMI>30 kg/m2 in 19.6%). Sixty-four patients (44.8%) were diagnosed 
with mild OSA, 56 patients (39.2%) with moderate OSA, and 23 patients (16.1%) 
with severe OSA. The mean age was significantly lower in mild OSA (44.0±11.8) 
compared to moderate OSA (51.3±11.4) (p=0.001). The mean BMI was significantly 
higher in severe OSA (29.3±3.1) compared to mild OSA (26.7±3.2) (p=0.001) and 
in severe OSA compared to moderate OSA (27.0±2.9) (p=0.002).  The mean neck 
circumference (cm) was significantly higher in moderate OSA (40.8±2.9) compared to 
mild OSA (39.6±3.0) (p=0.029) and in severe 42.0 (41.0-44.0) compared to mild OSA 
(p=0.001). The overall mean AHI at baseline was 16.0 events/hr (10.4-25.0); the mean 
ODI at baseline was 18.8 events/hr (13.2-29.2). The mean AHI, AHI supine, AHI non 
supine and ODI differed significantly between all the groups of OSA severity (p<0.00). 
These values significantly increased with higher OSA severity. Minimum SpO2 was 
significantly lower in the subgroups with more severe OSA. 

Dental parameters 

The overall mean overbite was 3.0 (1.0-5.0) mm; the mean overjet was 3.0 (2.0-
4.0) mm. Maximal retrusion was -6.0 (-8.0 - -5.0) mm, and maximal protrusion was 
6.0±2.3 mm. There was a significantly larger overbite in the moderate OSA group 
than in the subgroups with mild OSA (p=0.03) and severe OSA (p=0.002). In addition, 
there was a significantly smaller maximal retrusion in the mild OSA group compared 
to the subgroup with moderate OSA (p=0.027). The other dental parameters did 
not differ significantly between the subgroups (table 1). There was no correlation 
between the dental parameters and OSA severity at baseline.
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Table 1: Dental parameters per severity subgroup

Baseline Total 
(n=143)

Mild OSA 
(n=64)

Moderate OSA 
(n=56)

Severe OSA 
(n=23)

Profile  
(angle I, II, III)  
n (%)

I      n=80 (56%)
II     n=57 (40%)
III    n=5 (3%)

I      n=39 (61%)
II     n=23 (36%)
III    n=2 (3%)

I      n=28 (50%)
II     n=26 (46%)
III    n=2 (4%)

I      n=14 (61%)
II     n=8 (35%)
III    n=1 (4%)

Molar 
occlusion 
left side  
(I, II, III)  
n (%)

I      n=76 (47%)
II     n=27 (19%)
III    n=30 (21%)
Missing n= 10 (7%)

I      n=33 (52%)
II     n=11 (17%)
III    n=16 (25%)
Missing n= 4 (6%)

I      n=33 (59%)
II     n=11 (20%)
III    n=7 (13%)
Missing n= 5 (9%)

I      n=10 (43%)
II     n=5 (22%)
III    n=7 (30%)
Missing n= 1 (4%)

Overbite 
(mm)

3.0 (1.0-5.0) 2.0 (1.0-4.0) * 3.4±1.8 *,** 1.9±1.8 **

Overjet  
(mm)

3.0 (2.0-4.0) 2.6±1.7 3.0 (2.0-4.0) 2.6±1.7

Maximal 
retrusion 
(mm)

-6.0 (-8.0- -5.0) -6.0±1.8 * -6.9±2.4 * -6.1±2.0

Maximal 
protrusion 
(mm)

6.0±2.3 6.1±2.3 5.7±2.3 6.4±2.1

Protrusive 
range

12.3±2.4 12.1±2.6 12.6±2.2 12.5±2.2

Maximal 
mouth 
opening 
(mm)

53.1±7.2 53.0±7.8 53.0±6.9 53.4±6.8

Data presented as mean ± standard deviation, median (interquartile range), or number
* Significant difference calculated between mild and moderate OSA, ** significant difference 
calculated between moderate and severe OSA, ^ significant difference calculated between 
mild and severe OSA
Molar occlusion was measured at the first molar on the left side. If absent, it was measured at 
the first molar on the right side. If absent, data was defined as missing.

Treatment

Out of the 143 patients, 85 patients were treated with a MAD in our hospital (Figure 
1): 58 patients with a TAP appliance and 27 with a Somnodent appliance. Thirty-
five of the 85 patients treated with a MAD did not have a PSG at three months: 
21 patients did not schedule the PSG, four patients preferred another treatment, 
six patients were intolerant to wearing a MAD, one patient did not experience any 
effect, and four patients experienced too much discomfort and pain. Fifty patients 
completed follow-up at three months with MAD in situ; their mean MAD protrusion 
was 83%±17% of maximum protrusion.
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Figure 1: Flowchart of study

Abbreviations: CPAP= Continuous Positive Airway Pressure, DISE= Drug Induced Sleep 
Endoscopy, MAD= Mandibular Advancement Device, PSG= Polysomnography, SPT= Sleep 
Positioning Trainer 
After three months of MAD treatment, respiratory parameters, such as AHI, AI, AHI supine, 
and ODI were significantly reduced (table 2).  

Table 2: Treatment outcome with MAD at 3-month follow-up PSG

          Baseline (n=50) Follow-up (n=50)
AHI (events/hr) 17.6 (8.7-29.3) 11.1 (5.5-17.5) *
AI (events/hr) 6.8 (2.5-14.7) 1.9 (0.4-6.0) *
AHI-supine (events/hr) 33.5 (12.4-55.0) 14.7 (7.5-31.0) *
% TST supine (%) 38.9 (25.3-50.6) 41.3 (24.2-59.7)
AHI non supine (events/hr) 8.5 (2.4-19.1) 5.4 (2.0-10.4) *
ODI (3%) (events/hr) 24.0 (10.3-31.0) 10.0 (4.7-16.5) *
Minimum SpO2 (%) 85.5 ± 4.4 85.2 ± 10.1 *

Data presented as mean ± standard deviation, median (interquartile range)
Abbreviations: PSG= Polysomnography, AHI= Apnea Hypopnea Index, TST= Total Sleep 
Time, ODI= Oxygen Desaturation Index, SpO2= Oxygen Saturation Level
Complete success (AHI<5), partial success (AHI 5-15 with >50% reduction in AHI) and not 
successful (AHI>15 or AHI<50% reduction)
# Significant difference calculated between baseline and follow-up
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To investigate the influence of the dental parameters on MAD treatment outcome, 
patients were divided into three subgroups based on treatment outcome. No 
significant differences were found in dental parameters between complete success, 
partial success, and non-responders groups (table 3). Dental parameters also did 
not differ between the two types of MADs. In addition, the dental parameters did not 
correlate with treatment outcome.

Table 3: Dental parameters per treatment responder group

Treatment 
outcome

Total (n=50) Non-responder§
(n=34) (68%)

Partial success #
(n=5) (10%)

Complete success $
(n=11) (22%)

Profile  
(angle class 
I, II, III)
n (%)

I      n=29 (58%))
II     n=20 (40%)
III    n=1 (2%)

I      n=19 (56%)
II     n=14 (41%)
III    n=1 (3%)

I      n=4 (80%)
II     n=1 (20%)
III    n=0 (0%)

I      n=6 (55%)
II     n=5 (45%)
III    n=0 (0%)

Molar 
occlusion  
(I, II, III)
n (%)

I      n=22 (44%)
II     n=14 (28%)
III    n=11 (22%)
Missing n= 3 (6%)

I      n=15 (44%)
II     n=11 (32%)
III    n=6 (18%)
Missing n= 2 (6%)

I      n=4 (80%)
II     n=1 (20%)
III    n=0 (0%)
Missing n= 0 (0%)

I      n=3 (27%)
II     n=2 (18%)
III    n=5 (45%)
Missing n= 1 (9%)

Overbite 
(mm)

3.0 (1.8-5.0) 2.5 (1.8-4.3) 4.0±2.0 2.7±1.8

Overjet 
(mm)

3.0 (2.0-4.3) 3.0 (2.0-4.3) 2.0 (2.0-4.5) 2.8 (2.0-5.0)

Maximal 
retrusion 
(mm)

-6.0 (-8.0- -5.0) -6.0 (-8.0- -5.0) -7.2±1.1 -6.1±1.9

Maximal 
protrusion 
(mm)

5.8±2.5 5.7±2.7 5.6±2.1 6.5±1.9

Protrusive 
range

12.5±2.4 12.4±2.4 12.8±1.5 12.6±2.7

Maximal 
mouth 
opening 
(mm)

53.0±7.3 53.0 (49.3-58.0) 49.0±5.3 53.2±7.9

Data presented as mean ± standard deviation, median (interquartile range), § AHI>15 and 
<50% reduction in AHI, # AHI<10 and >50% reduction in AHI, $ AHI<5, 
No significant differences were calculated between the different treatment success rates.
Molar occlusion was measured at the first molar on the left side. If absent, it was measured at 
the first molar on the right side. If absent, data was defined as missing.
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Correlations 

No correlations were found between each of the dental parameters, OSA severity 
and MAD treatment outcomes, neither in the total baseline group of patients (n=143), 
nor in the follow-up group with patients treated for three months with a MAD (n=50). 
Furthermore, no correlation was found between the extent of protrusion and the 
different dental parameters. A linear regression model could not be calculated based 
on the included dental parameters.

DISCUSSION
The aim of this study was to investigate whether dental parameters influence or 
predict OSA severity and MAD therapy outcomes. No correlations between the 
included variables were found. However, the dental parameters overbite and 
maximal retrusion significantly differed between mild and moderate OSA (overbite 
and maximal retrusion) and between moderate and severe (overbite) OSA. Finally, 
no dental parameters were significantly different between no, partial, or complete 
MAD treatment success. Other dental parameters such as profile classification, 
molar classification, overjet, protrusive range, and maximal mouth opening did 
not differ significantly between the subgroups for OSA severity or MAD treatment 
outcome. 

The fact that we found only a few dental parameters with significant differences 
between the groups could be related to the small treatment groups. We used data 
from another prospective study for which the power was calculated based on 
the difference between two measure instruments during DISE.  When building a 
linear regression model, at least 10 participants must be included per variable and 
correlations must be present (11). After dropouts, this was unfortunately not the case 
in our study. 

Based on literature, one would have expected that a larger maximal retrusion, 
protrusive range, or a class II profile or molar occlusion is predictive of OSA severity 
or MAD treatment outcome (12). Unfortunately, we were unable to confirm this in 
our study. Differences in outcome could also be explained by the observation by 
visual inspection of the facial profile, overjet and overbite in our study as opposed 
to X-rays or photographs taken in other studies. In addition, a larger maximal 
retrusion, protrusive range, or overjet is not necessarily related to less retrolingual 
airway space while sleeping. Possibly, our results may be influenced by to the 
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overall increased use of orthodontic braces in patients. Following orthodontics, 
many dental parameters, such as overjet and overbite, change. This might influence 
our observations. Unfortunately, we do not know if our participants had a history of 
orthodontic treatment. 

Since we believe that our research questions are clinically relevant, and we believe 
our research is underpowered, we encourage further research in this field. For 
future research, questionnaires about orthodontic treatment are advised. In addition, 
additional dental findings could be investigated in further research. For example 
dental findings such as tooth-wear, abfraction, wear-facets, restorative and implant 
failures  but also oral dryness, dental pain or sensitivity and Gastroesophageal reflux 
disease (GERD) which are associated with sleep bruxism (13). Sleep bruxism is in 
turn associated with especially mild and moderate OSA (14). 

Significant differences between mild, moderate, and severe OSA and dental 
parameters are found for overbite when comparing mild to moderate, and moderate 
to severe OSA. Also, in maximal retrusion significant differences are found comparing 
mild to moderate OSA. In literature, overjet, a large interdental width, and mandibular 
retrognathia sometimes emerge as having a prognostic value to OSA severity (5). 
However, similar to our group, in literature, mostly no correlation coefficients are 
mentioned (6,15,16). Therefore, we could conclude that phenotyping OSA patients 
based on dental parameters such as overjet, overbite, maximal retrusion, protrusive 
range, and maximal mouth opening is not yet possible. 

It is important to elaborate on the included patients. All included patients were 
selected following DISE. DISE is not a standard procedure for patients diagnosed 
with OSA. DISE is only performed in case of CPAP or MAD failure or intolerance, or 
when upper airway surgery or upper airway stimulation is considered. Furthermore, 
previous MAD use was an exclusion criterion in the study. Therefore, the included 
study population is slightly different from the general OSA population. Secondly, the 
population in our study had a BMI <  32, which is lower than in the general OSA 
population. In our institution, a BMI > 32 is an exclusion criterion for DISE. This might 
have affected the outcome of our study due to the larger tongue size and more lateral 
pharyngeal wall fat tissue in patients with a higher BMI (17). In general, patients are 
eligible for primary MAD treatment with an AHI between five and 30 events/hr (18). 
In our study the AHI varied from 5.1 to 85.6 events/hr with a mean of 16.0 events/hr. 
This might also have affected our study outcomes because MADs generally perform 
better in mild to moderate OSA. 
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The present study is a secondary analysis of a large prospective randomized 
controlled clinical trial comparing two measure instruments during DISE to predict 
MAD treatment outcome (19). This means that the data used for this paper was 
originally collected for answering other questions. Therefore, the validity of the 
results might be questioned. Due to this secondary analysis two different MAD 
brands were incorporated in the analysis. This might also influence validity. 
However, dental parameters between the two different MAD groups did not differ at 
baseline. Furthermore, the advantages of doing a secondary analysis are that it’s 
timesaving, cost-efficient, and patient friendly. In this paper, this might have resulted 
in a non-representative study population compared to the general OSA population. 
Nevertheless, the outcomes of the present study help us to elaborate more on 
phenotyping OSA patients and develop further research. 

The position of the MAD during the follow-up of this study was calculated being 83% of 
maximum protrusion. In literature, the most beneficial percentage of protrusion is 70-
75% for severe OSA, and 50% for mild to moderate OSA (20,21). The mean percentage 
of protrusion in our study was higher, however, still not all patients experienced 
beneficial effects with the MAD. This could be explained by the fact that patients were 
selected for MAD therapy independently of baseline physical characteristics or DISE 
outcome due to the initial study purposes. In the Netherlands a follow-up PSG at three 
months is not standardly performed if the baseline AHI is <15 events/hr. Therefore, 
not all of the 85 patients treated with a MAD had a follow-up PSG. Another limitation 
of this secondary analysis was that no information on adherence, snoring and self-
reported outcomes were collected. In addition, unfortunately the COVID-19 pandemic 
could also have influenced the study results. Due to the pandemic, many clinic visits 
were postponed or done by telephone calls. Therefore, patient care and support were 
declined, and patients could more easily dropout. 

CONCLUSION
In this study, we found no correlation between dental parameters and OSA severity 
or MAD treatment outcomes. Therefore, screening patients for success of OSA and 
MAD treatment based on dental parameters is currently not possible. 
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ABSTRACT
Purpose: Depending on the severity of pre-treatment obstructive sleep apnea 
(OSA) and the criteria used to define treatment success, the efficacy of mandibular 
advancement devices (MADs) ranges from 30% to 69%. Identifying suitable 
candidates is the key to increasing the efficacy of a MAD. Positive predictors include 
a low body mass index, a low apnea-hypopnea index (AHI) and low age. Another 
consideration is whether a patient’s OSA is position dependent. To evaluate the 
impact of such dependency on MAD treatment success, we studied the following: 
treatment success across the patient’s total AHI and in the supine and non-supine 
sleeping positions; the influence of pre-treatment position dependency on MAD 
treatment success; and the impact of MAD treatment on post-treatment shifts in 
position dependency.

Methods: Single-center retrospective study of patients with OSA. Patients were 
diagnosed through an overnight polysomnography and treated with a MAD between 
February 2015 and January 2018. They were defined as being positional if the AHI 
in supine sleeping position was at least twice as high as in the non-supine position. 

Results: Complete treatment success was achieved in 32.3% of study population 
(n=96) and partial success in 54.2%. Complete treatment success was significantly 
higher (p=0.004) when a patient was sleeping in the non-supine position. Treatment 
success did not differ significantly between patients who were position dependent and 
those who were not. When treated with a MAD, patients did not spend significantly 
more time in supine position. Neither did we find any post-treatment shifts in position 
dependency. 

Conclusion: A MAD is an effective treatment modality that significantly reduces the 
total AHI, supine and non-supine AHI. Since position dependency has no impact on 
MAD treatment success, it does not determine whether or not a patient is a suitable 
candidate for MAD treatment.

Keywords: obstructive sleep apnea, sleep-disordered breathing, mandibular 
advancement device, treatment success, positional, position dependency
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INTRODUCTION
Mandibular advancement devices (MAD) are part of the therapeutic arsenal for 
patients with obstructive sleep apnea (OSA), in particular in case of mild or moderate 
disease. 

Depending on the severity of pre-treatment OSA and the criteria used to define 
treatment success, the efficacy of mandibular advancement devices (MADs) ranges 
from 30% to 69% (1-5). Identifying suitable candidates for a MAD is the key to 
increasing their efficacy. Positive predictors include a low body mass index, mild 
disease as expressed in a low apnea-hypopnea index (AHI) and younger age”. 
Gender; cephalometric outcomes and polysomnographic (PSG) outcomes; and 
specific observations made during drug-induced sleep endoscopy (DISE) have also 
been described in the literature as predictive variables (6-12). 

Another consideration is pre-treatment position dependency. Generally  apneic 
events occur more severe and frequent when OSA patients sleep in the supine 
position compared to other sleeping positions (12). Various criteria exist to define 
position dependency. Most commonly patients are considered being positional (PP) 
if the AHI in supine sleeping position is twice as high as in the non-supine position. 
(13, 14). In non-positional patients (NPP) breathing abnormalities occur independent 
from sleeping position and are more severe (higher AHI) compared to PP(15).

The impact of position dependency on treatment outcome of OSA has been reported 
for upper airway surgery, but also a few studies on MADs have been performed 
reporting different outcomes and often contradict each other (2-5, 16, 17). There is 
room for a better understanding of the impact of this clinical phenotype on treatment 
success. Differences in characteristics between NPP and PP encourage further 
research. 

Bearing this in mind and using the standardized framework (16) for research evaluating 
position dependency in OSA patients, we aim to evaluate a) MAD treatment success 
across the patient’s total AHI and in the supine and non-supine sleeping positions b) 
the influence of pre-treatment position dependency on MAD treatment outcome, c) 
the impact of MAD treatment on position dependency posttreatment. 
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METHODS

Study participants
In this single-center retrospective study, patients with OSA were diagnosed through 
an overnight polysomnography (PSG) and treated with a MAD between February 
2015 and January 2018.  They were included if 18 years or older and if pre-treatment 
PSG data were available together with posttreatment PSG data with a MAD in situ. 
Patients were excluded if they spent less than 10% of their total sleeping time (TST) 
in either of the two positions during the pre-treatment PSG, as the measurement of 
respiratory indices would then be deemed less reliable. Patients were also excluded 
if they used a MAD as part of combination therapy for their OSA. 

Definitions
Patients were identified as being PP if the AHI in supine position was at least twice 
as high as the non-supine position (13). 

Complete MAD treatment success was achieved if the AHI post-treatment was 
<5 events/hr. Partial success was defined as a minimum decrease in AHI of 50% 
and a posttreatment AHI of less than 15 events/hr. Patients were considered non-
responders if they did not meet the criteria for complete or partial treatment success 

To be able to calculate post-treatment shifts in position dependency, we excluded 
patients from this particular analysis if they had spent less than 10% of the TST in 
the supine or non-supine position during the post-treatment PSG.

Ethical considerations
All procedures followed were in accordance with the ethical standards for human 
experimentation, and with the 1975 Declaration of Helsinki. To protect personal 
information, data on study subjects was encoded after collection, and then stored. 
Informed consent was not required for this type of study.

Statistical analysis 
Statistical analysis was performed using SPSS (version 26), SPSS Inc, Chicago, 
IL. Quantitative data were reported as mean and standard deviation (SD), or, if not 
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normally distributed, as median (Q1, Q3). The Kolmogorov-Smirnov Test was used to 
determine whether continuous variables were normally distributed. A p-value of < 0.05 
was considered to indicate statistical significance. To compare baseline characteristics 
between NPP and PP, the unpaired t-test was used if data was normally distributed, 
and the Mann-Whitney U test if it was not normally distributed. A Pearson’s chi-
squared test was used to determine whether position dependency and MAD treatment 
success were correlated. If data was normally distributed, a paired t-test was used to 
compare values prior to MAD treatment and with MAD in situ. If data was not normally 
distributed, a Wilcoxon signed rank test was used. To compare differences in MAD 
treatment success between groups, an unpaired t-test was used if the data was 
normally distributed, or the Mann-Whitney U test if it was not. 

RESULTS

Baseline characteristics

In total, 124 patients were prescribed a MAD between February 2015 and January 
2018. Twenty-eight patients were excluded from analysis due to a TST less than 
10% in the supine or non-supine position based on the PSG results prior to MAD 
treatment. Nighty-six patients were included in the study. 

Sixty-nine patients were male (71.9%), the mean age was 55.0 ± 10.4 years, the 
mean BMI was 27.4 ± 3.8 kg/m2. Prior to MAD treatment, patients had a median AHI 
of 21.5 events/hr (16.8; 27.3), a median supine AHI of 39.1 events/hr (23.8; 52.2) 
and a median non-supine AHI of 11.8 events/hr (6.4; 20.0). The TST in the supine 
position was 32.7% (23.1; 46.1). 

Baseline characteristics comparing positional and non-positional patients

Sixty-seven percent of all patients were PP.  Gender, BMI, total AHI, time spent in 
supine position (TST) and ODI did not significantly differ when comparing PP to NPP. 
Mean age (p= 0.016), the total AI (p= 0.026) and the AHI in supine position (p<0.001) 
were significantly higher in PP. The non-supine AHI (p<0.001) was significantly lower 
in PP.   Baseline characteristics are shown in table 1.
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Table 1. Baseline characteristics of the total population, the positional patients (PP) and the 
non-positional patients (NPP)

Total population PP NPP p value
Number of patients (N) 96 64 32 -
Sex (male:female) 69:27 48:16 21:11 0.336
Age (years) 55.0 ± 10.4 56.7 ± 9.8 51.4 ± 10.6 0.016*
BMI (kg/m2) 27.4 ± 3.8 27.3 ± 3.4 27.6 ± 4.7 0.752
Total AI (events/hr) 10.4 

[4.0; 15.6]
11.6 
[4.8; 16.6]

5.6 
[2.7; 11.9]

0.026*

Total AHI (events/hr) 21.5 
[16.8; 27.3]

22.4 
[17.3; 26.4]

18.9 
[13.2;31.7]

0.608

Supine AHI (events/hr) 39.1
[23.8; 52.2]

42.6 
[29.7; 58.9]

24.0 
[13.5;44.2]

<0.001*

Non-supine AHI (events/hr) 11.8 
[6.4; 20.0]

10.1 
[3.5; 18.1]

17.8 
[10.9; 26.7]

<0.001*

% of TST in the supine position 32.7
[23.1;46.1]

35.4 
[24.8; 46.6]

30.9 
[20.0; 45.9]

0.563

ODI (3%, events/hr) 22.0
[15.9;31.3]

23.3
[15.3; 31.1]

21.3 
[17.1; 35.7]

0.709

Data presented as mean ± standard deviation or median [Q1, Q3] 
* p value <0.05 comparing PP and NPP
AI apnea index, AHI apnea-hypopnea index, BMI body mass index, NPP non-positional 
patients, PP positional patients,  ODI oxygen desaturation index, TST total sleeping time

Respiratory parameters pre-treatment and posttreatment 

In the total study population, the median AI and AHI were both significantly reduced 
from 10.4 [4.0; 15.6] to 1.4 [0.5; 4.3] events/hr and 21.5 [16.8; 27.3] to 8.7 [4.1; 
16.6] events/hr (p<0.001), respectively. In the supine position the AHI decreased 
from 39.1 [23.8; 52.2] to 13.4 [4.7; 27.9] events/hr, and in the non-supine position 
the AHI decreased from 11.8 [6.4; 20.0] to 5.4 [1.6; 10.2] events/hr, both reductions 
were significant. The ODI decreased significantly from 22.0 [15.9; 31.2] to 13.4 [6.5; 
22.6] events/hr. Table 2. provides an overview of pre-treatment and posttreatment 
respiratory parameters.
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Table 2. Pre-treatment and posttreatment PSG results (total population)

Total population (N=96) Pre-treatment Posttreatment p value
BMI (kg/m2) 27.4 ± 3.8 27.7 ± 4.0 0.336
Total AI (events/hr) 10.4 

[4.0; 15.6]
1.4 
[0.5; 4.3]

<0.001*

Total AHI (events/hr) 21.5 
[16.8; 27.3]

8.7 
[4.1; 16.6]

<0.001*

Supine AHI (events/hr) 39.1
[23.8; 52.2]

13.4
[4.7; 27.9]

<0.001*

Non-supine AHI (events/hr) 11.8 
[6.4; 20.0]

5.4
[1.6; 10.2]

<0.001*

% of TST in supine position 32.7
[23.1;46.1]

38.4
[16.4; 55.7]

0.695

ODI (events/hr) 22.0
[15.9;31.3]

13.4
[6.5; 22.6]

<0.001*

Data presented as mean ± standard deviation or median [Q1, Q3] 
* p value <0.05 comparing pre- and posttreatment outcomes
AI apnea index, AHI apnea-hypopnea index, BMI body mass index, ODI oxygen desaturation 
index, TST total sleeping time

Comparable outcomes were found when evaluating the same parameters 
individually for NPP and PP. In both subgroups the total AI, total AHI, supine AHI, 
non-supine AHI and ODI decreased significantly. There was a significantly greater 
reduction of the total AI and supine AHI in PP, whilst in NPP this was only the case 
for the non-supine AHI. No other significant differences between PP and NPP were 
found. A detailed overview can be found in table 3.
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Treatment success of the total AHI, the AHI in supine and in non-supine sleeping 
positions, and the influence of position dependency 

Total AHI
Complete MAD treatment success based on the total AHI was achieved in 31 out of 
96 patients (32.3%); 52 patients (54.2%) had a partial treatment success. In NPP, 
MAD treatment was completely successful in 11 (34.4%) and partially successful in 
16 (50.0%) out of 32 patients. In PP 20 (31.0%) had complete and 36 (56.3%) had 
partial treatment success out of 64 patients had. No significant difference was found 
in complete or partial treatment success of the total AHI when comparing NPP to PP 
(p=0.758 and 0.562). 

AHI in supine position
Criteria for complete success of a MAD regarding AHI in patients in the supine 
position were met in 24 patients (26.4%). Although the complete treatment success 
rate was slightly higher for NPP (31%) than for PP (24.2%), this difference was not 
statistically significant (p=0.490). 

AHI in non-supine position
Criteria for complete success regarding AHI in patients in the non-supine AHI were 
met in 47 patients (49.0%), specifically in 13 NPP (40.6%) and in 34 PP (53.1%) [not 
statistically significant (p=0.248)]. Table 4 provides an overview of the percentages 
in complete and partial MAD treatment success. 

Significantly more complete treatment success was found when patients were 
sleeping in the non-supine position the total group (p=0.004) and in PP (p=0.017). 
In the group of NPP more partial treatment success was found when patients were 
sleeping in de non-supine position than when in supine position (p=0.040). For PP 
there was no significant difference in partial success regarding supine or non-supine 
position. 

No significant differences were found in baseline age, AHI and changes in TST 
comparing responders to non-responders. We found a significantly lower BMI in 
responders to MAD treatment. See also table 5. 
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Table 4. Treatment success for the total AHI and the AHI in supine and non-supine position in 
the total population and comparing positional patients (PP) and non-positional patients (NPP)

MAD complete treatment success Total (n=96) PP (n=64) NPP (n=32) p-value
Total AHI (events/hr) 31 (32,3%) 20 (31,3%) 11 (34,4%) 0.758
Supine AHIƗ (events/hr) 24 (26,4%) 15 (24,2%) 9 (31,0%) 0.490
Non-supine AHI (events/hr) 47 (49,0%) 34 (53,1%) 13 (40,6%) 0.248
p-value 0,004** 0,017** 0,064  
MAD partial treatment success Total (n=96) PP (n=64) NPP (n=32) p-value
Total AHI (events/hr) 52 (54,2%) 36 (56,3%) 16 (50,0%) 0.562
Supine AHIƗ (events/hr) 46 (50,5%) 32 (51,6%) 14 (48,3%) 0.767
Non-supine AHI (events/hr) 47 (49,0%) 29 (45,3%) 18 (56,3%) 0.312
p-value 0,090 0,070 0,040**  

Data presented as number of patients (%)
* p value <0.05 comparing NPP and PP
** p value <0.05 comparing supine AHI and non-supine AHI
Ɨ 5 patients did not sleep in supine position during the 2nd PSG 
AHI apnea-hypopnea index, MAD mandibular advancement device, NPP non-positional 
patients, PP positional patients

Table 5. Differences in potential predictors for responders and non-responders

Responders (n=56) Non-responders 
(n=40)

p-value

Age 54.0 ± 9.6 56.4 ± 11.3 0.265
BMI (kg/m2) 26.6 ± 3.4 28.6 ± 4.2 0.009*
AHI (events/hr) 21.5 [17.4; 26.9] 21.4 [15.8; 29.4] 0.976
ΔTST 4.0 [-13.9; 18.2] -6.6 [-20.4; 8.5] 0.127

Data presented as mean ± standard deviation or median [Q1, Q3] 
* p value <0.05 comparing responders and non-responders
AHI apnea-hypopnea index, BMI body mass index, ΔTST change in percentage of total 
sleeping time in supine position

Post-treatment changes in total sleeping time in supine position 

Post-treatment NPP spent less time in supine position compared to pre-treatment 
PSG, PP spent more time in supine position, both findings were not significant. Also, 
the difference between these groups was not significant (Table 3).  ‘’To determine 
if an increase in TST in supine position caused a negative treatment outcome, 
the change in TST in supine position was compared for responders versus non-
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responders. Although not statistically significant, post-treatment non-responders 
spent more time in supine position (difference of TST -6.6) than pre-treatment, whilst 
responders spent less time in supine position (difference of TST 4.0) (table 5). 

Post-treatment shifts in position dependency

When excluding patients (n=24), who spent less than 10% of the TST in the supine 
or non-supine position during the post-treatment PSG with MAD in situ, 53 patients 
(73.6%) had a persistent AHI ≥ 5 (events/hr) with MAD. Out of the 21 NPP prior to 
MAD treatment 6 (28.6%) had complete treatment success, 8 remained NPP and 7 
became PP. For PP complete success was achieved in 13 (25.5%) patients. In this 
group 24 patients remained PP and 13 patients shifted to NPP.

DISCUSSION 
This study confirms that MAD therapy is often effective for treating OSA. Complete 
treatment success was achieved in 32.3%; partial success in 54.2%. Complete 
treatment success was higher in the non-supine sleeping position than when 
patients slept on their back. Treatment success did not differ significantly between 
non-positional patients and positional patients. When treated with MAD, patients did 
not spend significantly more time in supine position. Neither were any post-treatment 
shifts in position dependency found. 

Similar results to ours were found in two previously published studies that used the 
same criteria to define treatment success. Sutherland et al. found complete success 
in 37% of patients and partial success in 52%; Dieltjens found complete success in 
39% and partial success in 60% (2, 5). 

In contrast to our findings, several studies did find differences in treatment success 
between NPP and PP. Two studies by Lee et al. and Chung et al. (3, 4) reported a 
greater success in PP, while Sutherland et al. found a better treatment outcome in 
NPP(2). A possible explanation for these differences could be the great difference in 
mean baseline AHI between NPP and PP in these studies. Dieltjens et al. (5) found 
no difference in treatment success between NPP and PP, which is in line with our 
results. 

More complete treatment success was achieved in non-supine position as compared 
to supine position, both in PP and NPP; although the difference was only statistically 
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significant for PP. Sutherland et al. also found the same difference in decrease of 
effect in NPP, but not in PP. Vonk et al. (17), who studied treatment success and 
position dependency after maxillomandibular advancement, found that, due to a 
greater reduction of the AHI in the non-supine position than in the supine position, 
the group of non-responders shifted from severe NPP to less severe PP. They also 
found no significant difference in treatment success between PP and NPP. In general, 
when OSA severity decreases due to treatment, the percentage of POSA increases 
(12, 14). In our population, the majority (66.7%) was already positional prior to MAD 
treatment. Post-treatment the majority of patients remained PP, but we did not find a 
significant effect on therapy success.

The supine position is for many patients the preferred sleeping position. In case of 
OSA this is the position in which the apneic events are the most severe. Bearing this 
in mind we hypothesized that when (adequately) treated, patients might shift to more 
supine position, which would negatively influence their treatment outcome because 
of the higher number of apneic events in the supine position. However, although the 
responders spent less time and the non-responders more time in supine position, 
these outcomes were not significant. 

Limitations

There are some limitations to take into consideration when interpreting these 
results. Due to its retrospective design no detailed information on MAD titration was 
available. Since we only included patients who also had a post-treatment PSG, we 
might be missing patients who were displeased with the treatment due to insufficient 
effect or adverse events. On the other hand, we may be missing patients who were 
pleased with their MAD and deemed a post-treatment PSG unnecessary. Due to the 
retrospective nature of this study the time of the duration until the follow-up PSG 
varied greatly. According to the current Dutch OSA treatment guidelines, patients 
with an AHI > 15 events/hr are recommended to undergo a post-treatment PSG. 
Therefore, fewer cases with mild OSA are included and the mean baseline AHI in 
our population is higher.

Clinical relevance

Since we found that position dependency is not negatively related to MAD treatment 
outcome, we see no reason to reject either NPP or PP as suitable candidates for 
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MAD.  Dieltjens et al. (5) concluded the same. In this study 31 non-responders were 
PP, and adding PT could be of added value in this group. Other studies showed 
that patients with a total AHI of 1.4 times higher than non-supine were most likely to 
demonstrate an important reduction in AHI by using PT (10, 18). 

CONCLUSION
MAD is an effective treatment modality for significantly reducing the total AHI, 
supine and non-supine AHI and ODI. Since position dependency has no impact on 
MAD treatment success, positional and non-positional patients are both suitable 
candidates for MAD treatment.
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ABSTRACT
Purpose As drug-induced sleep endoscopy (DISE) can provide additional diagnostic 
information on collapse patterns of the upper airway, it is widely used in patients 
with obstructive sleep apnea (OSA). Although more controversial, DISE might also 
predict the success of treatment with a mandibular advancement device (MAD) and/
or positional therapy (PT). In 2018 we proposed a prediction model to investigate 
the predictive value of passive maneuvers during DISE – such as jaw thrust and 
changes in body position – on upper airway patency. Based on the outcomes of 
various studies, we then adjusted our DISE protocol to better mimic the effect of 
a MAD, PT, or combination of both. The aim of this study to verify whether our 
adjustments would increase the value of DISE as a selection tool. 

Methods This single-center retrospective cohort study involved a consecutive series 
of patients with OSA. Patients were included if a DISE had been performed in supine 
and non-supine sleeping position and with and without a boil-and-bite MAD in situ 
between December 2018 and February 2020. The VOTE scoring system was used 
to evaluate the obstruction at four levels of the upper airway. 

Results Ninety-four patients were included with a median apnea-hypopnea-index 
(AHI) of 16.2 (events/hr). As a temporary MAD during DISE reduced obstruction by 
54% and jaw-thrust by 57%, both mimicked the effect of the custom-made MADs 
referred to in the literature, which reduces the AHI by 60%. Head-and-trunk rotation 
reduced obstruction by 55% thus mimicked the effect of PT, which is known to reduce 
the AHI by 50%.

Conclusion A jaw thrust, a temporary MAD and head-and-trunk rotation during 
DISE all seem to mimic the treatment effects of MAD and PT. These findings might 
be of added value when choosing OSA treatment. To prove the predictive value of 
these maneuvers during DISE, a prospective study should be performed.  

Keywords: obstructive sleep apnea, sleep-disordered breathing, mandibular 
advancement device, positional therapy, treatment success, drug-induced sleep 
endoscopy
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INTRODUCTION
According to disease severity, diagnostic findings and patient preference and health, 
several treatment modalities for obstructive sleep apnea (OSA) are available (1). 
The most commonly used is continuous positive airway pressure (CPAP); viable 
conservative alternatives are a mandibular advancement device (MAD) and 
positional therapy (PT). Depending on disease severity and the origin of the upper 
airway collapse, an invasive alternative – upper airway surgery – is considered.  
(2-4)upper-airway(5-7). In some cases, these treatment modalities can be combined 
to achieve optimal results (8).

To evaluate what kind of upper airway surgery is needed, additional information on 
collapse patterns of the upper airway can be provided by performing a drug-induced 
sleep endoscopy (DISE) (9-11). Although it is more controversial, DISE might also 
be a selection tool for MAD treatment or for example PT combined with upper airway 
surgery. 

In 2018 we proposed a model to predict treatment success by evaluating the effect of 
different passive maneuvers on collapse patterns of the upper airway patency during 
DISE (12). The two maneuvers investigated were jaw thrust and lateral head rotation 
which are used in our current practice to imitate the expected treatment  effect of a 
MAD and PT. On the basis of studies performed on the treatment effect of MADs and 
PT, we concluded that jaw thrust overestimated the treatment effect of a MAD and 
lateral head rotation underestimated the expected treatment effect of PT. 

To predict treatment success of conservative treatment modalities, we based two 
additional studies on these outcomes in order to establish the applicability of passive 
maneuvers during DISE. Our first study compared lateral-head and-trunk rotation 
with lateral head rotation only and its effects on upper airway obstruction(13). We 
concluded that for patients with OSA independent from their sleeping position (NPP) 
the outcomes were similar, for patients with position dependent OSA (PP) head-and-
trunk rotation was more reliable.  In the second study we compared jaw thrust and 
the use a temporary boil-and-bite MAD and its effects on upper airway obstruction 
(14). We concluded that on tongue base and epiglottis level the effect of jaw thrust 
was greater (i.e., that there was less obstruction) than that of a boil-and-bite MAD. 

Based on these findings, we adjusted our DISE protocol to better mimic the effect of a 
MAD and PT. The purpose of the current study was to verify whether our adjustments 
increase the value of DISE as a selection tool. 
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METHODS

Study participants
We collected data for this single-center retrospective cohort study during two 
prospective studies that are described in the introduction(13, 14).  

In these studies patients were included if OSA was diagnosed confirmed by PSG and 
when a DISE had been performed in supine and non-supine sleeping position and 
with and without a boil-and-byte MAD in situ between December 2018 and February 
2020. Patients were excluded if data on DISE observations was incomplete, in case 
of central sleep apnea (> 50% of central apneas), or if they spent less than 10% of 
their total sleeping time (TST) in the supine or non-supine position during their PSG. 

MyTAP
To simulate the treatment effect of a custom-made MAD we used a temporary boil-
and-byte MAD. The type of temporary MAD we used was a MyTAP (My Thorton 
Adjustable Positioner, Airway Management Inc., Dallas, TX, USA). Both dental 
arches are covered by the two separate trays which can be easily adjusted using the 
boil-and-bite system. The trays can be fixed in a protrusive position by a single screw 
(covered in plastic). After fitting both trays the patient was instructed to advance the 
device in maximal comfortable protrusive position by twisting the screw. When the 
maximal comfortable position was researched, the level of protrusion displayed on 
the device was notated and used during DISE.  

DISE procedure
The DISE was executed by an ENT resident who performed all the endoscopies 
for this study. We used a quiet and dark room. A nurse anesthetist controlled the 
sedation using propofol medication, standard anesthetic equipment and a target-
controlled infusion pump to reach the desired sedation depth. On average patients 
were asleep for 15 minutes. A flexible laryngoscope was used to examine the upper 
airway. The procedure started with the patient laying in lateral head-and-trunk 
position and subsequent rotation to the supine position, both with the MyTAP in situ. 
After this part of the procedure, the MyTAP was removed and the upper airway was 
observed in both positions with and without manually performed jaw thrust with an 
estimated 70% of maximal protrusion. 
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Classification system 
We used the VOTE scoring system to evaluate the potential obstruction at four 
levels of the upper airway, namely velum (V), oropharynx (O), tongue base (T), 
and epiglottis (E) (11). The obstruction severity was defined in three categories: no 
collapse (0; less than 50% obstruction), partial collapse (obstruction between 50 
and 75%), or complete collapse (> 75% obstruction).  For the configuration of the 
obstruction there are also three options; anterior-posterior (AP), lateral or concentric 
collapse. Figure 1 shows an overview of the potential obstruction levels, severity and 
configuration. 

Figure 1 - The VOTE classification (11)

Structure Obstruction severitya
Configurationc
Antero-posterior Lateral Concentric

Velum

Oropharynxb

Tongue Base 

Epiglottis

a. Obstruction severity: 0 = no obstruction; 1 = partial obstruction; 2 =  complete obstruction
b. Oropharynx obstruction can be distinguished as related solely to the tonsils or including the 
lateral walls 
c. Configuration noted for structures with degree of obstruction > 0

To perform analysis we gave points to all the potential collapse patterns;: 
- 0 points: no obstruction 
- 1 point: partial lateral or AP obstruction 
- 2 points: partial concentric obstruction or complete lateral or AP obstruction
- 4 points: complete concentric obstruction

We chose to score 4 point for a complete concentric collapse (CC) because several 
studies proved that this corresponds with less treatment success of a MAD (15, 16). 
Therefore and to be able to compare our results, we used the same scoring system 
as described in our first study by Vonk et al. (12); 
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Definitions
Patients were considered having position dependent OSA (PP) if the AHI in non-
supine sleeping position was less than 50% of the AHI in the supine position (13). If 
OSA severity was independent from sleeping position patients were regarded non-
positional patients (NPP).

Ethical considerations
All procedures followed were in accordance with the ethical standards for human 
experimentation, and with the Declaration of Helsinki of 1975. To protect personal 
information, data on study subjects was encoded after collection, and then stored 
Informed consent was not required for this type of study

Statistical analysis 
Statistical analysis was performed using SPSS (version 26), SPSS Inc, Chicago, 
IL. Quantitative data were reported as mean and standard deviation (SD), or, if not 
normally distributed, as median (Q1, Q3). The Kolmogorov-Smirnov Test was used 
to determine whether continuous variables were normally distributed. A p-value 
of < 0.05 was considered to indicate statistical significance. To compare baseline 
characteristics between NPP and PP, the unpaired t-test was used if data was 
normally distributed, and the Mann-Whitney U test if it was not normally distributed.  

Since we wanted to compare our results with those of our previous study, we used 
the same methods to analyze our findings (12). To calculate the effect of the passive 
maneuvers on upper airway obstruction we used the previously described scoring 
systems. For the comparison of the overall effect of these maneuvers the total sum 
VOTE score was calculated by summing the different scores for obstruction severity 
at each obstruction level. The total sum VOTE score was analyzed as ordinal data. 

The data on total sum VOTE scores in different positions, with and without maneuvers, 
and with and without MyTAP, was analyzed using Wilcoxon signed ranks tests. The 
differences in sum VOTE scores between the subgroups was analyzed using a chi-
square test or if the cells had an expected count less than 5, a Fisher’s exact test 
was used. 

Due to the shape and distribution of the outcome variable (i.e., sum VOTE score), 
a Poisson regression model was constructed to analyze the associations of supine 
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and lateral position, with and without maneuvers. Generalized estimating equations 
(GEE) were used to correct for multiple measurements per person, because 
earlier studies have shown possible effects of gender, age, BMI, AHI and position 
dependency on the VOTE score (18). The reported incidence rate ratios (IRRs) were 
adjusted for these variables.

RESULTS
In total, 94 patients were included for analysis. A majority were male (89%); patients’ 
mean age was 47.0±11.9 years, mean BMI was 27.1±3.1 kg/m2. The median AHI 
was 16.2 events per hour. Nineteen patients were diagnosed as NPP, the remaining 
75 patients were PP. These two groups significantly differ regarding the AHI in 
the supine and non-supine positions. NPP had a significantly lower AHI in supine 
position compared to PP (15.9 vs 33.5 events per hour, p=0.002) and vice versa; PP 
patients had a significantly lower AHI in non-supine position (5.9 vs 14.4 events per 
hour, p=0.000). Baseline characteristics are shown in table 1.  

Table 1 - Baseline Characteristics

Total
(n=94)

NPP
(n=19)

PP
(n=75)

p-value 

Age (y) 47.0 ± 11.9 46.2 ± 10.1 47.2 ± 12.3 0.747
Gender (female/male) 14/84 4/15 10/65 0.471
BMI (kg/m2) 27.1 ± 3.1 28.2 ± 3.5 26.8 ± 3.0 0.099
AHI (events/hr) 16.2 (10.4, 24.9) 13.5 (9.4, 31.1) 16.4 (10.5, 24.9) 0.796
AHI supine (events/hr) 30.3 (16.1, 51.7) 15.9 (8.3, 34.4) 33.5 (20.0, 52.3) 0.002ᵟ
AHI non-supine (events/hr) 7.6 (2.7, 14.5) 14.4 (9.1, 26.4) 5.9 (2.2, 12.8) 0.000ᵟ
TST supine (%) 39.4 (26.4, 54.4) 47.3 (38.1, 54.6) 37.5 (25.8, 50.5) 0.101

NPP: non-positional patients, PP: positional patients
Normally distributed: Mean ± SD, Not normally distributed: Median (Q1, Q3)
ᵟstatistically significant difference NPP versus PP (p-value < 0.05)

Total sum VOTE score

In the total population the median of the sum VOTE score was 6, in the subgroup 
with NPP it was 6 and in de subgroup with PP 5 points. The median sum VOTE score 
in NPP was reduced by 66.7% and by 60% in PP (p<0.001) with jaw-thrust or with 
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the MyTAP in situ. Similar results were found evaluating the effect of rotation from 
the supine to lateral position. Combining these two maneuvers reduced obstruction 
by 83.3% in NPP (p<0.001), and complete (100%) in PP (p<0.001). 

Figure 2 - Average total obstruction and the infl uence of maneuvers

Sum VOTE score two positions (supine and lateral), with and without manoeuvres (jaw thrust 
and MyTAP)NPP (non-positional patients) and PP (positional patients)

Comparing the median of the total sum VOTE scores between NPP and PP for 
each position or each position and maneuver, shows no statistical differences. This 
is shown in the boxplots of fi gure 3. Comparing the effect of jaw thrust and MyTAP 
in supine position, shows no differences between the two groups. Comparing the 
effect of jaw thrust and MyTAP in lateral position, shows that in NPP the MyTAP had 
more effect than jaw-thrust, this difference was not statistically signifi cant (p=0.369). 
These results are shown in fi gures 2 and 3. 
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Figure 3 - Average total obstruction an the infl uence of maneuvers

Total
(n=94)

NPP versus PP
(n=19 versus n=75)

p-value 

Supine 0.359

Supine + jaw thrust 0.230

Supine + MyTAP 0.704

Lateral 0.511

Lateral + jaw thrust 0.156

Lateral + MyTAP 0.368

Boxplots describing minimum, Q1, median, Q3, maximum and outliers of sum VOTE score in 
two positions (supine and lateral), with and without manoeuvres (jaw thrust and MyTAP), with 
corresponding p-value.

NPP: non-positional patients,  PP: positional patients
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Associations and confounders

The Poisson regression model showed the possible significant associations between 
supine and lateral position, with and without maneuvers. Applying a jaw thrust or the 
MyTAP in supine position or rotating head-and-trunk, led to a reduction of the sum VOTE 
scores by respectively 57%, 54% and 55%. Combining head-and-trunk rotation and a 
jaw thrust or the MyTAP reduced obstruction by respectively 86% and 89%, compared 
to the supine position. Adding a jaw-thrust or the MyTAP to the lateral position (head-
and-trunk rotation) caused a reduction in obstruction by 69% and 76% respectively. 
All of these associations were significant (p<0.001). No significant differences were 
found comparing the MyTAP in supine position with a jaw thrust in supine position 
(p=0.441), and comparing the MyTAP in lateral position with a jaw thrust in lateral 
position (p=0.299). The results are shown in table 2, all results are adjusted for possible 
confounders. No significant associations between the independent variables (gender, 
age, BMI, AHI and position dependency) and the sum VOTE score were found.

Division of the PP subgroup into supine isolated OSA (non-supine AHI < 5) and 
supine predominant OSA (non-supine AHI ≥ 5) created no significant differences in 
sum VOTE score; this was not described further in this study. 

Table 2 - aIRR (adjusted incidence rate ratio)

Reference position 
and/or manoeuver

Applied position 
and/or manoeuver 

aIRR* Difference in 
sum VOTE score

p-value

Supine Supine + jaw thrust 0.43 [0.37-0.49] - 57% <0.001
Supine Supine + MyTAP 0.46 [0.40-0.54] - 54% <0.001
Supine Lateral 0.45 [0.38-0.54] - 55% <0.001
Supine Lateral + jaw thrust 0.14 [0.10-0.20] - 86% <0.001
Supine Lateral + MyTAP 0.11 [0.08-0.16] - 89% <0.001
Lateral Lateral + jaw thrust 0.31 [0.23-0.41] - 69% <0.001
Lateral Lateral + MyTAP 0.24 [0.17-0.35] - 76% <0.001
Supine + jaw thrust Supine + MyTAP 1.08 [0.89-1.33] + 8% 0.441
Lateral + jaw thrust Lateral + MyTAP 0.80 [0.51-1.23] - 20% 0.299

aIRR [95% Confidence Interval] describing the association between various reference 
positions and applied positions, with and without maneuvers, resulting in a percentage of 
decrease or increase of the sum VOTE score, with corresponding p-value.
 *Adjusted for gender, age, BMI, AHI and position dependency.
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DISCUSSION
This study is performed in addition to a previously proposed prediction model. We 
have investigated the applicability of passive maneuvers during DISE to predict 
treatment success of conservative treatment modalities for OSA patients. In the first 
study, we concluded a jaw thrust overestimates the treatment effect of a MAD and 
lateral head rotation underestimates the effect of PT (12). Based on these outcomes, 
two prospective studies were performed, intended to analyze and optimize the 
passive maneuvers to better imitate the treatment effect of a MAD and PT (13, 14). 
Using the outcomes of these two studies we adjusted our DISE protocol. With the 
current study we aimed to verify if with these adjustments we can not only use DISE 
to predict treatment success for upper airway surgery but also for conservative 
treatment options. 

In this study we found that our adjustments create a better fit for DISE as a selection 
tool. Using MyTAP caused 54% less obstruction, and jaw thrust caused 57% less 
obstruction. Both modalities are close to mimicking the expected effect on upper 
airway obstruction of a MAD, which reduces the AHI by 50% (6). Head-and-trunk 
rotation reduced obstruction by 55% and thus mimicked the effect of PT, which 
reduces the AHI by 54% (20, 21).

In contrast with our expectation, the use of MyTAP imitated the effect of a custom-
made MAD not better than a jaw thrust did. In an earlier study, we compared the 
extents to which jaw thrust and MyTAP reduced obstruction at different levels of the 
upper airway (14). We found only moderate agreement: while jaw-thrust caused less 
obstruction at hypopharyngeal level, it was less effective at retropalatal level than 
MyTAP. In the current study we intended to focus on the total extent of obstruction 
as potential predictor for treatment success. Therefore, differences in effect on the 
various levels of the upper airway between the two modalities were less important 
to answer our question.

Head-and-trunk rotation, which mimics the effect of PT, caused 55% less obstruction. 
This reflects the expected effect better than the 33% decrease of only head rotation 
found by Beelen et al. (13). Head-and-trunk rotation caused more reduction in sum 
VOTE score in NPP, compared to PP, which is slightly surprising since PSG would 
suggest less dependency of position movements (19). This effect is partly caused 
by the higher ‘baseline’ sum VOTE score in supine position in the NPP-group of 
six compared to five in de PP group. In both groups the residual sum VOTE score 
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after moving head-and-trunk is two. Because NPP started with an higher score, this 
reduction is more than for PP. When considering effects of sleeping position, one 
must also consider the effect of REM sleep. Oksenburg et al. concluded that during 
REM sleep while in supine position more apneas occur. Therefore the effects of 
sleeping position is more dominant than effects of REM sleep. 

When dividing de PP subgroup into supine isolated OSA (non-supine AHI < 5) and 
supine predominant OSA

Vonk et al. (12) made a subdivision of position-dependent patients (PP) in supine 
isolated supine predominant OSA. A significant reduction of the median total sum 
VOTE score was found when comparing the effect of only head rotation in these 
subgroups, in favor of the supine isolated group (50% reduction). In contrast, we 
found no significance differences between supine isolated and supine predominant. 
Zhu et al. also found that head-and-trunk rotation was more effective in reducing the 
AHI than head rotation only (23). Moreover a 90% rotation of the head only is for 
many patients not comparable to the natural lateral sleeping position.  

Head-and-trunk rotation combined with a jaw thrust reduced the AHI by 86%. This 
overestimates the effect of combined treatment of a MAD and PT in which a 73% 
decrease in AHI would be expected (20). Vonk et al found a reduction of 83% of jaw 
thrust combined with only head rotation (12).  

Clinical relevance

DISE is an invasive diagnostic procedure. Sutherland et al. recently performed a 
study on awake multimodal phenotyping to predict MAD treatment outcome (24). 
They concluded awake assessments limit utility for clinical prediction models and 
suggest future work should be focused on sleep-related assessments.  

Cost wise, performing a jaw thrust is less expensive than using MyTAP to predict 
treatment outcome. In addition fitting the MyTAP requires more time and expertise, 
from a dentist. Nevertheless, the degree of mandibular protrusion with jaw thrust is 
subjectively estimated by the team performing the DISE. It’s often regarded as an 
imprecise and uncontrolled maneuver. With both a boil-and-bite MAD and a definitive 
custom-made MAD, the degree of protrusion can be pre-set, which leads to a more 
objective and reproducible value. compared to jaw thrust. 
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Limitations

A limitation of this retrospective study is that only one person scored the DISE 
videos. The VOTE system is subjective and a relatively coarse size.  A prospective 
study must be done to investigate our outcomes. Videos should then be scored by 
another doctor too. Furthermore, predictions made during DISE should be compared 
to follow-up outcomes on treatment instead of comparing with literature outcomes. 

CONCLUSION
In summary, the effect on upper airway patency of a jaw thrust, a temporary MAD 
and head-and-trunk rotation during DISE are in line with what we had expected 
based on treatment outcomes of a MAD and PT. These outcomes might be of added 
value when choosing between the various treatment options for patients with OSA. 
To prove the predictive value of these maneuvers during DISE, a prospective study 
should be performed.  We are currently following the patients in our cohort who 
opted for a MAD, and will compare their PSG outcomes with the expected decrease 
in obstruction  on the basis of this study. 
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ABSTRACT
Purpose Previous studies have shown a wide range of efficacy (29% to 71%) of a 
Mandibular Advancement Device (MAD) in the treatment of Obstructive Sleep Apnea 
(OSA). Currently, the ability to preselect suitable patients for MAD therapy based 
on individual characteristics related to upper airway collapsibility is limited. Bearing 
this in mind, we hypothesized that the use of non-custom interim MAD during drug-
induced sleep endoscopy (DISE) could be a valuable screening tool to predict MAD 
treatment outcome. 

Methods In a single-center prospective study including a consecutive series 
of patients with OSA, we compared DISE outcomes with a MAD in situ with 
polysomnography results after 3 months of using the same MAD that was used 
during DISE. 

Results Forty-one patients completed the study, with a median apnea-hypopnea index 
(AHI) of 16.0 events/hr [IQR 7.4 - 23.4]. Respiratory outcomes on polysomnography, 
including apnea index (AI), total AHI, AHI in supine position, and oxygen desaturation 
index, all significantly improved after 3 months of MAD treatment. With complete 
improvement of the upper airway obstruction with the MAD in situ during DISE 
in supine position, patients were 6.3 times more likely to be a responder to MAD 
treatment compared to patients with a persisting complete obstruction, although not 
significant (OR 6.3; 95%CI 0.9-42.7;  p=0.060).

Conclusion The finding of the preliminary predictive value with regard to MAD 
therapy outcome of the use of an interim MAD during DISE is a key finding, since 
the prediction of MAD therapy outcome is of great clinical and scientific interest. A 
study with a larger cohort should be performed to confirm our findings. 

Keywords: obstructive sleep apnea, sleep-disordered breathing, mandibular 
advancement device, treatment success, drug-induced sleep endoscopy
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INTRODUCTION 
Various treatment options are available for patients with obstructive sleep apnea 
(OSA). Continuous positive airway pressure (CPAP), Mandibular Advancement 
Device (MAD) therapy and Positional Therapy (PT) are the most commonly used 
non-invasive treatment options1. If an invasive treatment option such as upper 
airway surgery is considered, a drug-induced sleep endoscopy (DISE) is performed 
in preceding surgery, to investigate the level(s), configuration and severity of 
obstruction of the upper airway2. Potential obstruction sites of the upper airway 
are the soft palate, the oropharynx, the tongue base and the epiglottis. All above-
mentioned therapies influence these obstructions sites in a different manner 3.

If OSA is treated with a MAD, the aim is to improve the upper airway patency by 
protruding the lower jaw and tongue. This will increase the cross-sectional airway 
dimensions, and consequently reduce snoring and airway obstructions 4. 

Previous studies have shown a wide range (29% to 71%) of efficacy of a MAD, 
depending on OSA severity and criteria to define treatment success5. Currently, 
the ability to preselect patients suitable for MAD therapy based on individual 
characteristics related to upper airway collapsibility is limited. At this point, relevant 
variables that have been studied related to the prediction of treatment outcome with 
a MAD include body mass index (BMI), apnea-hypopnea index (AHI), age, gender, 
cephalometric outcomes, polysomnographic outcomes, and observations that are 
made during DISE6,7. Observations during DISE include investigation of the effect 
of a manual protrusion of the lower jaw – the so-called jaw thrust maneuver –. 
However, using this maneuver to predict treatment success has been criticized due 
to the fact that the degree of manual mandibular advancement is not completely 
representative for the effect of a MAD and not fully reproducible8. This could result 
in an overestimation of the effect of MAD treatment 9. In addition, it does not account 
for the vertical displacement of the mandible as a result of the MAD10.  Others 
argue that if a treatment is considered that does not improve all potential obstructive 
upper airway levels, identification of the upper airway collapse patterns is a crucial 
diagnostic element11.

In 2013, Vroegop et al. investigated the use of a simulation bite during DISE to predict 
MAD treatment success, instead of the standardly used jaw thrust maneuver11. 
They concluded that a simulation bite in maximal comfortable protrusion, used 
during DISE, may be an effective method to predict MAD treatment success. In 
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2020, Cavaliere et al. performed a similar study, including patients with more severe 
OSA. In this study, MAD treatment success was high, i.e. 91%12. Both studies 
suggest a positive predictive value with regard to MAD treatment success using 
a simulation bite during DISE. However, patients were only included for follow-up 
if they had a positive response on upper airway patency with a simulation bite in 
situ. Therefore, the negative predictive value of these findings during DISE on MAD 
treatment outcomes remains unclear and not investigated. 

In addition, using a MAD with similar characteristics during DISE and follow-up 
could potentially increase the validity of study outcomes, since measurements are 
performed with a similar device at baseline and follow-up.

The past few years, a new-generation interim MAD has been developed, which 
can easily be fitted within 15 minutes by a trained dentist, and is titratable and less 
expensive than custom-made MADs. It has the great advantage above a simulation 
bite that it can also be used as interim treatment at home, this in contrast to 
simulation bites used in previous studies. These features allow for comparing the 
effect of a MAD during DISE with its actual treatment effect after a certain treatment 
period. If this MAD turns out to be a more accurate screening tool during DISE, two 
positive developments arise: 1. MAD treatment success might increase due to better 
patient selection; and 2. If a patient is a suitable candidate, she/he can experience 
the benefits and possible disadvantages of MAD therapy, directly after the DISE 
procedure, before a more expensive custom-made MAD is applied. 

Bearing this in mind, we hypothesize that the use of the new-generation MAD during 
DISE could be a valuable screening tool to predict MAD treatment outcome. We 
investigated this hypothesis, by comparing DISE outcomes with MAD in situ with 
polysomnography (PSG) results after 3 months, using the same MAD. 

METHODS

Study participants
We performed a single-center prospective study with a follow-up of 3 months including 
a consecutive series of patients with OSA. Patients were included prior to DISE if they 
were 18 years or older and were diagnosed with OSA by an overnight PSG (AHI≥5 
events/hr). Patients were excluded if they had reversible morphological upper airway 
abnormalities (e.g., enlarged tonsils), previous MAD therapy, Central Sleep Apnea 
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syndrome (> 50% of central apneas as confirmed by PSG), (severe) periodontal 
disease or tooth decay (confirmed by clinical and radiographic examination), 
temporomandibular joint pain, restrictions in maximal mouth opening (<25 mm) or in 
protrusion of the mandible (<5 mm), or if they were partially or completely edentulous 
(less than 8 teeth in upper or lower jaw). After giving written informed consent, the 
MAD was fitted chairside in maximum comfortable protrusion, which was achieved by 
twisting the screw in the frontal area of the device until patients started to experience 
pain or discomfort in their teeth, jaw, or muscles. From that point on, the device was 
set to retrude the mandible for one millimeter. Subsequently, DISE was performed 
with the MAD in situ. Regardless of the observations made during DISE, the MAD 
was subsequently prescribed for a follow-up of 3 months. Patients were instructed 
to advance the appliances during the first 4 weeks of follow-up until maximum 
comfortable protrusion was reached. At the four weeks consultation the amount of 
protrusion was checked and patients were asked if there were any complaints. After 
three months, the treatment effect was determined by PSG.

Definitions
The effect of the MAD during DISE was defined using the VOTE-scoring system with 
and without the MAD. Complete improvement was defined as no obstruction left 
with MAD in situ. Improvement from complete to partial obstruction during DISE was 
defined as partial improvement. If on any level a complete obstruction was present, 
the effect was defined as no improvement.

Complete MAD treatment success was defined as a post treatment AHI<5 events/
hr. Partial treatment success was defined as an AHI reduction of more than 50% 
compared to baseline AHI. Patients were considered non-responders when not 
meeting the criteria for complete or partial treatment success. 

Ethical considerations
All procedures followed were in accordance with the ethical standards of the 
responsible committee on human experimentation and with the Declaration of 
Helsinki of 1975. Data on study subjects was collected and stored encoded to 
protect personal information. Informed consent was obtained for all patients prior 
to inclusion. The study was approved by the national medical ethical committee 
(MEC-U; NL64738.100.18) and by the local ethics committee of OLVG hospital.
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New generation MAD: MyTAPTM

The MyTAPTM (My Thorton Adjustable Positioner, Airway Management Inc., Dallas, 
TX, USA) is a new generation non-custom MAD which utilizes all the features of 
a custom-made MAD. It consists of two separate trays of hard plastic framework 
fitted with ThermAcrylTM (Airway Management Inc., Dallas, TX, USA) material, which 
fully covers the upper and lower dental arches.  The protrusive mechanism used 
in MyTAPTM is a single point mid-line traction. The MyTAPTM moves the mandible 
forward by a single screw (covered in plastic) with a protrusive range of over 20 
mm. Titration, both protrusive and vertical (up to 12mm with adjustment stops), can 
be easily adjusted by the clinician or patient. The MyTAPTM was fitted by the same 
trained dentist (JUV) for every patient in this study. When the maximal comfortable 
position was reached, the level of protrusion displayed on the device was recorded 
and used during DISE. During the first four weeks, patients were instructed to 
advance the device to this maximal comfortable position by twisting the screw. 

DISE procedure
In this study, we added the use of the interim MAD to our standard DISE protocol to be 
able to test our hypothesis2. DISE was executed in a quiet and dark room, by an ENT 
resident (PB) who performed all the endoscopies for this study, a nurse anesthetist, 
and an assistant. The desired sedation depth was reached using propofol medication 
and a target-controlled infusion pump. Patients slept approximately 15 minutes. To 
examine the upper airway, a flexible laryngoscope was used. Assessment of the 
upper airway started with the patient laying on his/her right side (lateral head-and-
trunk position) with the interim MAD in situ, after which the patient was turned to his/
her back (supine position). Subsequently, we carefully removed the interim MAD 
and performed our standard DISE procedure with assessment of the upper airway 
in both positions, with and without manually performed jaw thrust with an estimated 
70% of maximal protrusion. 

Classification and additional system 
For the assessment of potential obstructions of the upper airway, the VOTE scoring 
system was used13. At four levels of the upper airway, namely velum (V), oropharynx 
(O), tongue base (T), and epiglottis (E), the obstruction severity and configuration 
were determined. The obstruction severity was defined as zero (no collapse: <50% 
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obstruction), one (partial collapse: 50% - 75% obstruction), or two (complete collapse: 
> 75% obstruction).  The configuration of the collapse was either anterior-posterior 
(AP), lateral, or concentric. Figure 1 shows an overview of the potential obstruction 
levels, severity, and configuration. 

Statistical analysis
Statistical analysis was performed using SPSS v26 (IBM Corp. Released 2019. IBM 
SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp). Quantitative data 
were reported as mean and standard deviation (SD) or as median and interquartile 
range [Q1, Q3] if not normally distributed. To determine whether continuous variables 
were normally distributed, the Shapiro-Wilk Test was used. To compare outcomes of 
the baseline PSG and follow-up PSG (with the MAD in situ), a paired t-test was used 
in case of normally distributed data and the Wilcoxon signed rank test in case of not 
normally distributed data. A logistic regression analysis was performed to investigate 
the predictive effect on treatment outcome of the MAD during DISE in supine and 
lateral positions. For comparison, the same was done for jaw trust. To investigate 
whether specific variables were potential predictors for treatment outcome or drop-
out, an independent samples t-test was used in case of normally distributed data and 
the Mann Whitney U test in case of not normally distributed data. A p-value of < 0.05 
was considered to indicate statistical significance.

RESULTS
In total, 58 patients were included; 17 did not complete follow-up. Nine were lost 
to follow-up because the study visits were considered too time consuming, three 
patients did not tolerate sleeping with the interim MAD, in one patient there was no 
effect on the complaints and therefore the patient was not motivated to use it during 
the full 3-months of follow-up, one other patient discontinued treatment because of 
tooth pain, and three patients because of discomfort of the device. Forty-one patients 
completed the study. The majority was male (82.9%), median age was 51 years, the 
mean BMI was 26.1 kg/m2 and, the median AHI was 16.0 [7.4; 23.4](Table 1). 
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Table 1. Patient characteristics

Total
Number of patients (N) 41
Sex (% female) 17,1%
Age (years) 51 [38; 54]
BMI (kg/m2) 26.8 ± 2.8
Pre-treatment AHI (events/hr) 16.0 [7.4; 23.4]

Data presented as mean ± SD or median [Q1; Q3]
BMI body mass index, AHI apnea-hypopnea index

Respiratory outcomes measured by a PSG, including AI, total AHI, AHI in supine 
position, and ODI, all significantly improved after 3 months of MAD treatment (Table 
2). Complete treatment success was achieved in 14 (34.1%) patients, and partial 
success in 7 (17.1%) patients. Thus, 21 (51.2%) patients could be defined as 
responder to MAD treatment, and 20 (48.8%) as non-responder. 

Table 2. PSG at baseline versus PSG at 3 months follow-up with MAD in situ

PSG baseline
N=41

PSG follow-up
N=41

p-value

Total AI (events/hr) 5.2 
[2.3; 11.1]

1.2
[0.5; 5.6]

0.002*

Total AHI (events/hr) 16.0 
[7.4; 23.4] 

7.8
[3.1; 15.9]

0.001*

Supine AHI (events/hr) 24.9 
[10.6; 39.6]

10.7
[3.9; 23.1]

<0.001*

Non-supine AHI (events/hr) 6.7 
[2.4; 15.3]

4.4
[1.5; 10.7]

0.162

% of TST in supine position 39.1
[24.9; 54.4]

42.8
[27.6-53.4]

0.401

ODI (3%, events/hr) 17.1
[9.0; 26.8]

7.0
[2.5; 13.3]

<0.001*

Mean saturation (%) 95.0
[94.0; 96.0]

95.0
[93.5; 96]

0.300

Lowest saturation (%) 86.0
[82.0; 90.0]

88.0
[84.5; 90.5]

0.216

Data presented as median [Q1; Q3]
AI apnea-index, AHI apnea-hypopnea index, TST total sleeping time, ODI Oxygen degeneration 
index
*p<0.05, by Wilcoxon signed rank test
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With complete improvement of the upper airway obstruction with the MAD in 
situ during DISE in supine position, patients were 6.3 times more likely to be a 
responder to MAD treatment compared to patients with a persisting complete 
obstruction (OR 6.3; 95%CI 0.9-42.7; p=0.060). If a partial obstruction remained, 
the chance of being a responder to MAD treatment was 1.8 times higher compared 
to patients with a persisting complete obstruction at any level (OR 1.8; 95%CI 0.4-
7.5; p=0.421). If no improvement was found, the chance of being a responder was 
0.16 (95%CI 0.9-42.7; p=0.060) (Table 3). With complete improvement of the upper 
airway obstruction with the jaw thrust maneuver during DISE in supine position, 
patients were not more likely to be a responder to MAD treatment compared to 
patients with a persisting complete obstruction (OR 1.0; 95%CI 0.2-6.0; p=1.000), 
this outcome was not significant either.

Table 3. Predictive value of the MAD and jaw trust regarding treatment outcome

Position Improvement Responder 
(n=21)

Non-responder 
(n=20)

Odds ratio 
(95%CI)

P-value

Supine MT No 
Partial
Complete

5 (23.8)
9 (42.9)
7 (33.3)

9 (45.0)
9 (45.0)
2 (10.0)

ref
1.8 (0.4-7.5)
6.3 (0.9-42.7)

.169*

.421

.060
Supine JT No 

Partial
Complete

6 (28.6)
11 (52.4)
4 (19.0)

6 (30.0)
10 (50.0)
4 (20.0)

ref
1.1 (0.3-4.5)
1.0 (0.2-6.0)

.988*

.895
1.000

Lateral MT No 
Partial
Complete

3 (14.3)
0 (0.0)
18 (85.7)

3 (15.0)
4 (20.0)
13 (65.0)

ref
-
1.4 (0.2-8.0)

.936*
-
.716

Lateral JT No 
Partial
Complete

2 (9.5)
3 (14.3)
16 (76.2)

4 (20.0)
6 (30.0)
10 (50.0)

ref
1.0 (0.1-9.0)
3.2 (0.5-20.8)

.232*
1.000
.223

Data are presented as N(%)
MT MyTAP, JT Jaw trust, ref reference 
*overall P value

From the other known predictors for treatment outcome, in this study, only age 
differed significantly (p=0.028) between the responders (41 [38; 53] years) and non-
responders (54 [47; 56] years). BMI, AHI>30 events/hr, and a complete concentric 
collapse did not differ significantly between both groups (Table 4).
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Comparing potential predictive values for treatment outcome between patients who 
completed follow-up and who did not, BMI was significantly (p=0.043) lower in the 
drop-out group. Age and pre-treatment AHI did not differ significantly (Table 5).

Table 4. Predictors known to influence MAD treatment outcome

Responder (N=21) Non-responder (N=20) p-value
BMI 26.0 ± 2.6 27.6 ± 2.9 0.462
AHI>30 3 (14.3%) 4 (20.0%) 0.697
Age 41 [38; 53] 54 [47; 56] 0.028*
CCC 5 (23.8%) 4 (20.0%) 0.719

Data presented as mean ± SD or median [Q1; Q3]
BMI body mass index, AHI apnea-hypopnea index, CCC Complete concentric collapse
*p<0.05 

Table 5. Potential predictors for drop-out

Complete follow-up (N=41) Drop-out (N=17) p-value
BMI 26.8 ± 2.8 26.4 ± 3.9 0.043*
Age 51 [38; 54] 54 [38; 61] 0.215

Pre-treatment AHI 
(events/hr)

16.0 [7.4; 23.4] 16.1 [8.6; 19.8] 0.707

Data presented as mean ± SD or median [Q1; Q3]
BMI body mass index, AHI apnea-hypopnea index
*p<0.05

DISCUSSION
To the best of our knowledge, this is the first study investigating the positive and 
negative predictive value on MAD treatment success of a non-custom titratable MAD 
used during DISE, which can subsequently be used as an interim MAD at home. 
This study showed that if the obstruction of the upper airway in supine position 
completely disappeared while applying the MAD during DISE, patients were 6.3 
times more likely to be a responder to MAD treatment compared to patients with a 
persisting complete obstruction during DISE. This also applies the other way round; 
if the obstruction of the upper airway in supine position persist while applying the 
MAD during DISE, patients were 6.3 times more likely to be a non-responder to MAD 
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treatment compared to patients with complete improvement  of the obstruction during 
DISE. The findings with regard to the predictive value of the MAD on obstruction of 
the upper airway in lateral position showed no significant differences. This could 
be explained by the fact that in this study population the majority (68.3%) had 
position-dependent OSA, which consequently means that there were less patients 
with an obstruction in lateral position14. Therefore, the sample-size for cases with 
improvement was smaller. Comparing the outcomes of applying a MAD with a jaw 
trust, one can conclude that the jaw trust has no predictive value, since none of the 
outcomes on the predictive value were significant. 

In this study population, the majority of the respiratory parameters were significantly 
improved at 3-months follow-up, with a treatment response of 51.2%. Comparing 
these results to previously published studies shows a lower treatment response in 
this study.

The study population of Vroegop et al.11 was comparable to ours regarding pre-
treatment AHI. The number of treatment responders in their study was higher 
(68.9%), which might be explained by the fact that patients without improvement 
on simulation bite were excluded from subsequent MAD therapy. In the ‘’predicted 
response group’’ 83.3% of the patients were responders. Vroegop et al.11 did not 
find similarity between jaw-trust and the simulation bite.

There are several studies that have evaluated the predictive value on MAD treatment 
success by using a simulation bite during DISE11,12. Although their study methods 
seem comparable to this study, they did not included patients who did not have 
improvement of upper airway obstruction during DISE with the simulation bite in situ. 
Therefore, the negative predictive value of these findings could not be assessed. We 
did choose to do so and were therefore able to investigate whether non-responders 
during DISE, where indeed non-responders to MAD treatment after 3 months of 
follow-up.

Limitations 

This study was not without limitations. Due to the high drop-out rate, the sample size 
of patients who completed follow-up was small. This might have caused the absence 
of significant outcomes with regard to the predictive value of the MAD during DISE. 
In addition, as age was found to be significantly different between the responders 
and non-responders. Correcting for age in the logistic regression would have been 
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more accurate. However, the sample size was not sufficient to do so. The drop-out 
rate was comparable to that of the study of Vroegop et al.11 Our drop-out rate could 
partially be explained by the fact that we also included patients for MAD treatment 
who had no improvement of the MAD during DISE. Therefore, patients might had 
a higher chance not experiencing beneficial effects of MAD treatment, which could 
have influenced their adherence. In addition, this whole study was performed during 
the COVID-19 pandemic which led to changes in consultations, some were virtual, 
others were delayed or cancelled, fewer contact with our patients might have caused 
lower adherence or drop-out. It must also be noted that examination of the upper 
airway by performing DISE attempts to simulate natural sleep, but is not the same, 
therefore findings during DISE might differ from the actual situation during the night. 

Clinical relevance

This study is part of a larger series. We have performed several studies regarding this 
new-generation MAD8,10. We have investigated whether there was an agreement 
between this MAD effect and jaw trust and concluded that this was only slight to 
moderate10. We have also investigated the objective and subjective treatment effect 
of this new-generation MAD and compared it to a custom-made MAD. We concluded 
that the effect of both MADs is comparable, this regards data which has not been 
published yet. If this study proved the predictive value of this new generation MAD 
during DISE, it would consequently not only predict its own treatment success, but 
given the similarity also that of a custom-made MAD. This finding would create major 
screening opportunities and consequently increase treatment success of a MAD. 
The MAD would be applied prior to DISE, if no obstruction was left with the MAD 
in situ in supine position, patients would be instructed to wear the MAD for at least 
three months, with a 6.3 times higher change of favorable treatment outcome. In 
addition, using this new-generation MAD allows the patient to start treatment directly 
after DISE. Within the first months patients can experience the (subjective) benefits 
and possible disadvantages of MAD therapy before a more expensive custom-
made MAD would be made. Consequently, this MAD could be an efficient and cost-
effective means for screening treatment eligibility. If our other study had confirmed 
the similarity between a jaw-trust and this MAD, consequently a jaw-trust could 
predict for MAD treatment outcome. However the similarity in that study and in the 
current study was small10. 
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CONCLUSION
The finding of the preliminary positive and negative predictive value of an interim 
MAD during DISE with regard to MAD therapy outcome is a key finding, since the 
prediction of MAD therapy outcome is of great research interest. A study with a larger 
cohort should be performed to confirm our findings and to determine the clinical 
consequence of this finding.
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ABSTRACT
Purpose Numerous types of mandibular advancement devices (MADs) are 
available to treat patients with obstructive sleep apnea (OSA), varying from non-
custom to custom devices. Only a limited number of studies have been performed 
to determine whether a non-custom MAD could be used to predict treatment 
success of a custom MAD. In this study, we investigated the potential of a new 
generation non-custom MAD, by comparing its effectiveness with a custom MAD. 
We hypothesize that the effectiveness of the devices is similar with regard to both 
objective (polysomnography; PSG) and self-reported (questionnaires, adherence, 
and patient satisfaction) outcomes. 

Methods Single-center prospective randomized cross-over study including a 
consecutive series of patients with OSA. Patients were randomized to start either 
with the non-custom or custom MAD. Both MADs were applied for 12 weeks, followed 
by a PSG with MAD in situ and questionnaires. After the first 12 weeks of follow-up, 
a wash out period of one week was applied. Equal effectiveness was defined as no 
significant differences in both objective and self-reported outcomes between both 
devices.

Results Fifty-eight patients were included; forty completed the full follow-up. The 
median apnea-hypopnea index significantly reduced from 16.3 [7.7; 24.8] events/hr 
to 10.7 [5.6; 16.6] events/hr with the custom MAD (p=0.010) and to 7.8 [2.9; 16.1] 
events/hr with the non-custom MAD (p<0.001). Self-reported outcomes significantly 
improved in both groups. No significant differences were found between both devices.

Conclusion The effectiveness of a non-custom and custom MAD is comparable, 
which suggest that a non-custom MAD can be used as a selection tool for MAD 
treatment eligibility to improve MAD treatment outcome. 

Keywords: obstructive sleep apnea, sleep-disordered breathing, mandibular 
advancement device, treatment success, drug-induced sleep endoscopy
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INTRODUCTION 
A mandibular advancement device (MAD) is one of the treatment options for patients 
with obstructive sleep apnea (OSA),1, 2 especially in patients with mild to moderate 
OSA. Other OSA treatments include continuous positive airway pressure (CPAP), 
upper airway surgery, upper airway stimulation, maxillomandibular advancement 
surgery and positional therapy.3 MADs are designed to advance the mandible 
preventing upper airway collapse. Advancement of the tongue base, epiglottis and soft 
palate improves upper airway patency.4 Depending on OSA severity and the criteria 
used to define treatment success, the efficacy of MADs ranges from 40% to 92%.5  

Numerous types of MADs are available, varying from non-custom (thermoplastic 
‘’boil-and-bite’’ or new generation devices) to custom MADs, each consisting of a 
single part (monobloc) or two separate parts (bibloc).4, 6 

Some studies have been performed to determine whether a non-custom (‘’boil-
and-bite’’) MAD could be used to predict the treatment success of a subsequently 
produced custom MAD.7, 8 Vanderveken et al.8 compared the efficacy of a non-
custom thermoplastic monobloc MAD (hereafter; non-custom MAD) with that of a 
custom MAD. They concluded that a custom MAD was more effective than a non-
custom one and, in addition, that the effect of a non-custom MAD does not predict the 
effect of the subsequently produced custom MAD.8 In 69% of the patients, treatment 
failed (no treatment success or not compliant) with the non-custom MAD compared 
to 40% with the custom MAD.8 In addition, the poor adherence with the non-custom 
MAD mainly resulted from poor retention of the device, suggesting the need for a 
non-custom device with better retention. 

The oral device industry has improved MAD designs significantly over the last few 
decades. Historically, most thermoplastic “boil-and-bite” devices are monoblocs, 
which are set to a predetermined, arbitrary position. A new generation of non-
custom thermoplastic MADs are titratable, utilizing trays for both the upper and lower 
dentition, joined by a mechanism that moves the mandible forward in relationship 
to the maxilla. All oral appliances are classified as custom and non-custom based 
on whether an impression is used to construct the trays. This new generation of 
non-custom MADs is more comfortable and has better retentive features. They can 
be fitted chairside within 15 minutes, so therapy can be initiated immediately. In 
addition, non-custom MADs are potentially cheaper than a custom MAD. These 
features allow the patients to experience the benefits and possible disadvantages of 



Chapter 7  

126

MAD therapy before a more expensive custom MAD is applied, providing an efficient 
and cost-effective way of screening MAD treatment eligibility. 

So far, the effectiveness of this new generation of non-custom MADs has not been 
compared to custom MADs. Bearing this in mind, we tested the potential of a non-custom 
(new generation) MAD to its antecedent device that is of similar design mechanically but 
differs in terms of the material. We hypothesized that the devices are similar with regard 
to objective and self-reported outcomes in treating patients with OSA and therefore a 
non-custom MAD might be used as a screening tool for MAD treatment eligibility.

METHODS

Study participants
We performed a single-center prospective randomized cross-over study with a follow-
up of 12 weeks in each allocation group in a consecutive series of patients with OSA. 
Patients were diagnosed through an overnight polysomnography (PSG). Patients were 
included if they were 18 years or older and had an AHI≥5 events/hr. Written informed 
consent was obtained for all patients prior to inclusion. Patients were excluded if they 
had reversible morphological upper airway abnormalities (e.g. enlarged tonsils), clear 
failure or non-acceptance of previous MAD therapy, Central Sleep Apnea syndrome (> 
50% of central apneas confirmed by PSG), (extensive) periodontal disease or tooth 
decay (confirmed by orthopantomagram X-ray), active temporomandibular joint disease 
(including severe bruxism), restrictions in maximal mouth opening (<25 mm) or in 
protrusion of the mandible (<5 mm), or partial or complete edentulous (less than 8 teeth 
in upper or lower jaw). Patients were subsequently randomized to start with either the 
non-custom MAD or the custom MAD. We used a validated variable block randomization 
model, which was constructed in such a way that randomized inclusions are divided 
across groups (without stratification) in variable block sizes (4, 6, 8) to ensure true 
randomness during the allocation. Allocation was automatically reported in the online 
case report forms prior to informing the clinical staff. During all baseline measurements, 
MAD allocation was not determined yet. Thereafter, both the participants and the 
practitioners were informed about which MAD was applied. Scoring of the PSG’s by the 
somnotechnicians was performed blinded. Both MADs were applied during a follow-up 
of 12 weeks with a consultation after four weeks. After 12 weeks of follow-up, treatment 
effect was measured by a PSG and self-reported outcomes were obtained. Therapy was 
discontinued during a wash-out period of one week. Subsequently, patients used the 
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non-custom or custom MAD for 12 weeks, depending on randomization, with the same 
clinical analyses and self-reported outcomes after 12 weeks (Figure 1).

Figure 1. Study procedures flow-diagram

PSG = polysomnography, DISE = drug-induced sleep endoscopy
TAP=custom MAD, myTAP=non-custom MAD
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Outcome measures
Primary outcome measures were respiratory PSG outcomes, including total apnea-
hypopnea index (AHI), apnea-index (AI), supine AHI, non-supine AHI, percentage of 
total sleeping time (TST) in supine position, oxygen desaturation index (ODI, 3%), 
mean saturation and lowest saturation.

Secondary outcome measures included self-reported outcomes using three different 
questionnaires: the Epworth Sleepiness Scale (ESS),9 the Functional Outcomes of 
Sleep Questionnaire (FOSQ),10 and the Research and Development-36  Survey 
(RAND-36).11 Data on adherence was based on self-reported therapy usage. Patient 
satisfaction and complaints were evaluated by collecting side-effects mentioned 
during follow-up visits. Secondary outcome measures were collected at baseline, 
and after 12 weeks of follow-up for both devices. 

Both primary and secondary outcome measures were analyzed comparing baseline 
and results after 12 weeks of follow-up for both devices and comparing the results 
between the non-custom and custom MAD.

Definitions
We defined equal effectiveness of the custom and non-custom MAD as no significant 
differences between in the two devices regarding the primary outcome variables, 
which were the PSG outcomes.

Complete MAD treatment success was achieved when the post-treatment AHI was 
less than 5 events/hr. Partial success was defined as a reduction in the AHI of more 
than 50% and an AHI> 5 events/hr. Patients were considered non-responders when 
not meeting the criteria for complete or partial treatment success.

TAPTM (Figure 2)
As a custom MAD we used the TAP1 (Thornton Adjustable PositionerTM type-1, Airway 
Management Inc., Dallas, TX, USA), consisting of two separate trays covering the 
upper and lower dental arches. Custom MAD fabrication requires either a digital or 
physical impression, and a cast or milled technology. Thin, resilient trays are made 
from an impression, which has two main features: retention and protrusion. Retention 
prevents the tray from dislodging from the teeth, and protrusion by a mechanism 
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moves the mandible forward in increments of 1mm or less. The protrusive mechanism 
used in custom TAP appliances is single point mid-line traction. The TAPTM moves 
the mandible in a forward position by a screw mechanism incorporated in the frontal 
area of the appliance and has a protrusive range of over 20 mm. The TAP1 has an 
AccuThermTM (Airway Management Inc., Dallas, TX, USA) thermoplastic lining to 
achieve maximum retention and comfort. 

Figure 2. TAPTM Custom mandibular advancement device

Thornton Adjustable PositionerTM type-1, Airway Management Inc., Dallas, TX, USA

myTAPTM (Figure 3)
As a new generation non-custom MAD we used the myTAPTM (My Thornton 
Adjustable PositionerTM, Airway Management Inc., Dallas, TX, USA), which utilizes 
all the features of a custom oral appliance. This novel thermoplastic MAD consists of 
two separate trays of hard plastic framework overmolded with ThermAcrylTM (Airway 
Management Inc., Dallas, TX, USA) material, which fully covers the upper and lower 
dental arches. This combination of materials provides accurate molding capabilities, 
using a thin, durable tray system that can be reheated and remolded as many 
times as necessary to achieve maximum retention and comfort. The thermoplastic 
material virtually takes an impression of the teeth, similar to a custom thermoplastic 
impression material. Upon cooling, the material retains its shape and is as resilient 
as a custom appliance.  The protrusive mechanism used in myTAPTM is single point 
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mid-line traction. The myTAPTM moves the mandible forward by a single screw 
(covered in plastic) with a protrusive range of over 20 mm. Titration, both protrusive 
and vertical (up to 12mm with adjustment stops), can be easily adjusted by the 
clinician or patient. After fitting both trays chairside, the patients can immediately 
start wearing the device. 

Figure 3. myTAPTM Non-custom mandibular advancement device

My Thornton Adjustable PositionerTM, Airway Management Inc., Dallas, TX, USA

Titration of the devices
Before initiation of the trial, maximum voluntary mandibular protrusion was 
determined. The maximum voluntary mandibular protrusion was achieved by twisting 
the screw in the frontal area of the myTAPTMuntil patients started to experience pain 
or discomfort in their teeth, jaw, or muscles. From that point, the device was set to 
retrude the mandible for one millimeter. When initiating, both the custom and non-
custom MAD were positioned at 50% of the maximum protrusion, as determined 
by a George Gauge bite registration.12. Patients were instructed to advance the 
devices during the first 4 weeks of follow-up until the maximum voluntary protrusion 
was reached. This procedure was the same for both devices. In both study arms, 
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at the first follow-up visit (4 weeks), the amount of protrusion was determined. At 
the 3-months follow-up visit, it was verified whether the amount of protrusion had 
changed since the 4-weeks follow-up visit. 

Polysomnography 
A standard PSG (SomnoscreenTM, SOMNOmedics GmbH, Randersacker, 
Germany) was performed in all patients. To determine the stages of sleep, an 
electroencephalogram (F3, F4, C3, C4, M1, M2, O1, O2), electro-oculogram and 
electromyogram of the submental muscle were obtained. Nasal airflow was measured 
by a nasal cannula/ pressure transducer inserted in the opening of the nostrils. 
An oronasal thermal flow sensor was used to determine the difference between 
the temperature of exhaled and ambient air to estimate airflow and detect mouth 
breathing. Arterial blood oxyhemoglobin was recorded with the use of a finger pulse 
oximeter. Thoracoabdominal excursions were measured qualitatively by respiratory 
effort belts placed over the rib cage and abdomen. Body position was determined 
by a position sensor, which differentiates between the upright, left side, right side, 
prone and supine position. Limb movements were detected with an anterior tibial 
electromyogram with surface electrodes. Electrocardiography was performed to 
score cardiac events and snore sensor was applied for occurrence of snoring.

Statistical analysis
Statistical analysis was performed using SPSS (version 26, SPSS Inc, Chicago, IL, 
USA). 

Quantitative data were reported as mean and standard deviation (SD) or as median 
and (Q1, Q3) when not normally distributed. To determine whether continuous 
variables were normally distributed, the Shapiro-Wilk Test was used. A p-value 
of < 0.05 was considered to indicate statistical significance. Primary outcomes, 
adherence, and ESS are reported with both per-protocol and intention-to-treat (ITT) 
analysis.. For the latter, missing follow-up data were replaced by baseline data. In 
the assessment of therapy effect, the follow-up AHI values were used as primary 
outcome measure. 

To compare the outcomes of the baseline PSG and follow-up PSG (both custom and 
non-custom) a paired t-test was used in the case of normally distributed data, and 
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the Wilcoxon signed rank test in the case of not normally distributed data. The same 
analysis was used for the evaluation of differences in PSG outcomes comparing the 
two devices. To evaluate differences in self-reported outcomes between baseline and 
follow-up visit at 12 weeks (both devices), the Wilcoxon signed rank test was used. 
The Wilcoxon signed rank test was also used for the evaluation of the self-reported 
outcomes and treatment outcomes between the two devices. A paired samples t-test 
was used to analyze differences in titration of the devices. To investigate the role of 
potential predictors for treatment success, such as age, BMI, AHI, and adherence, 
a Mann-Whitney-U test was performed comparing responders and non-responders 
for each device.

Sample size
Sample size calculation was performed with the statistical program G*Power-3.1. 
The sample size estimation was based on the primary outcome measure, the AHI. 
For the calculation, we used results of the study performed by Vanderveken et al.8 
Based on an estimated AHI reduction of 9 events with a standard deviation of 9 
events with the custom MAD and 5 events ± 8 events with the non-custom MAD 
an alpha of 0.05 and power of 0.85, 43 patients were required per treatment group. 
It was expected that 25% of patients would drop out.8 Therefore, the estimated 
number for this randomized controlled trial was 58 patients in a total.

RESULTS
In total, 58 patients were included, of whom 18 did not complete follow-up. Figure 
4 shows the specific time points and reasons for dropping out. The majority of the 
patients (n=58) were male (n=45, 78%), median age was 51 [38; 56] years, and 
median BMI 26.2 [24.2; 29.2]kg/m2.  The median AHI at baseline was 16.2 [7.4; 
21.9] events/hr (Table 1). The maximum voluntary protrusion at baseline was 70.9% 
± 33.7% of maximum protrusion. At 4-weeks follow-up, the percentage of maximal 
protrusion was for the custom MAD and non-custom MAD was 71.1 ± 27.9% and 
97.4 ± 43.4% respectively. The amount of protrusion did not significantly differ 
between baseline and follow-up values or between the two MADs.  
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Figure 4. Dropouts

PSG = polysomnography, DISE = drug-induced sleependoscopy
TAP=custom MAD, myTAP=non-custom MAD
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Table 1. Patient characteristics

Total 
Number of patients (N) 58
Sex (male: female) 45: 13
Age (years) 51 [38; 56]
BMI (kg/m2) 26.2 [24.2; 29.2]
Pre-treatment AHI (events/hr) 16.2 [7.4; 21.9]
Set protrusion (% of maximum protrusion) 70.9 ± 33.7

Data presented as mean ± SD or median [Q1; Q3]
BMI body mass index, AHI apnea-hypopnea index

Primary outcome measures

Comparison of a custom MAD and a non-custom MAD regarding respiratory PSG 
outcomes 

The median AHI at baseline of the 40 patients who completed follow-up was 16.3 
[7.7; 24.8] events/hr (Table 2A). The AHI was significantly reduced to 10.7 [5.6; 16.6] 
events/hr with the custom MAD (p=0.010) and to 7.8 [2.9; 16.1] events/hr with the 
non-custom MAD (p<0.001). The small difference between both devices in follow-up 
AHI was not statistically significant (p=0.346). The median ODI 3% at baseline was 
17.1 [8.4; 28.1]events/hr. The ODI was significantly reduced to 9.6 [4.6; 15.5] events/
hr with the custom MAD (p=0.011) and to 6.9 [2.4; 13.3] events/hr with the non-
custom MAD (p=0.003). In addition, the AI and the AHI in supine and non-supine 
position significantly decreased using both devices, without significant differences 
between both. The percentage of TST in supine position did not significantly change. 
The mean lowest measured saturation at baseline was 85.5% [82.0; 90.0], which 
increased to 88% with both devices; this improvement was not significant. ITT 
analysis of the data, showed significant improvement of the AHI, AI, supine AHI, 
ODI, and mean saturation for both devices, without significant differences between 
the two devices (Table 2B). Complete treatment success with the custom MAD was 
achieved in 20% (Table 2A). With the non-custom MAD, this outcome was 35%, 
demonstrating a significant difference (p<0.001). With the custom MAD, the AHI 
did not decrease sufficiently in 60% of the patients. With the non-custom MAD the 
AHI was significantly (p=0.003) less, viz., 47.5%. Additional analysis showed now 
impact of potential predictors (age, BMI, baseline AHI and adherence) on treatment 
outcome. No significant carry-over and period effects were found. 
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Secondary outcome measures

Adherence

The mean self-reported therapy usage was seven hours per night, seven nights 
per week, which equals 49 hours per week for both devices without significant 
differences between the two MADs (Table 3A).

Questionnaires

Daytime sleepiness using the ESS was significantly reduced with both devices 
(p=0.005), without significant differences between the two groups (p=0.890). Self-
reported outcomes from questionnaires are displayed in table 3A. As part of the 
FOSQ questionnaires, activity and general productivity level significantly improved 
with both devices. However, the latter significantly differed between the two devices. 
General productivity increased significantly more with the non-custom MAD than 
with custom MAD (p=0.038). Vigilance increased with both devices. This increase 
was only significant with the non-custom MAD (p=0.044). Regarding the RAND-36 
questionnaire, no significant differences between the two MADs were found. 
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Table 3B. self-reported outcomes, custom versus non-custom MAD (intention to treat analysis)

Baseline TAP
12 weeks

myTAP
12 weeks

Baseline vs. 
TAP

Baseline vs. 
myTAP

TAP vs. 
myTAP

Adherence 
(h/wk)
N=58

N.A. 49 49 N.A. N.A. 0.776

ESS 
N=49

6 [2; 11] 5 [2; 8] 5 [2; 8] 0.017 0.005* 0.893

Data presented as median [Q1, Q3], TAP=custom MAD, myTAP=non-custom MAD
*p-value <0.05Side effects

After four and 12 weeks of follow-up, patients were interviewed with respect to side 
effects while wearing the devices (Figure 5). Overall, more complaints were reported 
for the non-custom device; n=28 patients had complaints after four weeks and n=22 
after 12 weeks follow-up. For the custom MAD, n=23 patients had complaints at 
four weeks and n=8 after 12 weeks follow-up. The most reported issue concerned 
the fit of the device, which was described as uncomfortable, painful, too tight, or 
too loose. Two patients reported changes in teeth position at 12 weeks wearing the 
custom MAD; for the non-custom MAD, this phenomenon was not reported. The 
majority of complaints decreased over time; at 12 weeks follow-up, most reported 
complaints were less than at the consultation after one month. Only complaints of 
a dry mouth increased over time, for both devices. At the end of the study, n=19 
patients preferred the custom MAD, n=16 patients preferred the non-custom MAD 
and n=5 patients had no preference, this difference was not significant. 
Figure 5. Reported side effects, custom versus non-custom MAD

TMD=temporomandibular disorders, TAP=custom MAD, myTAP=non-custom MAD

‘’Patients reported complaints’’ is the total number of patients who had at least one 
of the complaints as described in de table. 

DISCUSSION
This prospective randomized controlled cross-over trial evaluated the effectiveness 
of a non-custom (e.g. myTAPTM) and custom MAD (e.g. TAPTM) and the potential 
of a non-custom MAD in providing an efficient and cost-effective way of screening 
MAD treatment eligibility for patients with OSA. Intuitively one would expect that the 
more precise a design (i.e., custom), the better the results. This does not apply to the 



Chapter 7  

140

devices evaluated in the present study. Our findings suggest that the effect of a non-
custom MAD is comparable to that of a custom MAD, in terms of respiratory PSG 
outcomes and self-reported outcomes. AHI, AI and ODI significantly improved for 
both devices, with no significant differences between the two MADs. In addition, the 
ESS, general productivity, activity level, and changes in health significantly improved 
with both devices. General productivity, as measured by FOSQ, did significantly 
differ between the two subgroups. Since the mean outcome was the same for both 
subgroups and significantly improved, we do not regard this as a clinically important 
difference. 

To prevent from a reporting bias, given the relatively high drop-out rate, an intention 
to treat analysis was performed. The outcomes at 3-months follow-up were slightly 
less favorable, but AHI, AI, and ODI significantly improved for both devices, with no 
significant differences between them. 

The fact that we did not find significant differences between the effectiveness of 
both devices, suggests the possibility of using the myTAPTM as a temporary MAD 
in screening patients with OSA for treatment eligibility for custom MAD. Advantages 
of using a non-custom device prior to a custom one, include that it is cheaper, 
directly ready for use, and patients can experience potential benefits and complaints 
of (sleeping with) the device before making a custom MAD, which is overall more 
expensive.

The results of this study are not in line with the previously published studies of 
Johal et al7 and Vanderveken et al.8  Their results showed that a custom MAD 
was more efficacious than a non-custom one. This might be explained by the fact 
that different non-custom devices were used than in our study.13, 14 The study 
by Vanderveken et al.8 and of Johal et al.7 were performed with a non-custom 
thermoplastic monobloc MAD for which the amount of protrusion was not adjustable. 
In the study by Vanderveken et al.8 the protrusion of the custom MAD was set at 
65%, against 50% for the non-custom MAD. Therefore, the treatment effect of the 
custom MAD might have been stronger. Johal et al.7 also reported a significant 
difference in amount of protrusion in favor of the custom MAD. These differences in 
amount of protrusion and differences in patient comfort and retention (and therefore 
adherence) could have caused a better outcome of the custom MAD, found in these 
studies. The oral device industry has improved MAD designs significantly by adding 
the possibility for titration, which could result in more comparable effectiveness 
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using either a non-custom or custom MAD.  In our study, the titration and therefore 
amount of protrusion of the non-custom and the custom MAD was instructed to the 
same amount of protrusion. In both study arms the amount of protrusion did not 
significantly differ from maximum voluntary protrusion at baseline, which means the 
devices were optimally titrated. In addition, the amount of protrusion during PSG did 
not significantly differ between the two MADs. Therefore, in our study this variable 
could not affect outcome differences between the devices. 

Overall, treatment success was not as high as expected for both devices. A potential 
explanation for this outcome could come from the included population. We have 
also included eight patients with an AHI above 30 events/hr and five patients with 
a BMI above 30 kg/m2. For such patients, standard of care is CPAP. If CPAP is not 
tolerated, other treatment options, such as a MAD, are considered. These inclusions 
might have contributed to less favorable MAD treatment outcomes, since BMI>32 
and baseline AHI >30 negatively influence treatment outcome.15-17 To determine 
the influence of these inclusions, we performed additional analysis. We did not find a 
relation between these parameters and treatment outcome. This could be explained 
by the small sample size of patients with a high BMI or high baseline AHI. A higher 
baseline AHI and BMI are often related to a larger degree of mandibular advancement 
but also induce a greater degree of short-term muscle and dental discomfort.14, 18, 
19 This could explain the lower adherence of the non-custom MAD compared to the 
custom MAD in the study of Johal et al.7

Another interesting finding, is that adherence in our study was relatively high, 
which in the end can lead to better therapeutic efficacy. During the past 15 years, 
thermoplastic MADs have also been improved regarding comfort and retention. In 
the study of Vanderveken et al.8 adherence with the thermoplastic MAD was lower 
than with the custom MAD which had a negative influence on treatment outcome 
of the non-custom device. In our study, however, the adherence of both MADs was 
similar and therefore had no influence on treatment outcomes. 

A recent systematic review by Uniken Venema et al.5 compared several types of 
MADs. They found that a custom MAD is more comfortable, yields better objective 
and self-reported treatment outcomes, and is associated with a more favorable 
adherence when compared with a thermoplastic MAD. However, quality of 
thermoplastic devices can vary. In their systematic review, different thermoplastic 
devices were evaluated; none of them being the myTAPTM. In our study, patients 
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had also more complaints wearing the non-custom MAD than the custom MAD: six 
patients ended their participation prematurely because of complaints with the device 
compared to two dropouts wearing the custom MAD. Interestingly, these complaints 
did not influence adherence, which was similar for both conditions. In contrast to the 
results of this systematic review, treatment success was even higher with the non-
custom MAD in our study, while objective and self-reported outcomes were similar. 

Limitations

This study has some limitations. Due to the impact of the COVID-19 pandemic, the 
outcomes of the questionnaires are less reliable. At baseline, the pandemic was not 
present yet, but at 12 weeks at least half of the patients completed the questionnaires 
in the middle of the pandemic. This obviously had impact on their daytime routine, 
social activities, stress level, and maybe health. Therefore, the pandemic probably 
influenced the outcomes of the quality of life and sleep questionnaires. In addition, 
all non-urgent consultations were converted into telephone consultations. This 
has influenced our titration protocol. We aimed to have a consultation at four and 
12 weeks after starting therapy. The consultation at 12 weeks included a dental 
check-up, completion of questionnaires, evaluating (side) effects of the MAD, and 
checking the amount of protrusion of the device before the final PSG. Due to the 
reduction of consultations, we postponed this consultation until after the PSG to 
be able to directly discuss the PSG results and provide the second MAD. This 
protocol deviation influenced the titration process. Instead of checking the amount of 
protrusion prior to the PSG, we checked the used setting afterwards by asking the 
patient if changes were made and by checking the set protrusion on the used MAD. 
Since this was done after performing the PSG, we are not certain about the exact 
amount of protrusion in 10% of the PSGs with the non-custom MAD and in 15% of 
the PSGs with the custom MAD.. Having fewer consultations to titrate patients, could 
explain the low treatment success rates for both MADs, since we know that titration 
is crucial for a positive MAD treatment outcome. Our dropout rate was 31%, which is 
quite high; 50% of the dropouts was related to the amount of study visits. This could 
partially be explained by the fact that during the pandemic, patients were less willing 
to come to the hospital for non-urgent care. Two comparable studies of Johal et al.7 
and Vanderveken et al.8 reported similar dropout rates of 29% and 34% respectively.  
Due to the high drop-out rate, the sample size for this trial was too small to really 
declare equivalence for all patients at randomization, especially for those who have 
stopped using the MAD for whatever reason.
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Clinical relevance and future perspectives

The clinical consequences of this study can be substantial. The durability of a 
custom MAD is at least five years, which is in line with the guarantee period of 
TAPTM. For this type of non-custom MAD (the myTAPTM), the durability is one 
year, and the guarantee period is 90 days. This means patients have a year to 
explore if a MAD works for their complaints (objectively and subjectively) and if they 
tolerate wearing the device. When satisfied with the non-custom MAD, the custom 
MAD can be provided. If not satisfied or when patients are not compliant, other 
therapy options can be considered. While prices of MADs differ greatly per country, 
in general, custom MADs are more expensive than thermoplastic designs. With an 
overall success rate of roughly 65%, one out of three of these expensive MADs will 
not be effective or tolerated, representing a considerable waste of time and money, 
since these products cannot be returned or used by other patients.  

CONCLUSION
In the present study, the effectiveness of a non-custom MAD is similar to that of a 
custom MAD in treatment of patients with mild to severe OSA, The PSG outcomes did 
not differ significantly between the two devices, nor did the self-reported outcomes. 
These outcomes open the avenue to the possibility of using a non-custom MAD as 
a selection tool for MAD treatment eligibility to improve MAD treatment outcome. An 
advantage of using a non-custom MAD prior to a custom MAD is that therapy can 
be initiated directly. This allows the patient to experience the benefits and possible 
disadvantages of MAD therapy before a more expensive custom MAD is applied, 
thus providing an efficient and potentially cost-effective way of screening MAD 
treatment eligibility.
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ABSTRACT
Study Objectives: Data on adherence and outcome of Upper Airway Stimulation 
(UAS) for patients with Obstructive Sleep Apnea (OSA) is collected in an International 
Registry (ADHERE). Previous publications report significant improvement in self-
reported and objective OSA outcomes, durable effectiveness, and high adherence. 
Debate remains whether the effectiveness of UAS is influenced by pre-operative 
OSA severity, therefore we aimed to evaluate this, using data from the ADHERE 
registry.

Methods: ADHERE is a post-market ongoing international, multicenter registry. 
Adult patients were included if they had undergone UAS implantation and had at 
least one follow-up visit recorded in the database on June 8th, 2021. We divided 
the patients into five subgroups, based on OSA severity at baseline (AHI in events/
hr): subgroup 1 (0-15), 2 (15-30), 3 (≥30-50), 4 (>50-65), and 5 (>65). We compared 
results regarding objective and self-reported treatment outcomes.

Results: A total of 1963 patients were included. Twelve months after implantation, 
there was a significant (p<0.0001) improvement in objective sleep parameters in all 
subgroups with an AHI above 15 events/hr. Patients in subgroup 1 had the lowest 
AHI at final visit and the AHI reduction of patients in subgroup 5 was the largest 
(p<0.0001). No significant difference was found between the subgroups in overall 
treatment success (66.6%) and improvement of self-reported outcomes.

Conclusion:  Our results suggest that UAS is an effective treatment for patients 
with an AHI ≥15 events/hr independent of pre-operative OSA severity. Self-reported 
outcomes and treatment success did not differ significantly between the five 
subgroups. 

These results clearly support that the indication of UAS could be broadened for 
patients with an AHI above 65 events/hr which to date is not common practice.

Keywords: “Sleep Apnea, Obstructive/therapy”[Mesh] 
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INTRODUCTION
The ADHERE Registry (Adherence and Outcome of Upper Airway Stimulation for 
OSA International Registry) is a post-market, multicenter, observational registry 
which was designed to collect data related to the use and effectiveness of Upper 
Airway Stimulation (UAS) therapy (Inspire Medical Systems Inc., Minneapolis, MN). 
The latter is a treatment developed for patients with obstructive sleep apnea (OSA) 
who are not effectively treated with Positive Airway Pressure (PAP), which has been 
elaborately described in the literature previously.1 

All patients who are eligible for Inspire implant may be invited to participated in the 
ADHERE registry. There are no limitations for the registry for age, gender, BMI, or 
OSA severity so therefore some patients who are enrolled have been implanted 
outside of the current indication criteria. Participants who are enrolled in the 
ADHERE Registry are followed for at least 1-year post-implantation. Information 
related to demographics, severity of OSA (as measured by polysomnography (PSG) 
or home sleep test (HST)) and symptoms are collected at baseline. Implant details 
are collected and recorded at the time of implantation. Follow-up information related 
to severity of OSA (as measured by PSG or HST), symptoms, surgical outcomes, 
complications, quality of life, therapy usage, patient improvement and satisfaction 
with UAS is collected at approximately 6 months (post-titration) and 12 months (final 
follow-up) post-implantation. 

Previous publications on the ADHERE registry report significant improvement in self-
reported and objective OSA outcomes, and of greater novelty that the UAS therapy 
effect is durable and adherence remains high.2-5 These studies suggest that female 
sex 2, a lower baseline body mass index 2, 3 and increasing age 3, 5 are significant 
positive predictors of therapeutic outcome. Heiser et al. 2 found that OSA severity 
was not a predictor for UAS treatment success. Thaler et al. 2, however found that 
a higher AHI was a negative predictor for success and suggested that this specific 
predictor bears further investigation.

Bearing this in mind, we specifically aimed to evaluate the effectiveness of UAS 
in five subgroups stratified by preoperative severity of OSA, using data from the 
ADHERE registry.  A second reason to evaluate whether preoperative OSA severity 
is a predictor for success, is that in some countries, OSA reimbursement is restricted 
to certain cut-off values concerning the AHI, due to lack of evidence concerning 
patients treated with UAS therapy beyond the scope of this range. 
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We hypothesize that objective and self-reported therapy efficacy, adherence, and 
patient reported outcomes after UAS implantation are independent of pre-operative 
OSA severity. 

METHODS
We adhered to the STROBE guidelines for reporting of prospective studies.6

Study design, setting and participants
The ADHERE registry, which began enrolment in October 2016 is an ongoing 
international, multicenter observational study. The registry collects patient and 
physician reported outcomes before and after UAS implantation at over 50 clinical 
centers in the United States, Belgium, Germany, Switzerland, and the Netherlands 
and was approved by the ethics committee or institutional review board at every 
implantation center. Data is collected once the patient has given informed consent. 

The UAS system, indication for implantation and implantation procedure have been 
described previously.2 

The ADHERE Registry collects and reports on real-world data, which may include 
data on patients who are outside of the current indications for use (at the discretion of 
the physician). Collection and reporting of this data allow us to determine prevalence 
and outcomes related to off-label usage. Patients were included in this analysis if 
they had undergone implantation of the Inspire system and had at least one follow-
up visit (post-titration or final visit) recorded in the database on 8 June 2021. For this 
dataset, a post-titration visit is marked as missed if the patient is more than 9 months 
past their implant date as of May 2021, 2021. A final visit is marked as missed if the 
patient is more than 2 years past their implant date. 

Variables and data collection
The primary outcome measure of this study was the efficacy of UAS.

Patients were stratified into five subgroups, according to baseline AHI: 
	- Subgroup 1) Zero to 15 events/hr – non or mild OSA;
	- Subgroup 2) Greater than 15 events/hr and less than 30 events/hr – moderate 

OSA;
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	- Subgroup 3) Greater than or equal to 30 events/hr and less than or equal to 50 
events/hr – severe OSA; 

	- Subgroup 4) Greater than 50 events/hr and less than or equal to 65 events/
hr – severe OSA, not investigated during the original STAR-trial, CE and FDA 
approved;

	- Subgroup 5) Greater than 65 events/hr – severe OSA, no CE and no FDA 
approval.

Secondary outcomes measures were self-reported therapy efficacy, adherence and 
patient reported outcomes stratified by preoperative severity of OSA.

All data is recorded in an online cloud-based platform (iMEDnet).

OSA severity information including AHI and oxygen desaturation index (ODI), is 
captured using either in-lab polysomnography (PSG) or a Home Sleep Test (HST) at 
baseline and follow-up time points. AHI was based on a full-night, we did not use the 
treatment AHI obtained from the titration. 

The Epworth Sleepiness Scale (ESS) was used to acquire information about patient 
symptoms7. The ESS is a validated, self-report instrument that rates a subject’s 
tendency to fall asleep in eight common daily situations. Scores range from 0 to 24, 
with a lower score indicating less daytime sleepiness. An ESS score of 10 or less is 
equivalent to the normalized population.

Therapy usage (hours of active Inspire UAS use per week) was captured by the 
device when the device is turned ON and is reported during follow-up visits when the 
device data is downloaded onto the physician programmer. 

Patient improvement was recorded using the Clinical Global Impression – Improvement 
(CGI-I) Scale8. The CGI-I is a 7-point scale that requires the clinician to assess how 
much the patient’s illness has improved or worsened at follow-up, relative to baseline. 

Patient satisfaction was collected by questionnaires regarding patients’ experience 
with UAS at follow-up visits. 

The mean disease alleviation (MDA) is a measure of therapeutic effectiveness and is 
the product of therapeutic efficacy and adjusted compliance. Therapeutic efficacy is 
defined as baseline AHI minus the AHI at 12 months, expressed as the percentage 
of the baseline AHI. Since we do not know the total sleep time (TST) of the patients, 
we assumed that patients sleep 7 hours per night. The adjusted compliance was 
defined as hours of use corrected for TST.



Chapter 8  

152

Statistical analysis
Statistical analysis was performed using R (version 4.0.2). Quantitative data was 
reported as means and standard deviations, or as medians and quartiles 1 and 
3, when not normally distributed. Statistical comparisons were made between the 
subgroups in terms of demographic and outcome variables. Statistical significance 
testing was done using one of four tests: Wilcoxon Rank Sum Test, paired- t-test, 
Kruskal-Wallis, Fisher’s Exact Test, Chi-square test, or Anova Test. A p -value of 
less than 0.05 was considered to indicate statistical significance. To investigate the 
influence of the use of two types of sleep test (HST and PSG) on our outcomes we 
performed additional analyses. A chi square test was performed with exclusion of 
patients whereby the type of sleep test was unknown or did not have a final AHI. In 
addition, we performed two multiple linear regressions (final AHI and change in AHI) 
and one multiple logistic regression for Sher’s response9. 

RESULTS
A total of 2824 patients were enrolled in the ADHERE database in May 2021. The 
baseline AHI was unknown in 91 patients. A total of 1921 participants had completed 
a post-titration (~6 months post-implant) visit and 1170 participants had completed a 
final (~12 months post-implant) visit. In this study 1963 participants were analyzed. 
The average age was 60.2 ± 10.7 years, BMI 29.2 ± 3.8 kg/m2 and 72.8 % were male.

In comparison of the demographic variables between the five subgroups, there was a 
significant difference in BMI (p<0.0001), subgroup 1 had the lowest BMI (28.4 ± 3.5 kg/
m2), whilst subgroup 5 had the highest BMI (30.6 ± 3.6 kg/m2). The gender distribution 
differed significantly (p=0.01) between the five subgroups, however in all subgroups 
the majority of patients were male. Baseline demographic characteristics are shown in 
Table 1.  A comparison of outcome variables is provided in Tables 2A and 2B. 

Forty two patients (2.1%) had an AHI of 0-15 events/hr (subgroup 1), 765 patients 
(39.0%) an AHI of 15-30 events/hr (subgroup 2), 821 patients (41.8%) an AHI of  
≥30-50 events/hr (subgroup 3), 258 patients (13.1%) an AHI of ≥50-65 events/hr 
(subgroup 4) and 77 patients (3.9%) an AHI > 65 events/hr (subgroup 5). There 
was a statistically significant reduction in AHI between baseline and the final visit in 
subgroups 2-5. The AHI at final visit and change in AHI significantly differed (both 
p<0.000) between the subgroups, with the lowest AHI at final visit in subgroup 1 and 
the greatest reduction in AHI in subgroup 5. Figure 1. 
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Table 2A. Outcome Variables

Outcome 
Variables

All patients
(n=1963)

Baseline 6M (Post-Titration) 12M (Final) p-values2

AHI (evens/
hour)

N=1963
33.0 (0.60, 118.7)

N=1852
7.8 (0.0, 103.0)

N=890
10.2 (0.0, 96.2)

<0.0001*

Change in AHI 
(events/hr)

N=1852
23.0 ± 18.3

N=890
20.7 ± 18.4

See above

 ODI (events/
hr)

N=461
22.9 (0.0, 242.0)

N=930
8.4 (0,126.0)

N=557
9.4 (0.0, 198.0)

<0.0001*

ESS N=1712
11.0 (0.0, 24.0)

N=1528
7 (0.0, 24.0)

N=994
6.0 (0.0, 23.0)

<0.0001*

Therapy 
Usage (hours/

night)

N=1573
6.4 ± 2.1

N=913
5.7 ± 2.2

<0.00014

Apnea-hypopnea Index (AHI), Change in AHI, Oxygen Desaturation Index (ODI) , Epworth 
Sleepiness Scale (ESS)
Data is presented as mean ± SD or median (min, max) 2p-values compare baseline and final 
visit using a paired t-test, 4compared to Post-Titration
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Figure 1: Therapy outcomes (AHI)

AHI: apnea-hypopnea index

Excessive daytime sleepiness (ESS) significantly improved in all subgroups from 
baseline to final visit. There was no significant difference (p = 0.21) in ESS score 
between the five subgroups at final follow-up. 

Overall, therapy usage decreased between 6 and 12 months post-implant, this was 
not significant in subgroup 1 and 5.Subgroup 5 had the lowest therapy usage of 
4.7 hours/night at final visit ., which exceeds the commonly used criteria for CPAP 
tolerance of 4 hours per night.10 Adherence differed significantly (p=0.005) between 
all subgroups, with the highest adherence in subgroup 2.  Figure 2. The MDA was 
24.6% for subgroup 1, 53.0% for subgroup 2, 54.5% for subgroup 3, 57.4% for 
subgroup 4 and 52.7% for subgroup 5.
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Figure 2: Therapy usage

AHI: apnea-hypopnea index

Treatment success was calculated according to Sher’s criteria: at least 50% decrease 
in AHI and treatment AHI≤20 events/hr9. Overall treatment success for all patients 
was 66.6%. Treatment success as determined by Sher’s Criteria ranged from 42.1% 
(subgroup 1) to 68.3% (subgroup 2), but did not differ significantly between the 
subgroups (Table 3).

For subgroup 5 patient improvement (CGI-I) was rated slightly less positive, although 
this outcome was not significantly different compared to the other subgroups (p=0.58) 
(Table 4). Patient satisfaction was impressive in all subgroups without significant 
differences between the subgroups. At least 90% of all participants rating UAS better 
than CPAP (Table 5).
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DISCUSSION
Not only is this the largest cohort study of patients with UAS therapy to date, it 
is also the first to focus on the efficacy of treatment on both objective and self-
reported values, as well as adherence of therapy stratified by baseline AHI severity. 
After 12 months, there was a significant improvement in objective sleep parameters 
in all subgroups with a baseline AHI of 15 events/hr and above. The AHI at the 
final visit was the lowest in the subgroup with the lowest pre-operative AHI. The 
subgroup with the highest pre-operative AHI had the greatest reduction in AHI at final 
visit. There was significant improvement regarding symptoms of excessive daytime 
sleepiness (ESS) and patient improvement as measured by the CGI-I at 12 months 
after implantation, without differences between the five subgroups. Overall treatment 
success was 66.6% without significant differences between the subgroups.

Despite the increasing baseline AHI, objective sleep parameters were significantly 
improved in subgroups 2-5 at final visit. This is particularly interesting when 
considering that it is generally easier to reach surgical success in patients with a low 
AHI.10 Whether preoperative OSA severity is a predictor for success is not reserved 
for UAS therapy alone, it remains a question of debate in all types of upper airway 
surgery for OSA. For example in a meta-analysis performed to assess the effects 
of isolated uvulopalatopharyngoplasty and tonsillectomy in patients with OSA, the 
authors conclude that it may be hypothesized that clinical anatomy is of higher 
relevance than disease severity.11 In another meta-analysis, surgical success rate 
of maxillomandibular advancement (MMA) was greater in a lower mean preoperative 
AHI.12 For most surgical treatment modalities it remains unclear. A possible 
explanation for the found equality between the severity subgroups is that due to 
the strict inclusion criteria only perfectly suitable patients are included. Patients with 
a higher baseline AHI often have a higher BMI (>35) and a complete concentric 
collapse of the soft palate. Both are negative predictors for surgical success and 
in case of UAS exclusion criteria. In addition, recent studies found that UAS not 
only resolves obstruction at tongue base level but also at epiglottic level as well as 
isolated palatal obstruction (palatal coupling and tethering).   Due to its multi-level 
effect, UAS is in particular suitable for patients with multi-level collapse, which is 
more often associated with a higher baseline AHI.13 Compared to other surgical 
treatment options, UAS is dynamic. In general, surgical treatment success depends 
on wound healing and fibrotic tissue. In the case of UAS, treatment is adjustable 
(titration) to the patients’ need, synchronized with the respiration and surgery does 
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not cause fibrotic tissue in the upper airway. A recent study suggest that patients 
with a BMI up to 35 kg/m2 have a positive treatment response with UAS therapy14; 
these recent findings together with the results of the present analysis, suggest that 
the current indications for Inspire could be broadened.

One remarkable finding was that treatment adherence was significantly lower 
in patients with an AHI>65. In general, adults with severe disease tend to be 
more adherent to treatment due to a combination of relatively more self-reported 
improvement and the understanding of long-term consequences of untreated severe 
disease.15 In CPAP use, severe disease is a predictor for adherence.16, 17 We 
hypothesize that this is related to therapy response and airway collapsibility. We 
experienced that patients with a higher baseline AHI require higher stimulation 
levels, potentially leading to treatment discomfort. The functional higher amplitudes 
are likely due to greater collapsibility of the airway. A recent study of Op de Beeck 
et al18 illustrated that higher Arousal Threshold leads to an increased tolerability for 
stimulation and vice versa. Taking this into account, patients with an AHI higher than 
65 events/hr in combination with high enough arousal threshold should certainly be 
good candidates for UAS in the future. Another possible explanation is a slightly 
higher residual AHI adversely affecting compliance with therapy. Nevertheless, even 
in the highest disease severity subgroup, treatment use was high (4.7 hours/night) 
and exceeds the commonly used arbitrary criteria for CPAP adherence of 4 hours 
per night. Effectiveness of conservative treatment regarding the reduction in AHI 
depends both on the impact on the airway obstruction and compliance.19 Bearing 
this in mind we calculated the MDA, representing therapeutic effectiveness, which 
showed no differences between the subgroups 2-5, the calculated MDA was similar 
for subgroup 2 and 5 (53.0% and 52.7% respectively). Subgroup 1 had a lower MDA 
(24%) due to the small change in AHI.

We did not have actual data on usage of the device as percentage of TST and 
assumed patients sleep seven hours per night. 

The positive effect of UAS in patients with an AHI above 50 has important clinical 
consequences. For one, the findings from this study suggest that patients with an 
AHI greater than 50 events/hr are suitable candidates for UAS therapy and the 
chance of improvement of objective and self-reported parameters remains parallel 
to patients with less severe OSA. The findings are in line with the indications for UAS 
according to CE mark and FDA approval. This is indeed an avenue that should be 
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pursued for the patients with AHI>50/hr. This is of particular importance, since these 
patients need alternative treatment when CPAP is not tolerated, due to the health 
and functional risks associated with untreated severe OSA. 

In subgroup 1 the AHI did not decrease significantly but subjective outcomes 
significantly improved and did not differ significantly from the other subgroups. 
However, it remains debatable if patients with an AHI below 15 events/hr and in 
general less disease burden should be treated in this manner since many other less 
invasive treatment options are available. 

There are limitations to be noted. The ADHERE registry does not record patients who 
refused participation. The distribution amongst the severity subgroups was not equal. 
Additionally, the majority of subjects were Caucasian males, which does not represent 
the general population, influencing external validation. However, it must be noted that 
due to the strict privacy laws in Europe, documentation of race is not performed as 
standard of care, it may only be documented when specifically agreed on by the patient. 
Since the ADHERE registry only collects standard of care date, information on race 
in Europa remains missing, thereby further influencing report of race of the registry. 
The chosen stratification is based on OSA severity, reimbursement and FDA approval.  
While the original STAR trial was a randomized controlled trial with a treatment 
withdrawal arm after 12 months, the present study is a cohort study. As described 
previously, both home and in‐laboratory studies were used in the analysis, with 
potential lack of uniformity of AHI recording. Home sleep studies may underestimate 
AHI—this may have affected both the pre‐ and post‐implantation studies. Therefore, 
we performed additional analysis, the type of sleep test (HST vs PSG) done at the 
final visit was significantly different between the five subgroups (p=0.01). However, 
when controlling for the type of sleep test, change in AHI remains highest in subgroup 
5 and final AHI remains lowest in subgroup 1 and there is still no significant difference 
in response rates between the subgroups. So, while the type of sleep test at final 
indeed differs between the five AHI groups, it is not the reason why the subgroup’s 
results differ. When interpreting the self-reported results on satisfaction with therapy 
regarding CPAP versus UAS, one must consider that patients are candidates for UAS 
if they had CPAP intolerance or failure. Therefore, the chance that they prefer UAS 
more than CPAP is likely to be higher. There are multiple reasons why a patient may 
not tolerate CPAP and if not addressed may affect the adherence with UAS treatment. 
The greatest strength of this study is that the ADHERE registry has a large sample size 
and is an ongoing international effort.
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CONCLUSION
UAS is a safe and effective treatment for moderate to severe OSA, independent of 
the degree of severity (AHI). This analysis demonstrates that there are no significant 
differences between the subgroups based on pre-operative disease severity 
regarding treatment success, excessive daytime sleepiness symptoms (ESS) or 
self-reported improvement (CGI-I).  Mean therapy usage in each subgroup is at least 
4.7 hours per night. Patient satisfaction remains high in all subgroups. These results 
support the broader indication for UAS therapy, in patients with an AHI above 50 
and even above 65 per hour sleep. These are the patients with the highest burden 
of disease, wherefore no other effective treatment options are available in case of 
CPAP failure. 
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ABSTRACT 
Purpose: Upper airway stimulation (UAS) is an innovative treatment for patients 
with obstructive sleep apnea (OSA).  UAS titrations are performed 3 months after 
activation of the device to optimize its effectiveness. In general, these titrations are 
performed during an in-laboratory overnight polysomnography (PSG). However 
overnight titrations are expensive and can be logistically challenging because 
it’s labor-intensive which causes shortage of sleep technicians available for night 
shifts. In addition, recently, overnight PSGs were postponed and cancelled due to 
the COVID-19 pandemic. We aimed to research the feasibility of a daytime PSG to 
perform titration of UAS therapy as an alternative for a conventional overnight PSG. 

Methods: Prospective single-center observational cohort study. Patients were 
included when planned for UAS titration, this was approximately six months after UAS 
activation. Data on sleep architecture, patient experience and respiratory outcomes 
were collected to evaluate the feasibility. An overnight follow-up PSG 12 months 
after implantation was used to compare sleep architecture and therapy response.

Results: Twenty-three patients were included, four were excluded for analysis 
because of technical issues during PSG. Even though patients slept significantly 
shorter during the daytime PSG, this was enough time to complete the titration 
successfully with 30 minutes sleep in final therapeutic settings in 84.2% of the 
patients.  Patients (94.1%) had a positive experience with the daytime titration. 
Respiratory outcomes were significantly reduced during titration and were maintained 
at the 12-months follow-up.

Conclusion: Daytime titrations are a valuable alternative for conventional overnight 
titrations. Our findings suggest the implementation of daytime titrations as standard 
of care. This will contribute to easier logistics and better work circumstances for 
sleep technicians without jeopardizing titration quality. 

Keywords: Upper airway stimulation; daytime polysomnography; device titration; 
obstructive sleep apnea; sleep medicine  
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INTRODUCTION
Continuous positive airway pressure (CPAP) is the gold standard therapy for 
patients with moderate to severe obstructive sleep apnea (OSA), proven to be highly 
effective in reducing complaints and comorbidities. [1-3] Despite its high efficacy, 
many patients are unable to tolerate treatment with CPAP. 

An alternative treatment for a specific group of patients is hypoglossal nerve 
stimulation (HNS; Inspire® Medical Systems, Inc.), also referred to as upper airway 
stimulation (UAS). The protrusion fibers of the hypoglossal are stimulated by using 
unilateral simulation, mainly innervating tongue protrusion. The neurostimulator 
delivers electrical stimulating pulses to the hypoglossal nerve through the stimulation 
lead; the stimulating pulses are synchronized with ventilation detected by the sensing 
lead. This ensures the patency of the upper airway. UAS therapy has demonstrated 
a significant improvement in OSA outcomes, good therapy adherence and high 
patient satisfaction. [4, 5] 

Patients are eligible for UAS device implantation when strict selection criteria are 
met. [6] In general, four to six weeks after implantation the UAS device is activated 
with standard settings. The device will be slowly up-titrated at home until patient’s 
symptoms such as decreased sleep quality, daytime sleepiness and snoring have 
improved. An in-lab overnight titration polysomnography (PSG) is subsequently 
performed once patients are accustomed to the stimulation and subjective symptoms 
have improved. The main purpose of the titration is to establish a comfortable but 
effective device setting to maintain upper airway patency during sleep. This titration 
is performed by a trained sleep technician. During this titration the UAS device 
settings are optimized and titrated until respiratory events are normalized. Electrode 
configuration, stimulation amplitude and stimulation pulse width and rate can be 
adjusted. The final settings should minimize the occurrence of obstructive events 
and should not cause arousals. [7] 

Traditionally titrations were performed in-lab and overnight which is logistically 
challenging and expensive. They are mainly labor-intensive because sleep 
technicians have to be available during the night. Another havoc presented itself 
during the COVID-19 pandemic. Sleep laboratories were often imposed to resign 
overnight hospital beds due to shortages. As a result, overnight sleep studies were 
often postponed resulting in long waiting lists. Also, the growing amount of patients 
with UAS device asks for a more accessible way to perform titrations. 
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An alternative for an overnight titration is a daytime titration. Several studies have 
investigated the role of a daytime PSG in diagnosing OSA, concluding that a daytime 
PSG is a viable and effective alternative [8-10]. Other studies have investigated the 
role of a daytime PSG in CPAP titrations, concluding that a daytime PSG is a useful 
tool for CPAP titration [11-14]. To date, the role of a daytime PSG in UAS titration has 
not yet been investigated. 

A daytime PSG might be a valuable alternative for an overnight PSG to perform 
titration in the context of UAS optimization. The benefit of a daytime PSG for titration 
is that sleep technicians do not have to work during the night and sleep studies will 
not have to be postponed due to bed and staff shortage. The aim of this study is to 
assess the feasibility of a daytime PSG to perform titration of UAS therapy in patients 
with OSA. Effect on sleep architecture, titration success and practicality and patients 
experience with daytime titration was evaluated. Secondary, respiratory outcomes 
from UAS therapy during titration were evaluated and compared to the outcomes 
after 12 months of therapy use.

 
MATERIAL AND METHODS 

Study participants
We performed a prospective single-center observational cohort study including OSA 
patients with UAS therapy. Yearly about 35 patients with severe OSA receive UAS 
implantation at the department of Otorhinolaryngology/Head and Neck Surgery 
in OLVG hospital, Amsterdam, the Netherlands. [15] Patients were included from 
September 2019 to January 2021 if they were scheduled for a standard in-lab PSG 
for titration which was approximately 3 months after device activation. They were 
included if they were 18 years or older and were able to speak, read and write in 
Dutch. Instead of the standard overnight in-lab PSG, a daytime in-lab PSG was used 
to perform titration.

Patients were admitted the night prior to their daytime titration PSG and were 
instructed not to sleep. The following morning the patients were asked to document 
caffeine, nicotine or alcohol consumption during the night.  Other questions included 
their experience with UAS and sleep quality during the past months at home. The 
UAS device system was checked and subsequently all components were applied to 
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perform the PSG. At 08:00 a.m. patients were asked to go to sleep. Patients slept in 
a soundproof room with no daylight. The PSG was observed by a sleep technician, 
who at the same time performed the titration. The sleep technician checked if all 
sleep stages were reached while the optimization process took place.

Sleep architecture data from the daytime titration was compared to the 12 months 
PSG (which is standard of care) after implantation. The latter was either performed 
at home or in-lab with the device switched on.

Effectiveness of UAS was investigated comparing respiratory outcomes between the 
pre-operative PSG and the 12 months PSG, as described above.  The therapeutic 
AHI achieved during the daytime titration was also compared to the AHI measured 
during the 12 months follow-up PSG.

Patient experience with the daytime titration was asked during a follow-up 
appointment a week after titration. 

Ethical considerations
This study was conducted with approval of the local advisory committee for scientific 
research of the OLVG hospital, Amsterdam, the Netherlands. To protect personal 
information all data on participants was collected and stored encoded. All participants 
signed informed consent.

Polysomnography 
A standard polysomnography (SomnoscreenTM, SOMNOmedics GmbH, 
Randersacker, Germany) was performed in all patients. To determine the stages of 
sleep, an electroencephalogram (F3, F4, C3, C4, M1, M2, O1, O2), electro-oculogram 
and electromyogram of the submental muscle were obtained. Nasal airflow was 
measured by a nasal cannula/ pressure transducer inserted in the opening of the 
nostrils. An oronasal thermal flow sensor was used to determine the difference 
between the temperature of exhaled and ambient air to estimate airflow and detect 
mouth breathing. Arterial blood oxyhemoglobin was recorded with the use of a 
finger pulse oximeter. Thoracoabdominal excursions were measured qualitatively 
by respiratory effort belts placed over the rib cage and abdomen. Body position 
was determined by a position sensor, which differentiates between the upright, left 
side, right side, prone and supine position. Limb movements were detected with 
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an anterior tibial electromyogram with surface electrodes. Electrocardiography was 
performed to score cardiac events and snore sensor was applied for occurrence of 
snoring.

Scoring 
The sleep stages were scored manually by an experienced sleep investigator in 
30-s epochs according to the American Academy of Sleep Medicine (AASM, scoring 
manual version 2.6, 2020) scoring manual, with N3 representing slow wave sleep. 
Both daytime PSG and follow-up PSG were scored by the same sleep technician 
and neurosomnologist, the scoring was not blinded.

Titration
The main purpose of titration was to optimize the UAS device settings until respiratory 
events were eliminated or reduced to a clinically satisfactory level. The sleep technician 
paid attention to several titration parameters such as amplitude, polarity and stimulation 
duration. The sleep technician started the UAS therapy once the patient was in 
consolidated sleep and the individual start delay of the UAS device had expired. The 
stimulation level started with 0.2V amplitude below the functional threshold and was 
therefore unlikely to provoke an arousal. The stimulation setting was increased with 
0.1V or 0.2V amplitude when four or more serial obstructive events or loud ambiguous 
snoring occurred. The patient was observed in all non-rapid eye movement (NREM) 
sleep stages and REM sleep, preferably containing REM sleep in supine position, for 
optimal titration settings. The titration was finished when the patient had slept for 30 
minutes straight with the final settings, ideally with an apnea-hypopnea index (AHI) < 
5. Preferably these 30 minutes contained rapid eye movement (REM) sleep and sleep 
in supine position. When this was not achieved the sleep technician ended the titration 
when the patient had slept through at least 2 full sleep cycles.  The calculated AHI was 
the AHI with optimal therapeutic settings.

Statistical analysis
Statistical analysis was performed using SPSS (version 24, SPSS Inc, Chicago, IL). 
Quantitative data are reported as mean and standard deviation (SD) or as median 
and Q1-Q3 when not normally distributed. Qualitative variables are reported as 
frequencies and percentages. The Shapiro-Wilk Test was used to determine whether 



9

Daytime Polysomnography to perform titration for Upper Airway Stimulation in patients with Obstructive Sleep Apnea

173   

the continuous variables were normally distributed. When the Statistic W was > 0.90 
the data was considered normally distributed. Baseline characteristics and PSG 
parameters were analyzed by using descriptive statistics. A p-value of < 0.05 was 
considered to prove statistical significance.

RESULTS

Baseline characteristics

Twenty-three patients receiving UAS implantation were included. In total, four patients 
were excluded due to technical problems during the daytime PSG.  Two patients had 
technical interruptions because of software failure, therefore it was not possible to 
register sufficient continuous sleep. The other two patients had connection problems 
with the implanted pulse generator (IPG) and therefore awakened frequently, giving 
unreliable results.  Excluded patients are shown in appendix 1. 

Table 1. Patient characteristics 

Total 
Number of patients (N) 19
Sex (male: female) 16:3
Age (years) 57.0 ± 11.0
BMI (kg/m2) 27.2 ± 2.4
Pre-operative AHI (events/hr) 41.2 ± 10.8
Time from activation device  to titration (months) 6 [4; 9]
Device usage (hrs/week) 48.0 [42.0; 54.0]

Data presented as mean ± standard deviation or median [Q1, Q3]
BMI body mass index, AHI apnea-hypopnea index

In total, 19 patients were included for statistical analysis. Thus far, fourteen completed 
their 12-months follow-up overnight PSG. The majority of the patients was male 
(84%), at the time of titration the mean age was 57 ± 11 years with a mean BMI of 
27.2 ± 2.4 kg/m2.  Based on baseline PSG data, the mean pre-operative AHI was 
41.2 ± 10.8 events per hour.  The baseline patient characteristics are shown in table 
1. The median time between device activation and titration was 6 months and the 
median device usage was 48 [42.0; 54.0] hours a week before titration.
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Effect on sleep architecture 

A comparison of daytime PSG to overnight PSG sleep architecture is shown in table 
2. Patients slept 3.4 ± 1.0 hours during the daytime PSG, this was significantly shorter 
than during overnight PSG 6.8 ± 1.0 hours (p<0.001). Sleep efficiency was comparable 
80.3% [65.7; 90.4] during daytime and 85.2% [84.0; 90.8] during overnight PSG 
(p=0.177). Sleep latency was significantly shorter during the daytime PSG 3.0 [1.1; 10.0] 
minutes than during overnight PSG 7.6 [5.8; 17.0] minutes. No significant differences 
were found regarding sleep stages N2 and N3 (p=0.107, p=0.103). During the daytime 
PSG significantly more N1 sleep was found 7.8 [6.1; 13.2] % of TST than during the 
overnight PSG 4.5 [2.2; 5.0] % of TST (p=0.003). Significantly less REM sleep occurred 
during the daytime PSG 12.9 ± 8.1% of TST than during overnight PSG 24.7 ± 7.7% 
of TST (p=0.007). Two patients did not have any REM sleep during the daytime PSG. 
The median amount of sleep cycles during the daytime PSG was three complete cycles 
compared to the overnight PSG with a median of four complete cycles.

Table 2. Polysomnography outcomes titration daytime PSG versus follow-up overnight PSG

Total (n=19)
DPSG 

Total (n=14)
FU-NPSG

p-value 

TST (hour) 3.4 ± 1.0 6.8 ± 1.0 <0.001*
Sleep efficiency† (%) 80.3

[65.7; 90.4]
85.2
[84.0; 90.8]

0.177

Sleep latency (minutes) 3.0
[1.1; 10.0]

7.6
[5.8; 17.0]

0.016*

REM latency (minutes) 69.0
[59.0; 121,8]

80.8
[64.8; 132.5]

0.551

Sleep stage N1 (% of TST) 7.8
[6.1; 13.2]

4.5
[2.2; 5.0]

0.003*

Sleep stage N2 (% of TST) 53.9 ± 10.4 43.1 ± 11.5 0.107
Sleep stage N3 (% of TST) 22.2 ± 8,1 27.9 ± 8.7 0.103
Sleep stage REM (% of TST) 12.9 ± 8.1 24.7 ± 7.7 0.007*
Sleep cycles 3

[2; 3]
4
[4; 5]

0.005*

REM periods 2
[1; 3]

4
[3; 4]

0.003*

Data presented as mean ± standard deviation or median [Q1, Q3]
* p value <0.05 comparing titration daytime PSG with follow-up overnight PSG
† Sleep efficiency = TST/ time  in bed x 100%
DPSG daytime polysomnography, FU-NPSG  follow-up overnight polysomnography,   
TST total sleep  time, REM rapid eye movement, NREM non-rapid eye movement
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Success and practicality daytime titration 

The outcomes of the (pre-) daytime titration in terms of feasibility are shown in table 3. 
The majority of patients was able to stay awake after midnight until the start of the 
daytime PSG. In total, two patients slept after midnight with a maximum of 150 
minutes. Eighty-four percent of the patients was able to sleep 30 minutes in the final 
UAS device settings. Device polarity settings or amplitude voltage were changed 
in 47.4% of the patients following the titration. The exact changes in setting and 
stimulation amplitude in voltage for every patient are presented in Appendix 2. 

Table 3. Outcome (pre-) daytime titration 

Pre-titration N (total = 19) Outcomes 
Time slept before midnight (00:00) before titration 
(minutes)

16 71 ± 59

Time slept after midnight (00:00) before titration 
(minutes)

17 0
[0; 0]  (0-150) 

Participants consuming caffeine after midnight 17 3 (21.4%)
Participants consuming alcohol day before titration 17 1 (6.3%) 
Participants consuming nicotine after midnight 17 2 (13.3%) 
Titration 
Slept 30 minutes in final settings 19 16 (84.2%)
Observed NREM in supine position in final settings 19 12 (63.2%) 
Observed REM in supine position in final settings 19 6 (31.6%) 
Setting and voltage not changed after titration* 19 10 (52.6%)
Voltage changed after titration* 19 3 (15.8%)
Setting and voltage changed after titration* 19 6 (31.6%)

Data presented as mean ± standard deviation or median [Q1, Q3] with range or numbers and 
percentages in parenthesis.                      
*Appendix shows changes in settings and voltages. NREM non-rapid eye movement, REM 
rapid eye movement

Subjective patient experience

Almost all patients (94.1%) had a positive experience with the daytime titration; one 
patient experienced discomfort from the titration. (Fig. 1) The majority of patients 
(88.2%) did not suffer from tiredness three days after titration and could pick up their 
normal sleeping habits without any problems. Four patients (23.5%) took a daytime 
nap the day after titration. 
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Figure 1. Subjecti ve pati ent experience with dayti me ti trati on (n=17)

Titration and follow-up outcome

The median AHI decreased signifi cantly (p=0.001) from baseline with 40.4 [34.6; 
46.9] events per hour to 9.0 [3.3; 17.0] events per hour during titration. At 12-months 
follow-up the AHI was 12.2 [6.7; 24.9] events per hour, not signifi cantly different from 
the titration AHI (p=0.158). There was also a statistically signifi cant reduction of AI, 
RDI, ODI, arousal index, lowest saturation and time slept with SpO2<90%, as shown 
in table 4. The ODI (3% and 4%) during titration was not signifi cantly different from 
the follow-up ODI (respectively p=0.272 and p=0.875). Time slept in supine position 
did not differ signifi cantly between baseline, titration and follow-up. 
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DISCUSSION 
This single-center prospective study is the first study to demonstrate that a daytime 
PSG to perform titration is a feasible alternative for a conventional overnight titration 
for OSA patients with UAS therapy. Even though patients slept significantly shorter 
during the daytime PSG, this was enough time to complete the titration successfully 
with 30 minutes sleep in final therapeutic settings in 84.2% of the patients. Furthermore, 
94.1% of the patients had a positive experience with the daytime titration and did not 
experience any discomfort. Respiratory OSA outcomes were significantly reduced 
during titration and were maintained at the 12-months follow-up. 

To the best of our knowledge, no other study has investigated the role of daytime 
PSG for titration of UAS. A few studies have already proven that daytime PSG is 
an appropriate procedure for titration of CPAP. [8, 11, 12, 14, 16] The American 
Academy of Sleep Medicine (AASM) clinical practice guideline states that a CPAP 
titration should be carried out for at least three hours during NREM and REM sleep 
in supine position. [17] This is comparable to our study where patients averagely 
slept 3.4 ± 1.0 hours while all sleep stages were observed including REM in supine 
position in final settings in 31.6% of the patients. 

To ensure patients were able to sleep during the daytime PSG they were asked to 
stay awake the night before the titration. A concern might be that overnight sleep 
deprivation in OSA patients alters sleep architecture and AHI results. For example, 
Persson and Svanborg observed an increase of AHI in OSA patients after sleep 
deprivation, suggesting that daytime studies are not suitable to determine the 
severity of OSA. [18] In our study however, the daytime PSG was used to titrate 
the UAS therapy. Our results show that there are no significant differences between 
the AHI at the 12-months follow-up 12.0 [6.7; 24.9] and the titration AHI 9.0 [3.3; 
17.0] (p=0.158). This means that the optimal settings found during titration were 
effective even with a possible altered AHI at the time of titration. On the other hand, 
a significantly shorter period of REM sleep was found during the daytime PSG 
12.9 ± 8.1 compared to 24.7 ± 7.7 overnight PSG (% of TST) (p=0.007). Since it 
is known that during REM sleep oxygen desaturation is more severe than during 
NREM sleep in patients with OSA, this could have underestimated the OSA severity 
during titration. [19] Again our results at 12-months follow-up showed no significant 
difference and therefore this argument had no influence on our titration. Also, the 
supine body position often increases the severity of apneas during therapy. Our 
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study did not correct for the effect of body position during the daytime PSG. However 
no significant differences were found for % TST in supine position between baseline, 
titration and follow-up PSG. 

This study in not without limitations. Yearly approximately 35 patients with OSA are 
recruited for UAS therapy in the OLVG hospital and we were able to include 23 
patients in this study. [15] The small sample size and the 5 patients who did not 
yet complete their 12-months follow-up should be taken into consideration when 
interpreting the results. Some differences might be significant when larger studies 
are performed. Ideally, we would have compared the daytime titration PSG to an 
overnight titration PSG. Unfortunately, this was not feasible during this pilot study. 
Due to the fact that during the pre-op PSG, patients are suffering from untreated 
OSA, we opted to compare both sleep architecture and respiratory outcomes with 
the 12 months follow-up PSG. Furthermore, we did not prohibit patients to consume 
caffeine the night before the daytime PSG. This might have influenced the sleep 
architecture but due to the group size (3 patients who consumed caffeine) we were 
not able to prove significant differences. 

Our experience with activation and titration has developed over the past few years. 
We know now it pays off to be flexible and to take more time to adjust and find a 
therapeutic but comfortable setting for patients. Whenever patients report subjective 
improvements during the first few months, this implies good therapy response. The 
titration could then be postponed or in the future even be replaced by a PSG at 
home to confirm therapy response. In this study device settings changed based on 
titration outcomes in 47.4% of the patients, suggesting that in all other cases the 
optimal settings were already found previously. Potentially this would obviate the 
need for titration in certain patients. A recent study by Steffen et al. assessed the use 
of home sleep tests for the treatment-adjustment phase of UAS. They concluded that 
home sleep tests had clinical advantages and were useful as a second-line titration 
control method under several conditions. [20] In addition, in a recently published 
case study, Huyett and Stagnone described the use of pulse oximetry as an addition 
to home titration for UAS therapy optimization before actual in-lab titration. They also 
concluded that certain patients could possibly directly proceed to a home sleep test 
instead of in-lab PSG titration. [21]

When comparing sleep architecture, sleep efficiency was similar for the daytime 
PSG compared to the overnight follow-up PSG (p=0.177). These results are 
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comparable with Miyata et al. who also found no significant difference for sleep 
efficiency when comparing a daytime PSG with an overnight PSG for diagnosing 
OSA. [10] Sleep latency was significantly shorter during the daytime PSG, with 3.0 
[1.1; 10.0] minutes compared to 7.6 [5.8; 17.0] minutes overnight. The overnight 
sleep latency is comparable with a normal sleep latency for healthy people between 
50-64 years. [22] Sleep deprivation the night before titration might explain the shorter 
sleep latency during the daytime PSG. [23] No significant difference was found for 
N2 and N3 sleep during the daytime PSG compared to the follow-up overnight PSG. 
The amount of N2 and N3 sleep found in this study is similar to the study of Boulos 
et al. who investigated sleep architecture in healthy people between 50-64 years. 
The independent effect of OSA on sleep architecture remains unclear. Shahveisi et 
al. found that OSA independently has the tendency to increase N1 sleep. [24] This 
perhaps could explain the significant difference we found in the amount of N1 sleep 
during the daytime PSG 7.8 [6.1; 13.2] % of TST compared to the overnight PSG 
4.5 [2.2; 5.0] % of TST (p=0.003). Titration was performed during the daytime PSG 
meaning that therapy was not consistent resulting in occasional OSA compared to 
the follow-up overnight PSG where therapy was used the entire night. 

We found similar results regarding respiratory outcomes with UAS therapy during 
titration and 12-months follow-up compared to similar larger studies. First, the results 
of the recently published ADHERE study show a median AHI reduction from 32.8 
[23.6; 45.0] events per hour at baseline to 9.5 [4.0; 18.5] events per hour after 12 
months. [25] These are similar to our results; a reduction in AHI from 40.4 [34.6; 
46.9] events per hour at baseline to 12.2 [6.7; 24.9] events per hour after 12 months. 
In the original STAR trial, the AHI decreased from 28.2 events per hour at baseline to 
8.7 events per hour at 12 months. [26]  Furthermore, device usage in our study (48 
[42; 54] hours per week) was comparable to a similar study (47.0 [38.5; 52.0] hours 
per week after six months). [20]

The growing amount of patients using UAS therapy asks for a more accessible way 
to perform titrations. Performing these titrations during the night makes it very labour-
intensive and expensive. The technician is subsequently not available for the day shift 
and many sleep technicians dislike night shifts because of understandable personal 
circumstances. The benefit of a daytime PSG is that more titrations can be performed and 
sleep technicians do not have to work during the night. The implications of performing 
daytime PSG for titration include being able to perform more titrations with shorter 
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waiting time and less labor-intensive work for sleep technicians. Patients experienced 
this daytime study as positive and were willing to repeat it in the future if necessary.   

CONCLUSION
Daytime titrations are a valuable alternative for conventional overnight titrations. Our 
findings suggest the implementation of daytime titrations as standard of care. This 
will contribute to easier logistics and better work circumstances for sleep technicians 
without jeopardizing titration quality. 

Appendix 

Appendix 1. Excluded patients  for analysis (n=4) 

Record number Reason exclusion
110001 Technical interruptions, not able to register 30 minutes of continuous 

sleep.
110002 Technical interruptions, software failure (update and flatline signals). 

No setting found for functional therapy. 
110007 Connection problems IPG, therefore continual repositioning and no 

entire sleep cycle registered.  
110021 Connection problems IPG, therefore frequent awakenings and no 

NREM 3 and REM sleep.

IPG Implantable pulse generator, REM rapid eye movement, NREM non rapid eye movement
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Appendix 2. UAS device polarity setting and amplitude outcome 

Patient (n=19)
Setting pre-titration
Amplitude in V

Setting after titration
Amplitude in V

Amplitude changed? 
(yes/no)

1 2.3 
Unipolar (0 - 0)

2.3
Unipolar (0 - 0)

No 

2 2.1
Bipolar (+ - +)

1.6
Unipolar (0 - 0)

Yes *

3 1.3
Bipolar (+ - +)

1.1
Bipolar (+ - +)

Yes 

4 2.3
Bipolar (+ - +)

2.5
Bipolar (+ - +)

Yes 

5 0.8
Bipolar (+ - +)

1.3
Bipolar (+ - +)

Yes 

6 1.2
Unipolar (0 - 0)

2.6
Bipolar (+ - +)

Yes *

7 1.1
Unipolar (0 - 0)

1.8
Bipolar (+ - +)

Yes *

8 2.1
Bipolar (+ - +)

2.1
Bipolar (+ - +)

No 

9 2.3
Bipolar (+ - +)

2.3
Bipolar (+ - +)

No 

10 0.9
Bipolar (+ - +)

0.9
Bipolar (+ - +)

No 

11 1.7
Bipolar (+ - +)

1.7
Bipolar (+ - +)

No 

12 1.7
Bipolar (+ - +)

0.9
Unipolar (0 - 0)

Yes *

13 2.1
Unipolar (- 0 -)

4.4
Bipolar (+ - +)

Yes *

14 2.6
Bipolar (+ - +)

2.6
Bipolar (+ - +)

No 

15 3.9
Bipolar (+ - +)

3.9
Bipolar (+ - +)

No 

16 3.1
Bipolar (+ - +)

3.1
Bipolar (+ - +)

No 

17 1.0
Bipolar (+ - +)

1.0
Bipolar (+ - +)

No 

18 1.2
Bipolar (+ - +)

0.7
Unipolar (0 - 0)

Yes *

19 2.4
Bipolar (+ - +)

2.4
Bipolar (+ - +)

No 

* polarity setting also changed
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DISCUSSION AND FUTURE PERSPECTIVES 
Identification of phenotypes and endotypes contributes to a better understanding of 
the complex pathophysiology and heterogeneous clinical presentation of obstructive 
sleep apnea (OSA). As a result, the specificity and sensitivity of diagnostic tools could 
be increased. Another advantage of identification of these potential predictors is that 
they point in a specific treatment direction, as every treatment option tackles specific 
components influencing the upper airway patency. Consequently, treatment success 
might increase. Bearing this in mind, scientists are constantly seeking for predictors: 
risk factors associated with OSA and parameters influencing treatment outcome. The 
general aim of this thesis was to assess the value of potential predictors influencing 
OSA severity and treatment outcome.  

Predictors for OSA
At which healthcare practitioner patients first present themselves with OSA-related 
complaints, varies broadly. It could be at the general practitioner for snoring issues 
or excessive daytime sleepiness, at the psychologist for depression or fatigue, at the 
dentist for bruxism, or at any medical specialist with vague complaints. Therefore, it 
is important that all of these health practitioners are aware of the possible symptoms 
of OSA to prevent unnecessary care and high healthcare costs. The heterogeneity 
of OSA-related complaints makes early diagnosis difficult. The detection of specific 
risk factors and predictors could be of added value in this process. Since the majority 
(95%) of patients with OSA report disruptive snoring, using snoring sounds as 
a diagnostic tool could potentially be of great value. As described in chapter 2, 
during a drug-induced sleep endoscopy (DISE), the duration of a snoring event is 
associated with complete concentric collapse of the soft palate, which is a negative 
predictor for surgical treatment outcome. One of the reasons that we perform a DISE 
prior to upper airway surgery is to determine if this negative predictor is present. 
Therefore, this outcome could be of great value, but first needs to be confirmed in 
a representative OSA population during natural sleep. We concluded that it is not 
feasible to predict the obstruction site of the upper airway, assessed during DISE, 
based on snoring sounds. More intelligent methods like machine learning, however, 
may perform better in recognizing collapse sites. Since, in general, people visit the 
dentist once or twice a year and oral inspection is routinely performed, the dentist 
could potentially assist in early detection of dental parameters and other specific 
characteristics (e.g., large tonsils) that increase the risk of developing OSA, and 
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subsequently ask targeted questions. Based on the findings of our study, within the 
limitations as described in chapter 3, it seems not feasible yet to screen for OSA by 
phenotyping patients with regard to dental parameters. Although with these studies 
we could not yet determine specific diagnostic leads, we do think that future research 
should point in the direction of the analysis of snoring sounds and the role of the 
dentist. Given the 95% prevalence of snoring complaints in the OSA population and 
the yearly dentist visits, the influence of discovering a diagnostic lead in the general 
dental practice would be major. 

Predictors for treatment outcome – Mandibular advancement 
device (MAD)
MADs are widely used in the treatment of OSA, but have a broad range with regard 
to treatment outcome. The majority of MADs is custom-made. Consequently, in 
case of therapy failure or intolerance, the MAD goes to waste. This thesis focused 
especially on prediction and optimization of MAD treatment. In chapters 3 and 4, 
potential phenotypes, including dental characteristics and positional OSA (POSA), 
were investigated with regard to their influence on MAD treatment outcome. Both did 
not seem to predict MAD treatment outcome. We are of the opinion that the validity 
of these findings should be investigated prospectively with a larger cohort. Another 
tool to screen for MAD treatment eligibility could be the use of DISE findings. This 
hypothesis was investigated in chapters 5-7. The jaw thrust maneuver is known 
not to be fully reproducible and therefore less reliable with regard to objective study 
outcomes and its predictive value. As an alternative, the added value of a temporary 
non-custom MAD was explored. Both maneuvers (jaw thrust and a temporary MAD) 
seemed to mimic the treatment effect of a MAD as reported in the literature. To 
validate this outcome, we used the same temporary MAD during DISE. Patients 
were instructed to use the temporary MAD directly after DISE for at least 3 months, 
followed by a polysomnography (PSG) to determine its treatment effect. This study 
showed that if the obstruction of the upper airway in supine position completely 
disappeared while applying the MAD during DISE. Patients were 6.3 times more 
likely to be a responder than with persisted obstruction during DISE. The finding of 
the preliminary predictive value of this temporary MAD with regard to MAD treatment 
outcome is a key finding. In particular because in another study, in which we have 
investigated the similarity of this temporary MAD with a custom MAD with regard 
to objective and self-reported outcomes, we concluded that the MADs were similar 
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(chapter 7). The impact hereof is twofold: 1. the use of this temporary MAD during 
DISE predicts its own treatment success and, given the similarity, also that of a 
custom MAD; and 2. without performing a DISE with this MAD in situ, the findings with 
regard to this temporary MAD are still of added value.  Patients could directly start 
treatment and experience the (subjective) benefits and possible disadvantages of 
MAD treatment within the first months, before a more expensive custom MAD would 
be produced. These findings create major screening opportunities and subsequently 
might increase treatment success of a MAD. Consequently, this temporary MAD 
could be an efficient and cost-effective means for screening treatment eligibility. If 
our other study would have confirmed the similarity between a jaw thrust and this 
temporary MAD, accordingly the predictive value of the jaw thrust for MAD treatment 
would have been proved. However, in our study, that was not the case. Future 
studies with larger cohorts should be performed to investigate the feasibility and cost-
effectiveness of performing a DISE with this new-generation MAD and of providing 
patients with it without performing a DISE. In addition, it should be investigated for 
which patients and in which kind of clinical centers this would be of added value. 

Predictors for treatment outcome – Hypoglossal nerve 
stimulation (HNS)
Compared to MAD treatment, HNS is relatively new and less widely applied, and 
inclusion criteria are strict.

The conclusion in chapter 8, that pre-treatment severity (if the apnea-hypopnea 
index (AHI) is at least 15 events/hr) does not influence treatment effect or patient 
satisfaction, support a broader indication for HNS therapy. This concerns patients 
with an AHI above 50 and even above 65 events/hr sleep, for whom this treatment 
is now often not available. This is a key finding, since these are the patients with 
the highest disease burden, for whom not many effective treatment options are 
available in case of CPAP failure. This study was possible due to a large-scale 
registry and underlines its added value. A future recommendation would be to create 
more registries, especially in case of new treatment options, to more easily perform 
large-scale studies. In chapter 9, we evaluated the feasibility of a daytime titration 
PSG as an alternative for the conventional titration during the night to optimize 
treatment outcome of HNS. Our findings suggest the implementation of daytime 
titrations as standard of care. This will contribute to easier logistics and better 
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working circumstances for sleep technicians without jeopardizing titration quality, an 
optimization of a treatment modality. 

Predictors - Biomarkers
In this thesis, many potential predictors, mostly phenotypes, for OSA severity and 
specific treatment options were investigated. Relatively less studied is the role of 
biomarkers, an endotype, in predicting OSA severity and serving as follow-up marker 
for treatment response. In the literature, the association of lipid metabolism-related 
biomarkers with OSA has already been described. Identification of more OSA-related 
biomarkers from blood, collected by venipuncture, could provide a less expensive, 
less time consuming and more patient friendly diagnostic tool than the current gold 
standard PSG. Replacement of PSG with accurate biomarkers would provide a 
worldwide opportunity for all OSA clinics to simplify standard baseline and follow-up 
screening for specific purposes. Therefore, research should be aimed at identifying 
biomarkers associated with OSA by investigating if they are in agreement with PSG 
outcomes, pre- and post-treatment, and if OSA treatment does result in improvement 
of these markers associated with cardiovascular and metabolic diseases. 

In this thesis, the main investigated phenotypes were snoring sounds, dental 
parameters and position dependency. Snoring sounds do not predict the presence 
of an obstruction at each level of the upper airway as found during DISE. Dental 
parameters do not contribute to screening for OSA and MAD treatment success as 
they do not correlate with OSA severity or MAD treatment outcome. POSA does not 
predict whether or not a patient is a suitable candidate for MAD treatment. 

In addition to the predictive value of these phenotypes, we have investigated the 
predictive value of specific maneuvers and tools during DISE. The investigated new-
generation MAD predicts its own treatment success and, given the similarity with the 
regular custom MAD, also that of a custom MAD.  

Pre-treatment OSA severity and day-time titrations do not influence NHS treatment 
outcome, consequently the indication of HNS could be broadened and logistics for 
follow-up could be easier with better work circumstances for somnotechnologists 
without jeopardizing titration quality. 
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SUMMARY
All research presented in this thesis aimed to assess the added value of developments 
regarding screening and diagnostic tools and treatment to improve Obstructive Sleep 
Apnea (OSA) patient care. The general introduction in Chapter 1 describes the 
heterogeneity of the pathophysiology and clinical presentation of OSA, the available 
diagnostic tools, and the treatment options. This chapter underlines the necessity 
to determine predictors: risk factors for developing OSA and parameters influencing 
treatment outcome. 

In Chapter 2, we study the potential of snoring sounds with regard to predicting upper 
airway collapse sites observed during drug-induced sleep endoscopy (DISE) in 119 
patients with OSA undergoing DISE with simultaneous snoring sound recording. A 
longer duration of snoring events was associated with a higher probability of complete 
concentric collapse (Odds ratio = 2.99 [1.01 – 8.84 95%CI]). We concluded, based 
on the outcomes of the logistic regression model, that it is not feasible to predict the 
presence of an obstruction at each level of the upper airway as found during DISE 
using clinical data and snoring sound parameters. 

In Chapter 3, we investigated the predictive value of dental parameters as phenotypes 
with regard to OSA severity and Mandibular Advancement Device (MAD) treatment 
success. The relation between dental parameters and OSA severity was analyzed in 
143 patients, and subsequently, 85 patients were treated with a MAD. Fifty patients 
had a polysomnography (PSG) with MAD in situ after three months. Overbite and 
maximal retrusion differed significantly between mild, moderate, and severe OSA. 
Other dental parameters did not differ significantly between the groups, nor did they 
correlate with OSA severity or MAD treatment outcome. Therefore, we concluded 
that, within the limitations of this study design, it is not possible yet to screen for 
OSA and MAD treatment success by phenotyping OSA patients based on dental 
parameters. 

In Chapter 4, we aimed to evaluate the impact of another phenotype, position 
dependent OSA (POSA), on MAD treatment success. In this single-center retrospective 
study, 96 patients were included, diagnosed through an overnight PSG, and followed 
by MAD treatment and another PSG with the MAD in situ. Complete MAD treatment 
success was significantly higher if a patient was sleeping in the non-supine position. 
Treatment success did not differ significantly between positional patients and non-
positional patients. While sleeping with the MAD, patients did not spend significantly 
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more time in the supine position. We did not find any post-treatment shifts in position 
dependency either. Since we found that position dependency has no impact on MAD 
treatment success, this phenotype does not predict whether or not a patient is a 
suitable candidate for MAD treatment.

In Chapter 5, we investigated the predictive value of performing passive maneuvers 
during DISE. Patients (n=94) were retrospectively included if a DISE had been 
performed in supine and non-supine sleeping position and with and without a 
temporary MAD in situ. The VOTE scoring system was used to evaluate the effect of 
the maneuvers on obstruction at four levels of the upper airway. As a temporary MAD 
during DISE reduced obstruction by 54% and jaw-thrust by 57%, both mimicked 
the effect of MADs as reported in the literature, which reduces the AHI by 60%. 
Head-and-trunk rotation reduced obstruction by 55%, thus mimicking the effect of 
PT, which is known to reduce the AHI by 50%. To validate the added value of these 
findings, a prospective study should be performed.   

Subsequently, we aimed to validate the outcomes of the study as described in 
Chapter 5. In a prospective study, we investigated the predictive value of using a 
temporary MAD during DISE with regard to MAD treatment outcome in Chapter 6. 
We compared DISE outcomes with this MAD in situ with PSG results after 3 months 
of using the same MAD in 41 patients, with a mean AHI of 16.0 [7.4, 23.4] events/
hr. Respiratory outcomes as recorded through PSG, such as the total AHI, AHI in 
supine position, and oxygen desaturation index (ODI), all significantly improved after 
three months of MAD treatment. If the obstruction of the upper airway completely 
disappears with the MAD in situ during DISE in supine position, patients are 6.3 
(0.9-42.7 95%CI) times more likely to be a responder to MAD treatment than if a 
complete obstruction maintains. This preliminary predictive value is a key finding, 
since the prediction of MAD treatment outcome is of great research and clinical 
interest. 

Another prospective study concerning this temporary non-custom MAD was 
performed as reported in Chapter 7. In this randomized cross-over study, we 
investigated the potential of a new generation non-custom MAD, by comparing its 
effectiveness with a custom MAD. Patients started either with the non-custom or 
custom MAD. Both MADs were applied for 12 weeks, followed by a PSG with MAD 
in situ and questionnaires. Forty patients completed the study. The median AHI 
significantly reduced from 16.1 events/hr to 10.7 events/hr with the custom MAD 
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(p=0.010) and to 7.8 events/hr with the non-custom MAD (p<0.0001). Self-reported 
outcomes significantly improved for both MADs. No significant differences were 
found between both MADs, which suggests that this non-custom MAD can be used 
as a selection tool for MAD treatment eligibility to improve MAD treatment outcome. 

In Chapter 8, we investigated whether pre-treatment OSA severity influences 
treatment outcome of hypoglossal nerve stimulation (HNS), using data from the 
multicenter international ADHERE registry. A total of 1963 patients were included. 
All had undergone HNS implantation and had at least one follow-up visit recorded 
in the ADHERE database on June 8th, 2021. The patients were divided into five 
subgroups, based on OSA severity at baseline (AHI in events/hr): subgroup 1 (0-15), 
2 (15-30), 3 (≥30-50), 4 (>50-65), and 5 (>65). Twelve months after implantation, 
there was a significant (p<0.0001) improvement in objective sleep parameters in 
all subgroups with an AHI of 15 events/hr and above. No significant difference was 
found between the subgroups in overall treatment success and improvement of 
self-reported outcomes. These results suggest that HNS is an effective treatment 
for patients with an AHI ≥15 events/hr, independent of pre-operative OSA severity. 
Consequently, the indication of HNS could be broadened for patients with an AHI 
above 65 events/hr which to date is not common practice.

Chapter 9 also concerns HNS therapy. To optimize its effectiveness, titrations are 
performed during an in-laboratory overnight PSG. We prospectively investigate the 
feasibility of a daytime PSG to perform titration of NHS therapy as an alternative 
for a conventional overnight PSG in 19 patients. Data on sleep architecture, patient 
experience and respiratory outcomes were collected. An overnight follow-up PSG 
12 months after implantation was used to compare sleep architecture and therapy 
response. Even though patients slept significantly shorter during the daytime PSG, 
there was enough time to complete the titration successfully with 30 minutes sleep in 
final therapeutic settings in 84.2% of the patients. The majority (94.1%) had a positive 
experience with the daytime titration. Respiratory outcomes significantly improved 
during titration and were maintained at the 12-months follow-up. We concluded that 
daytime titrations are a valuable alternative for conventional overnight titrations. 

In Chapter 10, the results obtained in this thesis are discussed and recommendations 
for future research are given. 
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SAMENVATTING
Dit proefschrift is gericht op het onderzoeken van de toegevoegde waarde van 
ontwikkelingen met betrekking tot screeningsmiddelen en behandelingen voor 
optimalisatie van de zorg voor patiënten met obstructieve slaapapneu (OSA). 
De algemene introductie in hoofdstuk 1 beschrijft de heterogeniteit van de 
pathofysiologie en de klinische presentatie van OSA, de bestaande diagnostische 
middelen en behandelopties. Het hoofdstuk benadrukt het belang van het bepalen 
van voorspellers; zowel van risicofactoren voor het ontwikkelen van OSA als van 
factoren die de het behandelsucces beïnvloeden. 

In hoofdstuk 2 onderzochten we de waarde van snurkgeluid als potentiele voorspeller 
voor de lokalisatie van de bovenste luchtwegobstructie zoals gevonden tijdens 
medicamenteus-geïndiceerde slaapendoscopie (drug-induced sleep endoscopy, 
DISE) bij 119 patiënten met OSA die een DISE ondergingen met simultaan opgenomen 
snurkgeluid. Een langere duur van snurkmomenten was geassocieerd met een hogere 
kans op een compleet concentrische collaps (Odds ratio = 2.99 [1.01 – 8.84] 95%CI). 
We concludeerden, gebaseerd op de uitkomsten van het logistische regressiemodel, 
dat het niet mogelijk is om de aanwezigheid van een obstructie op ieder niveau van 
bovenste luchtweg te voorspellen met behulp van klinische gegevens en snurkgeluid.

In hoofdstuk 3 werd de voorspellende waarde van tandheelkundige paramaters 
(fenotype) onderzocht met betrekking tot de ernst van OSA en behandelsucces van een 
mandibulair repositie-apparaat (MRA). De relatie tussen tandheelkundige parameters 
en de ernst van OSA werd geanalyseerd in 143 patiënten, waarvan er 85 werden 
behandelend met een MRA. Vijftig patiënten ondergingen een polysomnografie (PSG) 
met hun MRA in situ na drie maanden behandeling. Overbeet en maximale retrusie 
verschilden significant tussen licht, matig en ernstig OSA. Andere tandheelkundige 
parameters verschillenden niet significant tussen de subgroepen; ook niet wanneer 
gekeken werd naar de behandeluitkomst van het MRA. Op basis van deze uitkomsten, 
met de beperking van het onderzoeksdesign in acht nemend, concludeerden we 
daarom dat het nog niet mogelijk is om op basis van tandheelkundige parameters te 
screenen op OSA of om patiënten te selecteren voor een MRA.

De studie in hoofdstuk 4 richtte zich op een ander fenotype, namelijk positieafhankelijk 
OSA (POSA), en de invloed hiervan op het behandelsucces van een MRA. In deze 
retrospectieve mono-centrum studie werden 96 patiënten geïncludeerd, gediagnosticeerd 
middels een PSG, behandeld met een MRA en geëvalueerd met nogmaals een PSG, 
ditmaal met MRA in. Compleet behandelsucces was significant hoger wanneer patiënten 
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niet op de rug sliepen. Behandelsucces verschilde niet significant tussen patiënten met 
POSA en OSA. Patiënten sliepen niet significant meer op de rug met de MRA in en 
er werden ook geen verschuivingen gevonden in positieafhankelijkheid als gevolg van 
de behandeling. Omdat er geen invloed van POSA op MRA-behandelsucces werd 
gevonden, is dit fenotype geen voorspeller voor behandelsucces middels een MRA.

In hoofdstuk 5 onderzochten we de voorspellende waarde van passieve maneuvers, 
toegepast tijdens DISE. Patiënten (n=94) werden retrospectief geïncludeerd als er een 
DISE was uitgevoerd in zowel rug- als zijligging en met en zonder tijdelijk MRA in. Het 
VOTE-scoringssysteem werd gebruikt om het effect van de maneuvers op de mogelijke 
obstructie op vier niveaus van de bovenste luchtweg (velum, oropharynx, tong en epiglottis) 
te beoordelen. Tijdens DISE verminderde het tijdelijke MRA de obstructie met 54% en het 
manueel naar voren bewegen van de onderkaak met 57%. Beiden simuleerden hiermee 
het behandeleffect (60%) van een MRA zoals beschreven in de literatuur. Het draaien van 
het lichaam van rug- naar zijligging verminderde de obstructie met 55% en simuleerde 
daarmee het effect van SPT (50%). Om de toegevoegde waarde van deze bevindingen 
te valideren, zal een prospectieve studie moeten worden uitgevoerd. 

Het doel van hoofdstuk 6 was om de uitkomsten, zoals beschreven in hoofdstuk 5, 
te valideren. In een prospectieve studie onderzochten we de voorspellende waarde 
van het gebruik van een tijdelijk MRA tijdens DISE op behandeluitkomst ervan. Bij 41 
patiënten met een gemiddelde AHI van 16.0 [7.4; 23.4], werden uitkomsten van DISE 
met een MRA in vergeleken met resultaten van een PSG met hetzelfde MRA in na 
een behandeling van drie maanden. Wanneer er, bij het gebruik van het MRA tijdens 
DISE in rugligging, sprake was van een volledige verbetering van de obstructie 
in de bovenste luchtweg, was de kans 6.3 (0.9-42.7 95%CI) keer groter dat de 
patiënt reageerde op behandeling middels een MRA dan wanneer er een volledige 
obstructie aanhield bij gebruik van het tijdelijke MRA tijdens DISE. Deze mogelijk 
voorspellende waarde is een belangrijke bevinding aangezien het voorspellen van 
MRA-behandeluitkomst voor veel wetenschappers en clinici van grote waarde is.  

Een andere prospectieve studie met betrekking tot deze tijdelijke beugel wordt beschreven 
in hoofdstuk 7. In deze gerandomiseerde cross-over studie, werd de potentie van een 
nieuwe generatie niet op maat gemaakte MRA’s onderzocht door de effectiviteit te 
vergelijken met die van een op maat gemaakt MRA. Patiënten startten met een van 
de twee MRA’s en droegen deze drie maanden, gevolgd door een PSG met hun MRA 
in. Tevens weren op dat moment vragenlijsten ingevuld door de patiënt. Daarna werd 
er één week geen MRA gedragen, waarna hetzelfde traject met het tweede MRA werd 
doorlopen. De gemiddelde AHI, van de 41 patiënten die de gehele studie doorliepen, was 



11

Summary/Samevatting

199   

16.1 events/uur vóór behandeling en daalde significant naar 10.7 events/uur (p=0.010) 
met de het maat gemaakte MRA en naar 7.8 events/uur met het niet op maat gemaakte 
MRA (p<0.0001). Ook subjectieve uitkomsten verbeterden significant bij beide MRA’s. Er 
werden geen significante verschillen tussen de twee MRA’s gevonden, wat suggereert 
dat de niet op maat gemaakte beugel als selectiemiddel voor MRA-behandeling gebruikt 
kan worden, om zo de behandeluitkomst te verbeteren. 

In hoofdstuk 8 werd onderzocht of peroperatieve ernst van OSA de behandeluitkomst 
van nervus hypoglossus stimulatie (NHS) beïnvloedt. Data voor deze studie was 
afkomstig uit een internationaal multicenter register (ADHERE). In het totaal werden 
1963 patiënten geïncludeerd. Allen waren geïmplanteerd met NHS en hadden tenminste 
één herhaalbezoek gehad. Patiënten werden verdeeld over vijf subgroepen, gebaseerd 
op de ernst van de OSA vóór behandeling (AHI in events/uur): subgroep 1 (0-15), 2 
(15-30), 3 (≥30-50), 4 (>50-65), en 5 (>65). Twaalf maanden na implantatie werd een 
significante (p=<0.0001) verbetering gevonden in alle slaap-gerelateerde parameters 
van de PSG bij de subgroepen met een AHI van minimaal 15 events/uur. Er weden geen 
significantie verschillen gevonden in behandelsucces en subjectieve uitkomsten tussen 
de groepen. Deze resultaten bevestigen dat NHS een effectieve behandeling is voor 
patiënten met een AHI ≥ 15 events/uur, ongeachte de ernst van de OSA. Derhalve kan 
de indicatie voor NHS verbreed worden zodat ook patiënten met een AHI van 50 events/
uur of hoger (in Nederland) en 65 events/uur of hoger (internationaal) in aanmerking 
komen voor deze therapie, wat op dit moment nog geen standaard zorg is. 

Ook in hoofdstuk 9 gaat het onderzoek over HNS. Om de effectiviteit van deze 
behandeling te vergroten, wordt na activatie een titratie verricht tijdens een 
nachtelijke PSG. We onderzochten bij 19 patiënten prospectief de toepasbaarheid 
van een titratie PSG overdag als alternatief voor de nachtelijke registraties. Data 
met betrekking tot slaaparchitectuur en parameters en ervaringen van de patiënt 
werden verzameld. Daarnaast werd een nachtelijke PSG na 12 maanden gebruikt 
ter vergelijking van de slaaparchitectuur en de behandeluitkomst. Ondanks dat 
patiënten significant korter sliepen tijdens een PSG overdag, was het genoeg tijd 
om de titratie succesvol te voltooien met de gewenste instellingen bij 84.2% van de 
patiënten. Het merendeel (94.1%) had een positieve ervaring met de PSG overdag. 
Slaap-gerelateerde PSG-uitkomsten waren significant verbeterd tijdens de titratie 
en deze verbetering hield ook na 12 maanden nog stand. Titraties middels een PSG 
overdag zijn daarom een waardevol alternatief voor nachtelijke PSG’s.

In hoofdstuk 10 worden de resultaten van dit proefschrift besproken en worden 
aanbevelingen voor toekomstig onderzoek gedaan.
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ABBREVIATIONS

AASM		  American Academy of Sleep Medicine
AI		  Apnea index
AHI 		  Apnea-hypopnea index
AHIS		  Apnea-hypopnea index in supine position
AP		  Anteroposterior
BIS		  Bispectral index 
BMI		  Body mass index
CCC(p)		 Complete concentric collapse (of the soft palate)
CGI-I		  Clinical global impression – improvement 
CI		  Confidence interval
CPAP		  Continuous positive airway pressure
CSA		  Central sleep apnea
dB		  Decible
DF		  Dominant frequency
DISE		  Drug-induced sleep endoscopy
DPSG		  Daytime polysomnography
DSMB		  Data safety monitoring board
ECG		  Electrocardiogram
EEG 		  Electroencephalogram
EMG		  Electromyogram
EOG		  Electrooculography
ENT		  Ear nose and throat
EPV		  Events per variable
ESP		  Expansion sphincter pharyngoplasty
ESS		  Epworth sleepiness scale
F1		  The first formant
F2		  The second formant
F3		  The third formant
FF 		  Fundamental frequency 
FOSQ		  Functional outcomes of sleep questionnaire
FU		  Follow-up
FU-NPSG	 Follow-up overnight polysomnography
GEE		  Generalized estimating equations
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HST		  Home sleep test
hr		  Hour
Hz		  Hertz
HNS		  Hypoglossal nerve stimulation
ICSD-3		 International classification of sleep Dssorders, 3rd edition
IPG		  Implanted pulse generator
kg		  Kilogram
m		  Meter
MAD		  Mandibular advancement device
MEC		  Medical ethical committee
MMA		  Maxillomandibular advancement 
MR		  Magnetic resonance imaging 
N1		  Non-rapid eye movement sleep stage 1 
N3		  Non-rapid eye movement sleep stage 3
NPP		  Non-positional patient
NREM		  Non-rapid eye movement
OA		  Oral appliance
ODI		  Oxygen desaturation index
OR		  Odds ratio
OSA		  Obstructive sleep apnea
OSAS		  Obstructive sleep apnea syndrome
Pcrit		  Critical closing pressure
PG		  Polygraphy
POSA		  Positional obstructive sleep apnea
PP		  Positional patient
PSG		  Polysomnography
PT		  Positional therapy
RAND-36	 Research and development-36 survey
RCT		  Randomized controlled trial
RDI		  Respiratory disturbance index
REM		  Rapid eye movement
RMS		  Root mean square 
s		  Seconds
SpO2		  Oxygen saturation
SD		  Standard deviation
SRBD		  Sleep related breathing disorder
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TCI		  Target-controlled infusion
TMD		  Temporomandibular disorders
TORS		  Trans oral robotic surgery
TST		  Total sleeping time
UAS		  Upper airway stimulation
UPPP		  Uvulopalatopharyngoplasty
VIF		  Variance inflation factor 
VOTE		  Velum, oropharynx, tongue base, and epiglottis
vs		  Versus
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DANKWOORD
Dit proefschrift gaat over het verbeteren van de kwaliteit van slaap. Paradoxaal 
genoeg heeft de totstandkoming van het proefschrift mij flink wat slapeloosheid 
bezorgd. Gelukkig stond ik er niet alleen voor, daarom wil ik graag deze bladzijden 
benutten om iedereen die heeft bijgedragen aan de totstandkoming van dit 
proefschrift te bedanken.

De afgelopen drie jaren hebben mij meer gebracht dan ik vooraf had gedacht. Ik ging 
voor verdieping en de titel, ik vertrek echter met een enorme hoeveelheid inspiratie, 
ervaringen en (levens)lessen waar ik de rest van mijn leven van hoop te kunnen 
profiteren.

Ik wil beginnen bij het bedanken van de patiënten voor hun deelname en vertrouwen, 
zonder patiënten geen onderzoek. Patiëntencontact was een welkome variatie 
tijdens de onderzoeksdagen.

Dank ook aan OLVG, ik begrijp nu waarom artsen spreken over ‘’in huis zijn’’, je 
spendeert meer uren daar dan onder je eigen dak. Ik voel me bevoorrecht in hét 
topklinische ziekenhuis van Amsterdam gewerkt te hebben.

Mijn promotor, mijn baas, prof. dr. N. De Vries. Lieve Nico, ik kan een heel proefschrift 
vullen met anekdotes over onze samenwerking. Wat ben ik een geluksvogel dat je mij 
hebt aangenomen. Je enthousiasme voor onderzoek is aanstekelijk, je gedrevenheid 
is indrukwekkend, je geduld met mijn karakter (diepe zucht) bewonderenswaardig, 
je vertrouwen en het feit dat je als een huis achter me stond onbetaalbaar. We zijn 
totaal verschillend, onze humor ook overigens, maar een ijzersterk team. Jij deed de 
spelling en interpunctie, ik de ICT, jij trok meetings aan, ik hostte en verwerkte ze, 
overal nam je me mee naartoe en schoof je me naar voren. Begrijp me niet verkeerd, 
ik heb je meermaals achter behang willen plakken, dagelijks eigenlijk wel. Maar dat 
krijg je als je elkaar zo vaak ziet. Ik ben je intens dankbaar voor de afgelopen drie 
jaar en had me geen betere begeleider kunnen wensen. P.S. Wees gewaarschuwd, 
het volgende boek dat ik schrijf is een bundel met al je moppen.  

Mijn tweede promotor, prof. dr. F. Lobbezoo. Beste Frank, er is niemand die zo snel 
op een mail reageert als jij, dank voor je waardevolle suggesties en correcties.

Mijn copromotor, mijn bazin, dr. M.J.L. Ravesloot. Lieve Maddy, je hebt een enorme 
bijdrage geleverd aan zowel de kwaliteit van dit proefschrift als mijn kwaliteit van leven 
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tijdens mijn promotie. Heerlijk om over beide aspecten super eerlijk met je te kunnen 
sparren. We kunnen elkaar goed vinden en begrijpen in onze overeenkomsten en 
fijn coachen in onze verschillen en daarvan leren. Dat is super waardevol. Zo attent, 
gedreven, creatief en intelligent als jij bent, zijn er maar weinig, ik hoop dat je je dat 
realiseert. Wat je ook gaat doen, voor mij ben je nu al een grote professor. 

Leden van de promotiecommissie, ik dank u voor het zorgvuldig en kritisch beoordelen 
van het manuscript en het opponeren tijdens de verdediging van dit proefschrift

Lieve Anja, mamanja, mijn researchmoeder, steun en toeverlaat: jouw luisterend 
oor, geduld, warmte en support waren alles wat ik nodig had om elke dag weer met 
plezier en vertrouwen naar mijn werk te fietsen. Aan één blik of woord hebben we 
genoeg. Er zijn weinig mensen die mijn complexe karakter zo goed kennen een 
kunnen handelen, maar you do. Ik heb en had geen geheimen voor je en kon in 
onze werkkamer 24/7 mijn ongefilterde zelf zijn, duizendmaal dank daarvoor.  Ik ga 
je ongelofelijk missen.

Lieve Mickey, mijn enige leeftijdsgenoot op de KNO, mijn vriendin. Er bestaan geen 
grotere tegenpolen qua karakter dan jij en ik maar wat ben ik blij dat ik ervoor gestreden 
heb om jou als opvolger te krijgen. We vullen elkaar perfect aan en botsen nooit. Ik kan 
veel leren van jouw rust, hoe je dingen kan afbakenen, niet overal gelijk op inspringt 
of op aanslaat. Mede door de klinische kant van onze baan, schoot het niet op met de 
publicaties (sterker nog ik ging zonder publicaties mijn laatste jaar in). Zonder aarzelen 
en zeer nauwkeurig nam je al mijn taken over, zodat ik me kon focussen op het schrijven 
en een enorme eindsprint heb kunnen inzetten. Ik ben je daar heel dankbaar voor.

Lieve Patty, toen ik hier begon voelde het als een onmogelijke taak om in jouw 
voetsporen te moeten treden, wat keek en kijk ik tegen jou op. Ik besloot als alternatief 
maar mijn eigen pad te gaan bewandelen. Je was er aan het begin om me op weg te 
helpen en als voorbeeld om me aan op te trekken en keerde aan het eind terug voor 
goede raad en support, dank!

PvM, hier spreek P to the B, jij als stuiterbal, grapjas, verhalenverteller en 
luchtigheidbrenger was een zeer welkome gast in onze werkkamer. Na het bijkletsen 
met jou bleven we achter met klapperende oren van jouw avonturen óf met een 
lagere hartslag omdat je ons had laten inzien dat het allemaal niet zo ingewikkeld of 
gewichtig was ,‘’zo simpel is het’’. Dank voor het relativeren, je goede raad en rake 
berichtjes wanneer ik dat nodig had. Dank voor het vermaak. 
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Lieve Marjolein, heerlijk als jij je poli kwam voorbereiden op onze kamer en we vervolgens 
in een lang gesprek verzeild raakten over complexe patiënten, droombestemmingen 
en de beste restaurants. Leuk dat óók wij samen een stuk gepubliceerd hebben. 

Lieve Peter van Rijn, mede dankzij jou wilde ik graag in het OLVG blijven en heb 
ik naast wetenschappelijk ook klinisch zeer veel geleerd de afgelopen jaren. Dank 
voor je onderwijs en je blinde vertrouwen in mijn klinische vaardigheden, jouw 
enthousiasme voor het vak is zeer aanstekelijk. 

Lieve Meerie, wij lijken in helemaal niets op elkaar en juist daarom vind ik het heerlijk 
om met je kletsen, jouw frisse kijk op dingen vind ik inspirerend, voor jou is niets te 
gek. Over milieu, voeding en boten kunnen wij uren praten. Niets is ongemakkelijk. 
Ik heb genoten van onze samenwerking. 

Lieve DA’s, David, Els, Marije, bedankt voor de reuring, jullie luisterend oor, heerlijke 
verhalen, platte humor en natuurlijk de gratis kilo’s. Dank dat jullie het KNO-circus 
al jaren draaiende houden, rekening houden met de gebruiksaanwijzingen van alle 
gekken in witte jas, ons terecht wijzen en ondersteunen, ik heb veel geleerd en 
genoten van de samenwerking met jullie, jullie zijn onmisbaar.

Lieve collegae, van de KNF, long en MKA dank voor het meewerken aan onze 
onderzoeken. Dankzij de slaap MDO’s met jullie heb ik een bredere kijk op OSA 
gekregen. 

Aan de co-auteurs van de artikelen, dank voor jullie suggesties, aanvullingen en de 
prettige samenwerking.

Mijn paranimfen, Han en Boon, de enige vriendinnen met wie ik al 9 jaar goed over 
de inhoud van ons werk kan praten (klagen), die met precies dezelfde dillema’s 
strugglen, de pieken en dalen begrijpen en hun licht kunnen laten schijnen over mijn 
overwegingen maar bovenal met wie ik de ellende van onze afgelegde weg heerlijk 
kan bestrijden met humor, sarcasme en feest. Van Groningen, via Zwolle naar 
Amsterdam, altijd samen. Jullie onvoorwaardelijke steun, inlevingsvermogen, attente 
kaarten, viering van pieken en medeleven bij dalen waren en zijn onbeschrijfelijk 
waardevol en onmisbaar. Dank daarvoor, en natuurlijk voor het regelen van de 
festiviteiten van mijn promotie, dank voor alles. 

Al mijn lieve vriendinnen, dank voor de welkome afleiding en het vermaak. Hoe 
uitgebreider onze avonturen gedeeld worden hoe beter. Uitmelken en analyseren en 
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er extreem de slappe lach om hebben. Niets is te gek. Jullie accepteren en waarderen 
me met al mijn eigenaardigheden. Ik werk om in mijn vrije tijd met jullie te kunnen 
genieten, het liefst op het terras of in de boot. Dank voor de goede gesprekken, het 
relativeren, de lol, en jullie steun. Marie, mijn sportmaat, onze dagelijkse klasjes (en 
bijbehorend gekletst) waren cruciaal voor mijn mentale en fysieke gezondheid, dank 
voor je oneindige motivatie daarvoor.

En dan mijn familie, Brammie mijn kleine grote broer, jij kent geen stress, dat maakt 
me rustig, met jou en je maten chillen houdt me jong. We hebben dezelfde humor, 
dat is ook meteen onze enige overeenkomst, maar toch ben je mijn beste maat. Ik 
ben heel dankbaar voor en trots op onze band. Lieve mam, elke ochtend als ik naar 
het OLVG fietste belden we en luisterde je naar mijn pieken of dalen, je support me 
in mijn wanen, steunt je me in mijn dips. Je bent er altijd, ongeacht het temperament 
waarmee je te stellen krijgt als je de telefoon opneemt. Ik lijk extreem op jou, daarom 
begrijp je me zo goed. Lieve Pap, jij en ik daarentegen lijken niet op elkaar, juist 
daarom ben je mijn raadgever, jij zet me aan het denken, relativeert en kalmeert mijn 
extremen, luistert zorgvuldig, bent extreem geduldig (zelfs met mijn ongeduld), helpt 
me met alles: van klussen aan de boot, tot het nalezen van teksten. Jullie drie staan 
altijd voor me klaar, ongeacht mijn kuren, ik ben een geluksvogel dat ik uit zo’n warm 
nest kom. Woorden schieten tekort (en dat heb ik niet vaak) als ik moet beschrijven 
hoe dankbaar ik jullie ben voor alle mogelijkheden die jullie mij gegeven hebben om 
te groeien (behalve dan in lengte), dankzij jullie ben ik waar ik nu ben. Ik hoop dat 
we nog jaren kunnen genieten van onze warme band, bij voorkeur op een lekkere 
vakantiebestemming. Oneindig veel DANK. Voor alles. Altijd. 
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Imagine this circle contains all of human knowledge

As a child, the upbringing by your parents forms the core

By the time you finish elementary school, you know a little

By the time you finish high school, you know a bit more

With a bachelor’s degree, you gain a specialty
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A master’s degree deepens that specialty

Reading research papers takes you to the edge of human 
knowledge, once you’re at the boundary, you focus and you 
push at the boundary for a few years

Until one day, the boundary gives way, that dent you’ve 
made is called a Ph.D

The world looks different now

Keep pushing

Matt Might, a professor in Computer Science at the University of Utah, created The Illustrated 
Guide to a Ph.D. to explain what a Ph.D. is to new and aspiring graduate students. [Matt has 
licensed the guide for sharing with special terms under the Creative Commons license.


