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BACKGROUND	

Sleep is one of the most important elements of life, we spend over 
one third of our time asleep. We rest, reenergize, improve memory 
recall, and restore body functions. (1) Unfortunately, we do not all and 
always sleep well or long enough. In the Netherlands, the prevalence 
of sleep disturbances is estimated at 32% and of insufficient sleep at 
43% in the general population. (2) According to the he International 
Classification of Sleep Disorders, sleep disorders are categorized in 
seven different categories: sleep-related breathing disorders, insomnia, 
central disorders of hypersomnolence, circadian rhythm sleep-wake 
disorders, parasomnias, sleep-related movement disorders, and other 
sleep disorders. Sleep-related breathing disorders can be categorized 
in obstructive sleep apnea (OSA), central sleep apnea, sleep-related 
hypoventilation, and sleep-related hypoxemia. (1–4) Sleep disorders 
can be diagnosed by an overnight sleep study, a polygraphy (PG), or 
polysomnography (PSG). 

This thesis focusses on dental aspects of diagnosis and treatment of 
obstructive sleep apnea. 

OBSTRUCTIVE SLEEP APNEA

PATHOGENESIS AND RISK FACTORS

OSA is the most common sleep related breathing disorder, characterized 
by repetitive obstructions of the upper airway during sleep (figure 1). These 
repetitive obstructions can cause brief awakenings, sleep fragmentation, 
and oxygen desaturation. (5) OSA is often associated with daytime fatigue, 
an unrefreshing sleep, and cognitive impairment, which negatively impacts 
quality of life. (6) Furthermore, OSA is associated with an increased risk of 
cardiovascular morbidity due to the associated cardiac arrhythmias and 
stroke or myocardial infarction and hypertension. (7–10) Most common 
risk factors for developing OSA are obesity, increased age, male gender, 
smoking and alcohol use. (11–14) Anatomical characteristics such as 
retrognatia, a narrow collapsible airway and large or kissing tonsils are 
also important. In patients with a higher BMI, fat tissue in the neck and 
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  1tongue may reduce the volume of the upper airway and increase the 
risk of sleep-related upper airway obstructions. (15,16) Due to a higher 
upper airway closing pressure, aging results in an increased pharyngeal 
collapsibility and pharyngeal resistance during sleep. (17) A low arousal 
threshold during sleep, an unstable control of breathing (high loop 
gain) and an ineffective upper airway dilatator muscle responsiveness 
also contributes to the pathogenesis of OSA. (18)Furthermore, there is 
a difference in upper airway collapsibility between men and women. In 
general, men have a more collapsible airway and are therefore more 
prone to develop OSA. (14,19) In addition, more fat is accumulated in the 
tongue in men, thereby reducing upper airway volume. (20) Finally, OSA 
is more common in people with macroglossia or tonsillar hypertrophy 
and skeletal mandibular retrognathia, also due to the restrictive effect on 
upper airway volume as a result of these anomalies. (16,19,21) 

A					        B
Figure 1: Cross section of the upper airway form a lateral view 
A.	 Open airway 
B.	 Obstructed airway

PREVALENCE

A Dutch study among Philips employees revealed that 6.4% of them 
suffered from clinically relevant OSA. Alarmingly, 78% of these subjects 
were unaware of their sleep disorder. (22) A review on global prevalence 
of OSA revealed a mean prevalence of 22% in men and 17% in women. 
OSA with excessive sleepiness was prevalent in 6% of men and 4% of 
women. Due to an increase in knowledge and public interest in sleep 
disorders, OSA is increasingly diagnosed. (23)
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SLEEP APNEA DIAGNOSIS

OSA, a condition characterized by apneas and hypopneas, can be 
diagnosed using an overnight sleep study. A hypopnea is defined as a 
decrease in airflow for >30% for ≥10 seconds associated with an oxygen 
desaturation of >3%.  An apnea is defined as a cessation of airflow ≥90% 
for ≥10 seconds. OSA is diagnosed when a sleep study reveals at least 
five or more apnea’s or hypopnea’s per hour of sleep. The number of 
obstructive events per hour of sleep is quantified by the apnea hypopnea 
index (AHI). The severity of OSA may be classified as mild (AHI 5-15), 
moderate (AHI 15-30) or severe (AHI>30). 

A subform of OSA, known as positional OSA (POSA), is characterized 
by a primary presence of airway obstructions when sleeping in a supine 
position. POSA is especially common in mild to moderate OSA. In 56% 
of OSA patients, due to gravity, the AHI in supine position is twice as 
high compared to non-supine position. In another 30% of OSA patients 
the AHI in supine position is higher compared to the AHI in non-supine 
position. (24) When a sleep study yields an AHI that concerns ≥50% 
breathing events in the supine position, it is defined as POSA. (6,24–27) 

Clinical symptoms or characteristics, such as snoring, nocturia, poor sleep, 
daytime fatigue, insomnia, decreased intellectual performance, morning 
headache, decreased libido, diminished quality of life, increased medical 
expenses and decreased cardiovascular health, automobile accidents, 
dry mouth, and memory loss are also important clinical characteristics in 
OSA patients. (28–30) Not all patients with an AHI exceeding 5 also have 
daytime sleepiness. More than 30 different questionnaires are available 
to assess the severity of daytime sleepiness. The Epworth Sleepiness 
Scale (ESS) is widely used and measures the probability to fall asleep 
or doze in 8 different situations. However, when not all of the situations 
are applicable, the outcome of the ESS is not fully reliable (31–33) 
Moreover, other questionnaires such as the Functional Outcome of Sleep 
Questionnaire (FOSQ) are used to assess sleepiness and impairments 
in quality of life. (34) Furthermore, other questionnaires in which clinical 
measures could be integrated, such as the Berlin questionnaire, STOP-
bang, Flemons index and the Apnea Risk Evaluation System are 
suggested to be helpful in identifying patients with sleep apnea. (35) 
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  1Physical examination should include inspection of the oral cavity, but 
also BMI and neck circumference. Inspection of the oral cavity should 
address the size of the palatine and tongue tonsils, the position of the 
soft palate, the length of the uvula and the position and size of the 
mandible. (36) The position of the tongue and palate can be assessed 
with the Mallampati classification. The Friedman classification combines 
the Mallampati classification with the BMI. (36) Both are correlated with 
OSA severity. (37) 
 
The location of the airway obstruction in OSA patients can be diagnosed 
by drug induced sleep endoscopy (DISE). DISE is a diagnostic tool where 
patients, suspected of, or diagnosed with OSA, can be examined in order 
to give more information about the level(s), severity and configuration (or 
direction) of the obstruction in the collapsible segment of the upper airway. 
DISE is performed in a clinical setting, using propofol or midazolam to 
mimic sleep, in case upper airway surgery or stimulation is considered 
or in case continuous positive airway pressure (CPAP) or mandibular 
advancement device (MAD) therapy have failed. DISE is performed with 
a flexible endoscope in several body positions, such as supine and non-
supine position but also with and without chin lift or jaw-thrust maneuvers. 
By performing a chin lift or jaw-thrust maneuver, the physician aims to 
mimic the effect of MAD therapy and select appropriate candidates for 
upper airway surgery. However, a specific reproducible protrusion and 
vertical opening, in the case of MAD therapy, is difficult to perform with 
a chin lift or jaw-thrust maneuver during DISE. (38–40) As part of the 
procedure, the collapsibility of the airway is classified by the VOTE 
system. As such, the velum, oropharynx, tongue base and epiglottis all 
are classified according to the observed degree and configuration of the 
obstruction (figure 2). 

			          
Figure 2: The VOTE classification system, from lateral view
Velum (V), oropharynx (O), tongue base (T) and epiglottis (E) level

V  O T   E
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The degree is listed as zero when no obstruction (<50%) is visible, 
as one when partial obstruction (50-75%) is visible, and as two when 
complete obstruction (>75%) is visible. Furthermore, configuration of the 
obstruction is categorized as anterior-posterior (AP), lateral, or concentric 
(table 1). (39,41)

Table 1: The VOTE classification system, degree and configuration of the upper 
airway obstruction

N/A=Not applicable

TREATMENT OPTIONS

OSA is a chronic disease and therefore requires lifelong treatment 
when therapy is non-surgical. Appropriate treatment differs for every 
patient, depending on disease severity and patients’ characteristics. In 
general, treatment is classified as non-surgical treatment and surgical 
treatment. Non-surgical treatment includes behavioral strategies (e.g., 
weight reduction), continuous positive airway pressure (CPAP) therapy, 
mandibular advancement device (MAD) therapy, positional therapy (PT), 
or a combination of these measures. Surgical treatment includes upper 
airway surgery, hypoglossal nerve stimulation, maxillofacial surgery, and 
bariatric surgery. (42) 

structure degree of obstruction configuration

anterior-

posterior

lateral concentric

velum no, partial or complete

oropharynx no, partial or complete
N/A N/A

tongue basse no, partial or complete
N/A N/A

epiglottis no, partial or complete
N/A
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  1NON-SURGICAL TREATMENT
	
	 BEHAVIORAL STRATEGIES
Behavioral therapies such as lifestyle changes, weight loss, cessation 
of alcohol and sedative medication, cessation of smoking, and a proper 
sleep hygiene are often proposed. Improvement of OSA is often seen, 
however, a total cure is usually not achieved. (43)

	 CPAP TREATMENT
CPAP is considered the gold standard in moderate to severe OSA 
treatment. CPAP works by means of positive airway pressure that is 
applied to the upper airway through a nasal or facial mask, thereby 
preventing the upper airway to collapse during sleep (figure 3). CPAP is 
highly effective in reducing the AHI and subjective daytime sleepiness, 
and in improving quality of life and cognitive function. However, the 
effectiveness of CPAP may be complicated by suboptimal compliance. 
Compliance failure could be related to age, gender, smoking status, 
OSA severity, mask leaks, nasal congestion, socioeconomic status and 
psychological variables. In clinical practice, CPAP is usually prescribed 
as primary treatment in moderate to severe OSA. (44–47)

Short-term side effects of CPAP therapy are mostly mask leaks, excessive 
salivation or dry nose or mouth, or sensitivity of teeth. Sometimes also 
noise, jaw discomfort and gum irritation are listed as short-term side 
effects. (48) Long-term side effects are mostly mask leaks or mask pain, 
dry nose or mouth or conjunctivitis. (49)

Figure 3: CPAP treatment, from lateral view
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	 MAD THERAPY
MAD therapy is a primary treatment option for patients with mild to 
moderate OSA and for those who do not tolerate or fail CPAP therapy. 
MAD therapy improves upper airway volume by advancing the tongue 
base, epiglottis, and soft palate, thereby activating the palatal, tongue, 
and pharyngeal muscles (figure 4). This yields an increased upper 
airway volume and a reduction in breathing events and snoring. MAD is 
usually effective in mild OSA (75%), and may be effective in moderate 
OSA (40%) and severe OSA (22%). (50–52) Higher therapeutic success 
is associated with the female gender, younger age, lower BMI, specific 
craniofacial characteristics such as a Angle class 2 relation, a smaller 
neck circumference, and milder OSA. (53) Also effective titration is 
important in MAD outcome. (54) MADs come in many different designs 
and can be custom-made or non-custom-made (thermoplastic or ‘boil 
and bite’). 

Figure 4: Airway from a lateral view illustrating the mandibular protrusion with 
MAD therapy

Custom-made MADs are made in a dental laboratory and require dental 
impressions or scans of the upper and lower dentition. They come in many 
different designs that can be differentiated in non-titratable and titratable 
appliances. Non-titratable appliances are also known as monoblock 
appliances (figure 5a). They consist of trays covering the upper and 
lower dental arches that are rigidly connected. Titratable appliances are 
differentiated into bilateral thrust (figure 5b) and midline traction (figure 
5c) appliances. They consist of separate trays covering the upper and 
lower dental arches that are connected in the molar area (figure 5b) or in 
the frontal area (figure 5c). (55–57)
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  1A

	 dorsal					     ventral

B
	
	 dorsal					     ventral

C

	
dorsal					     ventral

Figure 5: different MAD designs
A.	 Monoblock design
B.	 Bilateral thrust design
C.	 Midline traction design

Non-custom-made MADs are also known as thermoplastic or ‘boil and 
bite’ appliances and can be fitted chairside. Non-custom-made MADs 
come in similar designs as the custom appliances and can be used 
during DISE to mimic MAD treatment, or as an interim therapy before 
making a custom-made MAD. However, so far, non-custom-made MADs 
are not recommended as therapeutic option nor as screening tool for 
custom MAD therapy, mainly due to insufficient retention and poor patient 
compliance. Improved thermoplastic appliances are required in order to 
compete with custom appliances. (57–59)

Short-term, temporary, side effects of MAD therapy could be sensitivity 
of teeth and jaws, gum irritation, excessive salivation or dry mouth. 
Long-term side effects could be tooth movement and skeletal or occlusal 
changes. (60,61)
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	 POSITIONAL THERAPY 
In patients with POSA, the OSA severity depends on the total sleeping 
time (TST) in supine position. Positional therapy (PT) is a therapeutic 
option for patients diagnosed with POSA. PT aims at preventing sleeping 
in supine position, thereby aiming to reduce total sleep time in supine 
position. 
PT was once introduced as the tennis ball technique, whereby a tennis 
ball is strapped on the patients’ back and thereby preventing sleeping in 
supine position. However, compliance rates were poor, mainly due to the 
discomfort the ball caused to the patient. (24,62)
New generation PT devices have been introduced, consisting of a battery 
powered vibro-tactile device either attached to the head or chest. PT 
diminishes the percentage of supine sleep, resulting in a reduction in 
AHI and subjective sleepiness. Furthermore, sleep-related quality of life 
is improved. (24,63–66) Short-term compliance varies from 76-96%, with 
4 hours per night during 7 days per week. (67) Long-term compliance 
varies from 64.4-75.5%. (65) Potential side effects of PT could be sleep 
disturbance and chest and back pain. (68)

	 COMBINATION THERAPY
More recently, combination therapy is suggested in patients with a 
very high AHI values, or patients who have a high residual AHI with a 
single treatment. For example, MAD with CPAP or MAD with PT have 
been suggested. In addition, when combining therapies, a lower CPAP 
pressure or a less protrusive position of the mandible may be needed, 
possibly resulting in fewer side effects. (69,70)

SURGICAL TREATMENT

	 UPPER AIRWAY SURGERY
More invasive treatment options consist of different forms of soft tissue, 
skeletal, neurostimulatory, or airway bypass surgery. Possible options 
for soft tissue surgery include uvulopalatopharyngoplasty (UPPP), 
tonsillectomy (TE), Z-palatopharyngolasty, lateral wall addressing 
pharyngoplasty, relocation UPPP, anterior palatoplasty, epiglottis surgery, 
expansion sphincter pharyngoplasty (ESP), barbed suture pharyngoplasty 
(BRP), transoral robotic surgery and tongue base surgery. (6,71,72) Hard 
tissue surgery includes hyoid bone surgery or genioglossal advancement. 
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  1(72) Finally, multilevel surgery could be proposed when different segments 
of the upper airway collapse, a combination of above-mentioned options 
is in that case advised. The success of these therapies differs and is 
generally improved with patient selection based on a DISE evaluation. 
Short-term side effects of upper airway surgery could be discomfort due 
to the postoperative recovery. Long-term side effects could be dysphagia, 
taste alteration, paresthesia, aspiration, velopharyngeal insufficiently 
hemorrhage and globus pharyngeus. Besides, OSA relapse could occur 
after upper airway surgery. (73,74)

	 HYPOGLOSSAL NERVE STIMULATION 
Hypoglossal nerve stimulation is a relatively new procedure which is 
mostly performed in patients with moderate to severe OSA with CPAP 
intolerance or failure. The hypoglossal nerve stimulator is a small 
implantable pulse generator that gives a stimulus to the hypoglossal 
nerve, thereby protruding the tongue and opening the upper airway. 
(75) Short- and long-term follow-up shows significant improvements in 
subjective sleepiness, quality of life and respiratory outcomes. (76) This 
nerve stimulator has a high effectiveness in terms of AHI reduction and is 
therefore a serious treatment for patients with moderate to severe OSA 
who failed other treatments like CPAP. (75–78)
Side effects are mostly discomfort and are related to the stimulation of 
the appliance, to insomnia or arousals, or related to tongue abrasion or 
irritation. This could result in a lower therapy adherence and efficacy. (79)

	 MAXILLOMANDIBULAR ADVANCEMENT SURGERY (MMA)
Another surgical treatment option is the MMA, whereby the mandible 
and maxilla are set in a more protrusive position, aimed at increasing the 
entire upper airway volume. This option is an invasive treatment option 
and is therefore not suitable for all OSA patients. It is highly effective in 
severe OSA patients. (80,81) Surgical success (AHI reduction>50% and 
AHI<20) after MMA is 85% and a surgical ‘cure’ (AHI<5) is observed in 
46.3% of patients. (82) Patient selection plays an important role and less 
invasive treatment options should be the first line of treatment.
Side effects could be mandibular or facial paresthesia, malocclusion, 
subjective changes in speech and swallowing and perceived changes of 
facial appearance. However, most of the complaints are resolved after a 
12-month follow-up. (74)
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	 TRACHEOTOMY
A highly invasive surgical treatment option is tracheotomy, whereby the 
whole upper airway is bypassed. It is a verry effective treatment option 
in patients with OSA. When other (non)surgical interventions have failed, 
tracheotomy may be considered. (83,84)
Early side effects could be surgical complications such as wound 
infection, bleeding, pneumothorax and pneumomediastinum. Long-term 
side effects could be the formation of granulation tissue in 40% of cases. 
(83,84)

	 BARIATIC SURGERY
Finally, bariatric surgery is a potential option in OSA patients. Excessive 
adipose tissue in obese OSA patients is surrounded around organ 
systems and negatively effects their function. Besides the collapsibility 
of the upper airway is increased by adipose tissue. In bariatric surgery 
the aim is to surgically reduce weight with, for example, a gastric bypass, 
gastric sleeve or duodenal switch. Due to the strong association between 
BMI and OSA, bariatric surgery is considered as a possible treatment 
option for treating OSA in severely obese patients. However, not all 
patients are cured from OSA following bariatric surgery. Therefore, CPAP 
or MAD treatment could be still necessary.  (85–88)
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  1OUTLINE OF THIS THESIS

The general aim of this thesis is to evaluate MAD therapy success and the 
possible dental and metabolic effects on the long-term, also compared to 
CPAP therapy and with respect to different MAD designs. This thesis is 
divided in a predictive part and a long-term follow-up part. 

	 PART 1: TREATMENT PREDICTION
Chapter 2 focuses on different MAD designs, i.e., titratable and non-
titratable as well as custom and non-custom designs. MADs come 
in many different designs. Numerous studies have been performed 
comparing these different designs. However, consensus on which design 
performs best in terms of AHI reduction, ESS improvement, compliance, 
preference, side effects, cost effectiveness, and other disease-related 
outcomes in OSA management has not yet been reached. In chapter 2, 
the available literature regarding the efficacy of different MAD designs in 
OSA management is systematically reviewed.

In Chapter 3, the differences between a custom and a non-custom-
made MAD are explored. Although, non-custom-made MADs have been 
studied previously, they are, to date, often inferior to custom-made MADs 
in terms of AHI reduction, symptomatic improvements, and compliance. 
More recently, ‘new generation’ non-custom-made MADs have been 
introduced which might perform similar to custom-made MADs in terms 
of objective and subjective parameters. This new therapeutic option was 
investigated in a single-center prospective randomized crossover trial 
with a 3-month follow-up. 

Dental parameters to predict OSA severity and MAD treatment success 
are evaluated in Chapter 4. Morphological risk factors, such as BMI 
or neck circumference, for developing OSA have been studied before. 
However, it is not certain whether these risk factors also influence 
treatment outcome. Furthermore, the influence of dental risk factors 
on OSA severity and MAD treatment success is so far unclear. This 
prospective study is preformed to investigate whether dental parameters 
influence OSA severity and may predict MAD treatment success. 
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	 PART 2: LONG-TERM OUTCOMES

Chapter 5 focuses on the long-term effect of MAD and CPAP therapy in 
OSA patients. 
OSA management requires lifelong treatment. Therefore, the long-
term effect of treatment is an important aspect. Treatment outcomes is 
evaluated by PSG and subjective sleep questionnaires at baseline and 
at 2-year and 10-year follow-up in patients treated with MAD and CPAP 
therapy. 

In Chapter 6, the cardiovascular and metabolic effects of MAD and CPAP 
therapy are explored.
OSA is characterized by repetitive upper airway obstructions during sleep, 
resulting in reduced oxygen saturation levels or hypoxia. This increases 
the risk of developing hypertension, arrhythmias, and cardiovascular 
and metabolic disease. It has been suggested that OSA therapy reduces 
cardiovascular risk by reducing blood pressure and inflammation and by 
improving lipid profiles. This study focuses on differences in cardiovascular 
and metabolic markers between MAD and CPAP therapy after a one-year 
follow-up.

Chapter 7 focuses on the long-term dental side effects of MAD and 
CPAP therapy in OSA patients. Initial side effects in MAD therapy are 
often mild and transient and may include tooth pain, myofascial pain, 
temporomandibular joint pain, excessive salivation of dry mouth, and gum 
irritation. However, long-term MAD use is associated with craniofacial 
changes as well as dental changes. Moreover, CPAP therapy also applies 
pressure to the anterior teeth, and has been associated with dental 
changes after prolonged treatment periods. This prospective randomized 
controlled study evaluates the dental side effect of patients using MAD or 
CPAP therapy for a period of 10 years.

Chapter 8 focuses on the main findings of chapters 2 to 7 and puts them 
in a broader context. Furthermore, suggestions for future research in 
OSA management are provided.

In Chapter 9, a summary of the thesis is provided, in English as well as 
in Dutch.
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CHAPTER 2
			 
Mandibular advancement device design: 
a systematic review on outcomes in 

obstructive sleep apnea therapy. 
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ABSTRACT

	 OBJECTIVES
Obstructive Sleep Apnea (OSA) is often treated with Mandibular 
Advancement Devices (MADs). It is unclear whether particular design 
features are superior to others in terms of OSA alleviation. In order to 
facilitate clinical decision-making, this systematic review summarizes the 
objective and subjective outcomes of different available MAD designs. 

	 MATERIALS AND METHODS
Studies comparing different MAD designs in OSA treatment were 
searched. 

	 RESULTS
After screening 1887 titles and abstracts, 20 original RCTs and six cohort 
studies were included. 14 articles were systematically reviewed in a meta-
analysis. The decrease in AHI was significantly different between some 
of the MAD designs. The clinical relevance of the observed differences 
was however limited. Monoblock appliances performed more favorable, 
compared to bilateral thrust (effect size:-0.37; CI: -1.81 to 0.07). Midline 
traction appliances performed more favorable, compared to other designs. 
Custom appliances performed more favorable, compared to thermoplastic 
appliances (effect size: 0.86; CI: -0.62 to 2.35). Furthermore, there were 
no clinically relevant differences between MAD designs in reduction of 
ESS, compliance, preference, side effects, and cost effectiveness. 

	 CONCLUSION
With respect to the included trials, presently there is not one superior 
custom MAD design in OSA treatment regarding the effect on AHI 
reduction, ESS improvement, compliance, preference, side effects, cost 
effectiveness, and other disease-related outcomes. We confirm custom 
MAD designs perform superior to thermoplastic MAD designs.
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INTRODUCTION

	 OBSTRUCTIVE SLEEP APNEA
Obstructive sleep apnea (OSA) is one of the most common sleep-related 
breathing-disorders. (1) Upper airway anatomy, muscle responsiveness, 
arousal threshold, high loop gain, and other non-anatomical 
characteristics like obesity, gender, aging, and alcohol consumption 
are important factors affecting its severity. (1–4) OSA is associated with 
daytime sleepiness, lack of concentration, loud snoring, and increased 
risk of cardiovascular diseases. (5,6) The gold standard for the diagnosis 
of OSA is polysomnography (PSG), a comprehensive sleep study which 
yields, amongst other outcomes, the apnea-hypopnea index (AHI). 
(2,4,7) In addition to reducing AHI-values, OSA treatment should have 
good compliance, improve subjective outcomes and have minimal side 
effects. 

	 MANDIBULAR ADVANCEMENT DEVICES
A mandibular advancement device (MAD) is a primary treatment option 
for mild to moderate OSA patients, and for severe OSA patients who 
cannot tolerate continuous positive airway pressure (CPAP). (2,4) MADs 
advance the mandible and tongue towards an anterior position, which 
consequently enlarges the upper airway and decreases its collapsibility 
during sleep. MADs come in different designs. (8)

MAD’s can be custom-made or prefabricated. Custom-made appliances 
are usually more expensive, made in a dental laboratory, and require dental 
impressions or scans of the upper and lower dentition. Prefabricated non-
custom-made appliances, as ‘boil and bite’ or thermoplastic appliances, 
are usually cheaper, sold over-the-counter, made from thermoplastic 
material, and do not require a dental laboratory for production. 
Prefabricated appliances can be fitted by a dentist, otolaryngologist, or 
even by patients themselves. 

Another aspect in design is the fact that MADs can be titratable or non-
titratable. Non-titratable appliances are usually one-piece or “monoblock” 
appliances, implying that the upper and lower jaw are rigidly connected. 
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Titratable appliances consist of a separate upper and lower part, for 
example “biblock” or “duoblock’’ appliances. They may be distinguished 
into “midline traction” appliances, where the upper and lower part are 
connected in the frontal area of the appliance, and “bilateral thrust” 
appliances, where the upper and lower part are connected in the lateral 
or (pre-)molar area of the appliance (figure 1). (8,9) Current guidelines 
suggest to use a custom titratable device. (2)  

 

A. Dorsal				       Ventral

B. Dorsal				       Ventral

C. Dorsal				       Ventral

Figure 1: Lateral view of different design features in oral appliances 
A: monoblock appliance 
B: midline traction appliance
C: bilateral thrust appliance
The monoblock is a one-piece non-titratable appliance, at which the upper and lower jaw are rigidly 

connected. The midline traction and the bilateral thrust appliance are titratable appliances. In case 

of a midline traction design, the upper and lower part are connected in the frontal area of the device. 

In case of a bilateral thrust design, the upper and lower part are connected in the lateral or (pre-)

molar area of the device.
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OBJECTIVE

This systematic review aims to answer the following question: what is 
the effect of MAD design on AHI reduction, improvement of sleepiness 
according to the Epworth sleepiness scale (ESS), compliance, patient 
preference, side effects, and cost effectiveness in OSA management? 
We hypothesize that 1) a titratable MAD is associated with better 
objective and subjective treatment outcome and a favorable compliance 
compared with a non-titratable MAD, 2) a custom-made MAD is more 
comfortable and yields better objective and subjective treatment outcome 
and is associated with a more favorable compliance when compared with 
thermoplastic MAD. 

The results of this review might facilitate clinical decision making, yielding 
recommendations for the preferable MAD design in OSA management.  
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MATERIALS AND METHODS

	 SEARCH STRATEGY
A literature search was performed based on the PRISMA-statement 
(www.prisma-statement.org). Systematic searches were conducted (by 
JUV and two medical information specialists) in the databases PubMed, 
Embase.com, and the Cochrane Library (Wiley) from inception up to 
June 2021 (full search strategies in supplement). 

	 SELECTION PROCESS
All articles comparing two or more different MAD designs with respect 
to efficacy were selected for further evaluation. Studies were eligible 
for further methodological assessment when they met the following 
criteria: 1) studied patients were diagnosed with OSA (AHI>5) based 
on an overnight sleep study, 2) studied patients were aged >18 years, 
3) the study evaluated two or more different MAD designs, and 4) 
objective effects (AHI or RDI) of the different MAD’s were analyzed at 
baseline and follow-up. Studies comparing the same MAD with different 
mandibular advancements or vertical dimensions, or with different patient 
characteristics, as AHI or BMI, were excluded. In case of non-consensus 
between the reviewers, studies were discussed in a joint meeting.

	 METHODOLOGICAL APPRAISAL 
After selecting eligible full text articles, the methodological quality of 
studies was assessed by both reviewers (JUV and BR). All articles were 
blinded regarding title, authors, and journal. The Cochrane risk of bias 
was used for quality assessment of RCTs (S7). (10) The Network-Ottawa 
Scale was used for quality assessment of Cohort studies (S8). (11)
 
	 PRESENTATION OF DATA
Information relating to study design, MAD design, number of included 
patients, success percentage, compliance, patient’s preference, daily 
use, side effects, cost effectiveness, PSG or PG scores (AHI, RDI) and 
ESS scores were collected and summarized in tables. Differences were 
mentioned in p values; statistically significant differences were defined 
by a p<0.05. 
Data of all eligible RCTs including AHI values based on a full night PSG 
and/or data on ESS scores were included for a meta-analysis. PG data 
was not included in meta-analysis due to the possible underestimation of 



35

  2

the disease severity. (12) ODI was included when desaturation percentage 
was mentioned. RevMan Statistics was used to calculate differences 
regarding AHI and ESS outcomes (Review Manager 5.3 Copenhagen, 
The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). Linear 
regression analyses were performed to determine differences for PSG 
and ESS outcomes between different MAD designs. 
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RESULTS

The literature search generated a total of 2949 references (1492-PubMed, 
1098-Embase.com, 320-Cochrane Library). After removing duplicates, 
1887 references remained. The reviewers screened all articles based on 
title and abstract. A total of 68 eligible full text articles were retrieved and 
evaluated according to the inclusion criteria (paragraph 2.2). 20 RCTs 
and six cohort studies, were selected (figure 2) and categorized into five 
different subgroups: 1) monoblock versus bilateral thrust appliances, 2) 
monoblock versus midline traction appliances, 3) bilateral thrust versus 
midline traction appliances, 4) bilateral thrust versus bilateral thrust 
appliances, and 5) thermoplastic appliances versus custom appliances. 
An overview of the used appliances is shown in supplement S2. 

Figure 2: Flowchart of study selection
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	 MONOBLOCK VERSUS BILATERAL-THRUST

	 BACKGROUND
Baseline characteristics were comparable between all 11 RCTs (13–23) 
and two cohort studies (table 1). (24,25) Mean mandibular protrusion 
was mentioned in all articles, except for one (16). Mostly described as 
70-80% of maximal protrusion (13–15,17–23), whereas Lee et al. and 
Isaacson et al. described 60% and 60 to 80%, respectively. (24,25)
When evaluating the quality of the RCTs, selection bias was present in 
two RCTs. (20,21) Performance bias was present in all included RCTs. 
(13,14,23,15–22) In addition, in none of the studies a possible detection 
bias could be assessed because of a lack of detailed methodology. An 
attrition and reporting bias was present in one RCT. (21) Finally, other 
biases were observed in seven RCTs, such as a “homemade” monoblock 
device (13–16,18,21,22), short-term use (14), and no dropouts reported 
during the study-period. (22) Evaluation of the quality of cohort studies 
yielded eight points for both studies, thereby demonstrating good quality 
(S7,S8). (24,25)

	 SLEEP STUDY OUTCOMES
In four studies, bilateral thrust appliance had a significantly higher follow-
up AHI compared with monoblock appliance. (16,18,19,22) Seven articles 
did not demonstrate a significant difference in follow-up AHI between the 
groups. (13,14,17,20,21,24,25) In four articles, delta AHI was significantly 
different between the groups. (17,18,22,24) In one of these, the delta AHI 
was significantly higher in bilateral thrust group. (17) The other three, had 
a significantly higher delta AHI in monoblock group. (18,22,24)
When pooling the data, seven articles were included in the effect size 
calculation of delta AHI. (14,17–22) No significant difference in effect size 
was shown comparing both types (effect size: -0.37; CI: -1.81 to 0.07) 
(figure 3a).



  38

Figure 3a: Effect sizes of mean difference in delta AHI values between monoblock 
and bilateral thrust appliances

In three studies ODI was mentioned. Two studies included an ODI 3% 
with baseline values of 6.7 (5.6-13.1) to 24.0±12.8 and follow-up values 
of 2.3 (0.8-4.8) to 8.1 (p<0.05) in the bilateral thrust group and to 1.9 
(0.9-4.6) to 11.1 (p<0.05) in the monoblock group (NS between groups). 
(15,23). One study included an ODI 4% with baseline ODI 22.6±6.4 
and follow-up ODI 10.5±4.1in the bilateral thrust (p=0.002) and 7.1±2.8 
(p<0.001) in the monoblock group (p=0.046 between groups).

	 SUBJECTIVE SLEEPINESS
ESS outcomes did not differ significantly between the groups. 
When pooling the data, six articles were included in the effect size 
calculation of delta ESS (13,17,18,20–22). No significant difference 
between both types were shown (effect size:0.00; CI: -0.17 to 0.18) 
(figure 3b).

 

Figure 3b: Effect sizes of mean difference in delta ESS values between 
monoblock and bilateral thrust appliances
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	 COMPLIANCE, PREFERENCE, SIDE EFFECTS AND COST 		
	 EFFECTIVENESS 
In one article, compliance of bilateral thrust was significantly higher 
compared with monoblock. (24) However, in another study, compliance 
was higher in monoblock group. (19)
In three out of five articles, monoblock appliance scored higher on 
preference when compared with bilateral thrust appliance. (13–15,19,22)
In five out of six studies, there was no difference between monoblock 
and bilateral thrust appliance in terms of side effects. (13,14,20,23,25) 
In one of these studies, after one year of follow up a posterior open bite 
had developed in bilateral thrust group in four out of 55 patients. (25) In 
two studies, more frequent side effects such as temporomandibular joint 
(TMJ) problems and tenderness in the masseter muscle were observed 
with monoblock appliance. (15,19) 
Cost effectiveness was described as that fixed MAD’s should be selected 
whenever possible because of the cost effectiveness. (13) Another study 
described that bilateral thrust device was 17% more expensive in the first 
year of therapy compared to monobloc device (S3). (25)

	 SUCCESS
Treatment success was mainly defined as AHI<10 and/or AHI>50% 
reduction, sometimes also including parameters as patient’s satisfaction 
and relief of symptoms. Treatment success ranged in monoblock groups 
from 40-83% and in bilateral thrust groups from 42-92%. (13,14,17,20–
25) In six articles, success rates, defined by a follow-up AHI<5, were 
higher in monoblock compared to bilateral thrust. (13,14,21,22,24,25) In 
three studies, success rates, defined by a follow-up AHI<5, were higher 
in bilateral thrust compared to monoblock. (17,20,23)

	



  40

A
ut

ho
r, 

ye
ar

, 
re

fe
re

nc
e

St
ud

y 
ch

ar
ac

te
ris

tic
s

A
pp

lia
nc

es
 

A
H

I/ 
R

D
I

ES
S

B
as

el
in

e 
Fo

llo
w

-u
p

Δ
B

as
el

in
e 

Fo
llo

w
-u

p
Δ

A
l-D

ha
rr

ab
 e

t 
al

. 2
01

7 
(1

3)
R

C
T;

 C
ro

ss
ov

er
 

st
ud

y,
 4

-m
on

th
 

fo
llo

w
-u

p,
 

2-
w

ee
k 

w
as

ho
ut

, 
15

<A
H

I>
30

, n
=1

2

Fo
re

st
a 

de
nt

 b
ite

 
ju

m
pi

ng
 s

cr
ew

 
(1

) 
M

on
ob

lo
ck

 (2
) 

25
.1

±4
.9

1.
 6

.0
±2

.6
 

(p
<0

.0
00

) 
2.

 6
.0

±2
.5

 
(p

<0
.0

00
)  

   
   

   
 

N
S

1.
 1

9.
1±

3.
7 

    
   

2.
 1

9.
1±

3.
7 

    
   

N
S

11
.3

±1
.6

1.
 9

.6
±0

.9
    

    
    

 
2.

 9
.4

±0
.8

    
    

   
N

S

1.
 1

.7
±1

.3
        

  
2.

 1
.8

±1
.3

   
N

S

B
lo

ch
 e

t a
l. 

20
00

 (1
4)

R
C

T;
 C

ro
ss

ov
er

 
st

ud
y,

 1
56

 d
ay

s 
ad

ap
ta

tio
n,

1-
w

ee
k 

pe
r a

pp
li-

an
ce

 fo
llo

w
-u

p,
 

A
H

I>
5,

 n
=2

4

H
er

bs
t (

1)
 

M
on

ob
lo

ck
 (2

) 
26

.7
±3

.3
1.

 8
.7

±1
.5

 
(p

<0
.0

00
)  

   
   

  
2.

 7
.9

±1
.6

 
(p

<0
.0

00
)  

   
   

   
  

N
S

1.
 1

8.
0±

2.
4 

    
   

2.
 1

8.
8±

2.
5 

    
   

N
S

13
.5

 (9
.5

–
16

.0
)

1.
 9

.0
 (6

.5
–

11
.0

) p
<0

.0
01

                
2.

 9
.0

 (6
.5

–
10

.0
) p

<0
.0

01
             

N
S

1.
 4

.5
 

(8
.0

-1
3.

5)
        

    
2.

 4
.5

 
(8

.0
-1

3.
0)

       
   

N
S

G
eo

gh
ea

n 
et

 a
l. 

20
15

 (1
6)

R
C

T;
 C

ro
ss

ov
er

 
st

ud
y,

 1
2-

w
ee

k 
fo

llo
w

-u
p,

 2
-w

ee
k 

w
as

ho
ut

, A
H

I>
5,

 
n=

45

Tw
in

bl
oc

k 
(1

) 
M

on
ob

lo
ck

 (2
) 

21
.1

 
(1

4.
2-

50
.1

)
1.

 1
5.

2 
(4

.0
-3

8.
1)

 
(p

=0
.0

05
)

2.
 5

.9
 (1

.6
-2

0.
4)

 
(p

<0
.0

00
)

p=
0.

02

1.
 5

.9
 (1

0.
2-

44
.1

)  
 2

. 1
5.

2 
(1

2.
6-

29
.7

)   
      

      
N

S

Is
ac

ss
on

 e
t a

l. 
20

19
 (1

7)
R

C
T;

 P
ar

al
le

l 
st

ud
y,

 6
-w

ee
k 

fo
llo

w
-u

p,
 A

H
I>

15
, 

n=
31

3

N
ar

va
l (

1)
 

(n
=1

23
)

M
on

ob
lo

ck
 (2

) 
(n

=1
39

)

1.
 2

6.
1±

14
.3

   
 

2.
 2

5.
0±

14
.5

      
 

N
S

1.
 1

2.
3±

12
.5

(p
<0

.0
00

) 
2.

 1
2.

5±
12

.9
 

(p
<0

.0
00

) 
N

S

1.
 1

3.
8±

13
.4

    
  

2.
 1

2.
5±

13
.7

 
p=

0.
01

1

1.
 1

0±
4.

8 
     

    
2.

 9
±5

.1
     

     
     

 
N

S

1.
 6

.7
±2

.4
 

(p
<0

.0
00

) 
2.

 6
.1

±2
.1

 
(p

<0
.0

00
)  

    
    

  
N

S

1.
 3

.3
±3

.6
 

p<
0.

00
1 

      
      

2.
 2

.9
±3

.6
 

p=
0.

04
8 

     
     

N
S

La
 M

an
tia

 e
t a

l. 
20

18
 (1

8)
R

C
T;

 C
ro

ss
ov

er
 

st
ud

y,
 1

0-
w

ee
k 

fo
llo

w
-u

p,
 2

-w
ee

k 
w

as
ho

ut
, A

H
I>

10
, 

n=
38

Tw
in

bl
oc

k 
(1

) 
M

on
ob

lo
ck

 (2
) 

28
.5

±5
.7

1.
 1

4.
2±

4.
5 

(p
=0

.0
03

)
2.

 8
.5

±3
.2

 
(p

<0
.0

01
)

p=
0.

03
2

1.
 1

4.
3±

5.
1 

     
     

 
2.

 2
0.

0±
4.

45
 

p<
0.

00
0

13
.5

±2
.6

1.
 9

.8
±2

.1
 

(p
=0

.0
31

)  
2.

 9
.4

±1
.7

 
(p

=0
.0

29
)  

    
    

  
N

S

1.
 3

.7
±2

.4
 

2.
 4

.1
±2

.2
 

N
S

R
os

e 
et

 a
l. 

20
02

 (1
9)

R
C

T;
 C

ro
ss

ov
er

 
st

ud
y,

 6
-8

-w
ee

k 
fo

llo
w

-u
p,

 2
-3

-
w

ee
k 

w
as

ho
ut

, 
5<

A
H

I<
15

, n
=2

6

S
ile

nc
or

 (1
) 

K
ar

w
et

zk
y 

(2
) 

1.
 1

6.
0±

4.
4 

    
  

2.
 1

6.
2±

4.
6 

     
   

N
S

1.
 7

.4
±5

.3
 

(p
<0

.0
1)

   
   

   
   

   
 

2.
 5

.5
±3

.3
 

(p
<0

.0
1)

   
   

  
p<

0.
05

1.
 8

.6
±4

.9
    

    
   

2.
 1

0.
7±

4.
0 

   
   

N
S

S
ar

i e
t a

l. 
20

11
 

(2
0)

R
C

T;
 P

ar
al

le
l 

st
ud

y,
 1

-m
on

th
 fo

l-
lo

w
-u

p,
 5

<A
H

I<
30

, 
n=

24

K
le

ar
w

ay
 (1

) 
(n

=2
4)

M
an

di
bu

la
r A

d-
va

nc
em

en
t S

pl
in

t 
(2

) (
n=

24
)

1.
 1

8.
8±

7.
3 

    
   

2.
 1

7.
9±

 6
.8

   
  

N
S

1.
 7

.3
±3

.3
 

p<
0.

00
0 

   
   

   
   

  
2.

 9
.1

± 
4.

9 
p=

0.
00

9 
   

   
   

   
   

N
S

1.
 1

1.
8±

5.
3 

     
     

 
2.

 8
.8

±5
.9

   
   

   
N

S

1.
 1

1.
3±

0.
7  

         
2.

 1
1.

1±
1.

7  
       

N
S

1.
 4

.7
±1

.0
 

(p
<0

.0
01

) 
2.

 4
.5

±0
.9

 
(p

=0
.0

03
)  

   
   

N
S

1.
 6

.6
±0

.9
          

   
2.

 6
.6

±1
.3

      
 

N
S

Ta
bl

e 
1:

 O
ve

rv
ie

w
 o

f t
he

 d
iff

er
en

t s
tu

di
es

 c
om

pa
rin

g 
m

on
ob

lo
ck

 a
nd

 b
ila

te
ra

l t
hr

us
t m

an
di

bu
la

r a
dv

an
ce

m
en

t d
es

ig
n.



41

  2

B
ila

te
ra

l-t
hr

us
t (

1)
, M

on
ob

lo
ck

 (2
) 

A
bb

re
vi

at
io

ns
: A

H
I=

 A
pn

ea
 H

yp
oa

pn
e 

In
de

x,
 R

D
I=

 R
es

pi
ra

to
ry

 D
is

tu
rb

an
ce

 In
de

x,
 P

S
G

= 
po

ly
so

m
no

gr
ap

hy
, N

S
= 

no
t s

ig
ni

fic
an

t, 
R

C
T=

 R
an

do
m

iz
ed

 c
on

tro
lle

d 
tri

al
(M

ea
n 

± 
S

ta
nd

ar
d 

D
ev

ia
tio

n)
 o

r i
n 

ca
se

 o
f n

ot
 n

or
m

al
ly

 d
is

tri
bu

te
d 

da
ta

 (M
ed

ia
n 

(in
te

rq
ua

rti
le

 ra
ng

e)
)

de
pi

ct
ed

 p
 v

al
ue

s 
co

nc
er

n 
ba

se
lin

e 
an

d 
fo

llo
w

-u
p 

co
m

pa
ris

on
s;

 p
-v

al
ue

s 
in

di
ca

te
d 

in
 b

ol
d 

co
nc

er
n 

co
m

pa
ris

on
s 

be
tw

ee
n 

tw
o 

tre
at

m
en

ts
 a

t f
ol

lo
w

-u
p 

or
 c

om
pa

ris
on

s 
of

 th
e 

de
lta

 o
f a

n 
ou

tc
om

e;
 u

nd
er

lin
ed

 w
he

n 
st

at
is

tic
al

ly
 d

iff
er

en
t

* 
R

os
e 

et
 a

l m
ea

su
re

d 
R

D
I i

ns
te

ad
 o

f A
H

I. 
Fo

r c
al

cu
la

tio
ns

 R
D

I v
al

ue
s 

w
er

e 
us

ed
.

**
 A

l-D
ha

ra
b,

 Is
ac

ss
on

 2
01

7 
an

d 
Te

ge
lb

er
g 

us
ed

 a
 P

G
 s

le
ep

 s
tu

dy

Te
ge

lb
er

g 
et

 a
l. 

20
20

 (2
3)

R
C

T;
 P

ar
al

le
l 

st
ud

y,
 1

-y
ea

r 
fo

llo
w

-u
p,

 A
H

I>
5,

 
n=

30
2

N
ar

va
l (

1)
 (n

=8
8)

B
ox

ho
lm

 (2
) 

(n
=1

04
)

1.
 2

5.
0±

12
.9

     
 

2.
 2

3.
0±

13
.6

     
 

N
S

1.
 8

.6
   

   
   

   
   

   
   

2.
 1

1.
3 

   
   

   
   

   
 

N
S

1.
 1

6.
7 

(-
19

.4
- -

14
.1

)        
        

2.
 1

1.
8 

(-
14

.9
- -

8.
7)

          
       

N
S

U
m

em
ot

o 
et

 a
l. 

20
19

 (2
1)

R
C

T;
 P

ar
al

le
l 

st
ud

y,
 3

-m
on

th
 

fo
llo

w
-u

p,
 A

H
I>

5,
 

n=
52

S
ile

nc
or

 (1
) 

(n
=2

3)
M

on
ob

lo
ck

 (2
) 

(n
=2

9)

1.
 2

0.
6±

11
.5

     
   

2.
 2

1.
4±

15
.2

  
N

S

1.
 1

4.
7±

9.
4 

p<
0.

00
1 

   
   

   
   

   
2.

 1
1.

2±
9.

7 
p<

0.
00

1 
   

   
   

   
   

  
N

S

1.
 5

.9
±7

.0
     

     
    

2.
 1

0.
2±

11
.8

     
  

N
S

1.
 8

.4
±5

.2
 

2.
 9

.4
±3

.1
     

     
N

S 

1.
 4

.3
±3

.6
 

p<
0.

00
1 

    
    

    
  

2.
 4

.8
 ±

 3
.1

 
p<

0.
00

1 
    

    
    

   
N

S

1.
 4

.0
±3

.7
         

   
2.

 4
.6

±3
.6

         
  

N
S

Ya
na

m
ot

o 
et

 a
l. 

20
20

 (1
5)

R
C

T;
 C

ro
ss

ov
er

 
st

ud
y,

 4
-w

ee
k 

fo
llo

w
-u

p,
 

2-
w

ee
k 

w
as

ho
ut

, 
5<

A
H

I<
30

, n
=1

5

N
K

-c
on

ne
ct

or
 (1

) 
D

U
R

A
N

 (2
)

12
.5

 (8
.9

-1
7.

0)
1.

 5
.0

 (2
.6

-
12

.0
) p

<0
.0

5 
      

      
    

2.
 5

.8
 (2

.1
-

8.
8)

 p
<0

.0
5 

    
    

    
  

N
S

1.
 7

.5
 (5

.8
-

14
.5

) p
<0

.0
5  

            
 

2.
 6

.7
 (5

.5
-

12
.9

) p
<0

.0
5   

             
N

S

Zh
ou

 e
t a

l. 
20

12
 (2

2)
R

C
T;

 C
ro

ss
ov

er
 

st
ud

y,
 3

-m
on

th
 

fo
llo

w
-u

p,
 

2-
w

ee
k 

w
as

ho
ut

, 
5<

A
H

I<
30

, n
=1

6

S
ile

nt
 N

ite
 (1

) 
M

on
ob

lo
ck

 (2
) 

26
.4

±4
.1

1.
 9

.9
±2

.9
 p

<0
.0

1   
2.

 6
.6

±2
.3

 p
<0

.0
1 

p<
0.

05

1.
 1

6.
5±

3.
5 

      
     

2.
 1

9.
8±

3.
2 

p=
0.

00
96

11
.9

±2
.7

1.
 8

.0
±2

.5
0 

p<
0.

01
   

   
   

   
   

  
2.

 7
.9

±2
.3

1 
p<

0.
01

   
   

   
   

  
N

S

1.
 3

.9
±2

.6
         

  
2.

 4
.0

±2
.5

        
  

N
S

H
yu

n 
Le

e 
et

 a
l. 

20
12

 (2
4)

C
O

H
O

R
T;

 P
ar

al
le

l 
st

ud
y,

 3
-m

on
th

 
fo

llo
w

-u
p,

 A
H

I>
5,

 
n=

15
3

S
ile

nc
or

 (1
) 

(n
=6

0)
K

ar
w

et
zk

y 
(2

) 
(n

=9
3)

1.
 3

0.
9±

15
.3

         
   

2.
 3

4.
7±

14
.7

  
N

S

1.
 1

5.
3±

12
.6

 
(p

<0
.0

01
)  

   
   

   
   

2.
 1

2.
5±

11
.1

 
(p

<0
.0

01
)  

   
   

   
 

N
S

1.
 1

5.
6±

14
.0

         
   

2.
 2

2.
2±

12
.9

  
p=

0.
00

33

Is
ac

ss
on

 e
t a

l. 
20

17
 (2

5)
C

O
H

O
R

T;
 P

ar
al

-
le

l s
tu

dy
, 1

-y
ea

r 
fo

llo
w

-u
p,

 A
H

I>
10

 
pa

tie
nt

s,
 n

=1
65

R
es

m
ed

 N
ar

va
l 

(1
) (

n=
55

)
B

ox
ho

lm
 (2

) 
(n

=1
10

)

1.
 2

2.
0±

14
.8

         
    

2.
 2

3.
0±

11
.2

    
 

N
S

1.
 8

.2
±1

4.
8 

    
    

    
  

2.
 1

0.
3±

12
.0

   
   

  
N

S

1.
 1

3.
8±

14
.8

 
p=

0.
00

0 
    

    
    

   
2.

 1
2.

7±
11

.6
 

p=
0.

00
0 

   
   

   
 

N
S

1.
 1

0.
0±

4.
2 

2.
 1

1.
0±

5.
1  

          
 

N
S

1.
 7

.4
±4

.4
     

     
     

  
2.

 7
.9

±2
.9

    
     

     
 

N
S

1.
 2

.6
±4

.3
 

p=
0.

00
2 

     
     

 
2.

 3
.1

±4
.0

 
p=

0.
00

0 
     

     
 

N
S



  42

	 MONOBLOCK VERSUS MIDLINE TRACTION

	 BACKGROUND
Baseline characteristics were comparable between monoblock and 
midline traction appliances in one cohort study. (26) A mean mandibular 
protrusion in both groups was not mentioned in the article. Follow-up 
examination was also done by an overnight PSG. 
Evaluation of the quality with the Newcastle-Ottawa Quality Assessment 
Form yielded seven points, thereby demonstrating good study quality 
(S8).

	 SLEEP STUDY OUTCOMES
Baseline AHI was 30.1±24.4 in monoblock group and 29.7±24.1 in midline 
traction group (NS). Follow-up AHI scores were 10.0±12.4 in monoblock 
group and 7.5±9.7 in midline traction group (p<0.01). Delta AHI scores 
was 18.8±18.4 in monoblock group to and 22.6±16.9 in midline traction 
group (NS). 
ODI was not mentioned in the included study.

	 SUBJECTIVE SLEEPINESS
Baseline ESS scores were 14.3±4.5 in monoblock group and 13.2±5.1 
in midline traction group (NS). Follow-up ESS scores were 10.6±4.3 in 
monoblock group and 9.7±4.1 in midline traction group (NS). Delta ESS 
scores were 3.7±4.4 in monoblock group and 3.5±4.6 in midline traction 
group (NS). 

	 COMPLIANCE, PREFERENCE, SIDE EFFECTS AND COST 		
	 EFFECTIVENESS 
Compliance, patient’s preference, side effects, and cost effectiveness 
were not evaluated in this study.

	 SUCCESS
Patients experienced a mean AHI reduction of 65% in monoblock 
group and 74% in midline traction group (NS). Success defined by an 
AHI<5 was demonstrated in 47% of patients in monoblock group and 
57% in midline traction group (p=0.02). Success defined by an AHI<10 
with a resolution of sleepiness was demonstrated in 45% of patients in 
monoblock group and 66% in midline traction group (<0.001). Treatment 
success was significantly better in midline traction group when compared 
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to monoblock group and generally successful (AHI<5) in women using 
midline traction appliance. In contrast, older men with a high BMI and 
relatively high baseline AHI were generally not successfully treated with 
monoblock appliance. 

	 BILATERAL THRUST AND MIDLINE TRACTION

	 BACKGROUND
Baseline characteristics were comparable between all four RCTs (table 
2). (27–30) In all articles, delta protrusion from was not significantly 
different between the appliances. (27–30)
When evaluating the quality of the RCTs, no selection bias or reporting 
bias was found in the included studies. A performance bias was observed 
in all four articles. (27–30) It was not possible to assess a detection 
bias because of a lack of detailed methodology. An attrition bias was 
diagnosed in one out of the three studies (S7). (27) 

	 SLEEP STUDY OUTCOMES
Significant differences (p<0.05) on follow-up AHI and RDI between 
groups were observed at short-term follow-up, in favor of midline traction 
design. (28,29) Significant differences in delta RDI were observed in two 
studies, both in favor of midline traction design. (27,28) A meta-analysis 
was not possible due to the quality of the sleep studies of three studies.
ODI was only mentioned in one of the included studies, however without 
desaturation percentage.

	 SUBJECTIVE SLEEPINESS
Delta ESS score at short-term follow-up was significantly different between 
groups in favor of the midline traction design. (29) The remaining three 
comparisons did not yield significant differences. 
When pooling the data, there was no significant difference in delta ESS 
when comparing both types (effect size: -0.24; CI:-0.87 to 0.38) (figure 
4).
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Figure 4: Effects sizes of mean difference in delta ESS values between midline 
traction and bilateral thrust appliances

	 COMPLIANCE, PREFERENCE, SIDE EFFECTS AND COST 		
	 EFFECTIVENESS 
Daily use of the appliance was described in one study only (NS). (28)
Most patients preferred midline traction appliance (72%), whereas in 
another study most patients preferred bilateral thrust appliance (56%). 
(27,28)
In bilateral thrust group, there was a dropout of three out of 42 patients 
because of side effects, including dental side effects (n=1) and TMJ 
pain (n=2). In midline traction group, there was a dropout of four out of 
46 patients because of side effects, including dental side effects (n=2) 
and TJM pain (n=2). (29) The number of short-term dropouts did not 
differ between the groups. However, it was significantly higher on the 
long-term, in midline traction group. (28) In addition, dropout rate was 
significantly higher in older patients. (27)
Cost effectiveness was not evaluated in these studies (S4).

	 SUCCESS
When success was defined by RDI<5, RDI<10, or RDI>50% reduction. 
(28) Respectively 63% (n=10), 75% (n=12), and 50% (n=8) of patients in 
bilateral thrust and 75% (n=12), 94% (n=15), and 63% (n=10) of patients 
in midline traction group were successfully treated. When success 
was defined by an AHI<5. Short-term success was observed in 51% of 
patients in bilateral thrust compared to 79% of the patients in midline 
traction group. (29) When success was defined by REI<10 or REI>50% 
reduction, 55.6% (n=20) of midline traction and 69.4% (n=25) of bilateral 
thrust group were successfully treated. (30)
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LEGENDTABLE 2
Bilateral Thrust (1), Midline traction (2) 
Abbreviations: AHI= Apnea Hypoapne Index, RDI= Respiratory Disturbance Index, NS= not 
significant, PG= polygraphy, RCT= Randomized controlled trial
(Mean ± Standard Deviation) 
depicted p values concern baseline and follow-up comparisons
p-values indicated in bold concern comparisons between two treatments at follow-up or comparisons 
of the delta of an outcome
Underlined when statistically different
* Bisshop et al. and Gauthier et al. measured RDI calculated by PG
** Schneiderman et al. measured REI 
*** compared to short-term follow-up

	 BILATERAL THRUST VERSUS BILATERAL THRUST

	 BACKGROUND
Different bilateral thrust appliances were compared in one RCT (31) 
and two cohort studies (32,33) (table 3). Group 1 was defined as 
traction-based appliances, group 2 was defined as compression-based 
appliances. Meta-analysis in this section was not possible due to the 
cohort design of two studies.
Baseline characteristics were comparable between all articles. In only 
one study, mean protrusion was defined, 11.2±2.4mm in group 1 and 
11.2±2.3mm in group 2 (NS). (33)
When evaluating the quality of the RCT, a selection bias, attrition bias, 
and reporting bias were not observed. However, a performance bias 
was observed. Besides, a detection bias was not possible to analyze 
because of a lack of detailed methodology. Evaluation of the quality of 
both cohort studies yielded 8 points, indicating a good methodological 
quality (S7,S8). (32,33) 

	 SLEEP STUDY OUTCOMES
No significant differences could be demonstrated between the groups. 
(31–33) The difference in follow-up AHI values was significantly different 
in one of the included studies favoring group 2. (32) Due to inclusion of 
only one RCT, effect size for this group could not be calculated. (31)
ODI was not mentioned in the included studies.
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	 SUBJECTIVE SLEEPINESS
No significant differences were observed between the groups. Due 
to inadequate methodological quality of the RCT, effect size for this 
comparison was not calculated. (31)

	 COMPLIANCE, PREFERENCE, SIDE EFFECTS AND COST 		
	 EFFECTIVENESS 
21% of group 1 did not complete follow-up, whereas 19% of group 2 did 
not complete follow-up (NS). (33)
31% of patients (5/16) preferred group 1, while 56% of patients (9/16) 
preferred group 2. (31)
No significant differences between the appliances in either short- or long-
term side effects. (31) In another study, there was a significant more 
early pain to the masticatory muscles (p=0.02) and long-term residual 
tongue pain (p=0.04) in the compression-based design. (33)
It was concluded that the groups are comparable. Because it’s simple 
robust design, group 1 appliance is more cost effective  compared to the 
complex design of the group 2 appliance (S5). (31) 

	 SUCCESS
Treatment success defined by AHI<5 was observed in 28 and 36% of 
patients in group 1 and in 24 and 44% of patients in group 2 (NS). (32,33) 
Treatment success defined by AHI<10 was observed in 61% of patients 
in group 1 and in 68% of patients in group 2 (NS). Treatment success 
defined by AHI<20 with an AHI>50% reduction was observed in 61% of 
patients in group 1 and 52% of patients in group 2 (NS). 
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	 THERMOPLASTIC APPLIANCE VERSUS CUSTOM APPLIANCE

	 BACKGROUND
Baseline characteristics were comparable between all articles (table 
4). (34–38) Thermoplastic appliance was set at 50±20% or 8.0mm±2.1, 
and custom appliance was set at 65±10% or 8.0mm±2.9 of maximum 
protrusion. (36,38)
When evaluating the quality of the RCTs a selection bias was found in 
one article. (34) A reporting bias was observed in two studies. (34,36) 
A performance bias and a detection bias were present in two studies. 
(35,36) Evaluation of the quality of the cohort study yielded eight points, 
indicating good methodological quality (S7,S8). (37) 

	 SLEEP STUDY OUTCOMES
Follow-up AHI was significantly different between a monoblock 
thermoplastic appliance and a custom midline traction appliance 
(p<0.001) favoring the custom appliance. (35) In another study, delta 
AHI score was significantly different favoring the custom bilateral thrust 
appliance, compared to the thermoplastic bilateral thrust appliance. (34)
When pooling the data, three studies were included in effect size calculation 
of delta AHI. (34,36,38) The AHI significantly improved with both types. 
However, no significant difference in effect size when comparing both 
thermoplastic and custom appliances was observed (effect size:0.86; CI: 
-0.62 to 2.35) (figure 5a).   

Figure 5a: Effect sizes of mean difference in delta AHI values between 
thermoplastic and custom appliances
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ODI was mentioned in two studies. Baseline ODI 3% was 19.9±2.1 in the 
thermoplastic group and 25.0±2.4 in the custom MAD group. Follow-up 
ODI 3% was 8.5±0.8 (p<0.001) in the thermoplastic group and 12.9±1.3 
(p<0.001) in the custom MAD group (p<0.000 between groups). (34) 
Baseline ODI 4% was 8.7±6.2. Follow-up ODI 4% was 5.6±6.3 (p<0.001) 
in the thermoplastic group and 2.9±3.2 (p<0.05) in the custom MAD group 
(p<0.001 between groups). (35)

	 SUBJECTIVE SLEEPINESS
A significant difference was observed between the thermoplastic and 
custom bilateral thrust groups in delta ESS in one article. (34)
When pooling the data, three studies were included in the effect size 
calculation of delta ESS. (34,36,38) There were no significant differences 
in effect size when comparing thermoplastic and custom appliances 
(effect size:0.03; CI: -0.32 to 0.38) (figure 5b). 
  

 
Figure 5b: Effect sizes of mean difference in delta ESS values between 
thermoplastic and custom appliances

	 COMPLIANCE, PREFERENCE, SIDE EFFECTS AND COST 		
	 EFFECTIVENESS 
Therapeutic use in nights per week and hours per night was significantly 
different between the appliances (p<0.001) favoring custom appliances 
(35,36). Dropouts were mainly seen in thermoplastic group (31-68%) 
when compared to custom group (24-49%). (34,37)
Preference for thermoplastic device varied from 9-24% and preference 
for custom device varied from 82-84%. (35,38) 
Side effects were described as none in one study. (38) Another study 
showed clearly more frequent side effects in the first couple of weeks 
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with thermoplastic device in comparison with custom-made, with no 
differences at long-term. (36)
Three studies mentioned the advantage of lower costs of thermoplastic in 
comparison to custom-made appliances (S6). (35,37,38) 

	 SUCCESS
In four studies, treatment success was defined as AHI<5 with >50% 
reduction or with ≥2 points drop in ESS score. Success in thermoplastic 
group varied from 17-52%, and in custom group from 26-72%. 
(34,35,37,38) Two articles observed significant differences between both 
appliances favoring custom group. (34,38) In one study success was 
defined as AHI<10 or an AHI>50% reduction, in 52% in thermoplastic 
group and 54% in custom group. (36)
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DISCUSSION

This systematic review of the available literature regarding the effect of 
different MAD designs on AHI reduction, ESS improvement, compliance, 
preference, side effects, cost effectiveness, and other disease-related 
outcomes in OSA management indicates that different MAD designs do 
not differ significantly with respect to treatment outcome. 

	 METHODOLOGY
Bias is reported due to limited information about the amount of protrusion 
and vertical dimension, or the fact that trade names were not mentioned 
or devices were “homemade”. These factors are important in treatment 
success. Not only in terms of AHI reduction, but also in terms of side 
effects. (39,40) Secondly, some studies use PSG for evaluating treatment 
outcomes, whereas others use a less comprehensive PG. Besides, bias 
could occur as a carryover effect when applying a crossover design 
without, or with a limited, washout period. In CPAP treatment, there is 
some evidence that a carryover effect exists for some days, however 
in MAD therapy this has not been evaluated to date. (41) Finally, the 
difficulty of blinding for treatment could influence patient preferences 
related to specific design features of the appliances. However, this is 
difficult to demonstrate. Also blinding clinicians for patient’s treatment, 
is often unclear in the included studies and was only mentioned in 3 
articles. (17,34,38) 

	 AHI REDUCTION
When significant differences were observed in follow-up AHI between 
monoblock and bilateral thrust, this was in favor of monoblock design 
in articles comparing 16-45 patients after an eight to 12-week follow-
up. These are relatively small populations and short follow-up periods. 
Besides, differences were small, effect size was low, and therefore 
probably of limited clinical relevance. They could be explained by the 
inability of mouth opening and thereby the inability of autorotation of the 
mandible while wearing the monoblock. (14,22) However, the inability of 
altering the advancement of the mandible without gross adjustments to 
the appliance is a disadvantage. Besides, monoblock design is associated 
with more pronounced muscular (i.e., mainly masseter) pain, possibly 
because of its more pronounced protrusive fixation of the mandible 
whereby no jaw movement is possible. (15,20)
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Significant differences observed in follow-up AHI between monoblock and 
midline traction, were in favor of midline traction appliance. (26) However, 
comparison on mandibular protrusion was not clearly described and only 
drawn on one article. 

When significant differences on AHI outcomes were observed in bilateral 
thrust and midline traction appliances a more favorable effect of midline 
traction design was observed. (27,28) Dropout rate of patients was 
higher in older patients, probably because it is more difficult for them 
to accustom to the appliance. (29) This phenomenon could possibly be 
explained by restrictions in adaptation, which increases with age. (42)
Advantages of the midline traction and the bilateral thrust appliances 
include the freedom of movement of the upper and lower jaw, the ease 
and subsequent potential for more pronounced mandibular advancement, 
and its relatively small design compared to the monoblock. It is possible 
that patients with sleep bruxism prefer more freedom of mandibular 
movement while wearing their MAD. This aspect may affect therapeutic 
compliance when comparing monobloc and other MAD designs. Positive 
aspects of midline traction appliance include relative inability of mouth 
opening, thereby preventing retrusion of the mandible when the device 
is in situ.

Significant differences in AHI outcomes were observed between 
thermoplastic and custom appliances, in favor of both. (34,35) In 
four studies, custom appliances resulted in more pronounced AHI 
improvements, which was only significant in one study. (35–38) Besides, 
due the low effect size, the differences were probably of limited clinical 
relevance. An important aspect which should be noted is the fact that 
the included studies comparing thermoplastic and custom appliances 
are not homogeneous due to differences in study design. In addition to 
different design features of the thermoplastic appliances, the custom 
appliances had either a monoblock, bilateral thrust or midline traction 
design. This heterogeneity hampers the direct comparison between the 
different included studies on this specific topic and limits generalizability. 
Thermoplastic appliances could possibly be less effective on long-
term due to alterations in the thermoplastic material as a result of wear 
and temperature changes, which could reduce MAD retention. Overall 
disadvantages of thermoplastic designs include more side effects, 
less pronounced treatment response and compliance due to a lack of 
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retention, and difficulties in tolerating the device. However, its lower 
costs and the possibility of chair-side or homebased fitting by the patient 
are advantages. 

	 ESS REDUCTION
When comparing follow-up ESS, no significant or clinically relevant 
differences were observed between none of the designs. Based on 
ESS>10, patients are diagnosed with excessive daytime sleepiness. (43) 
In the included studies, baseline sleepiness was mostly less than 10, 
which indicates that most included patients did not experience severe 
sleepiness. Possibly, ESS questionnaire is not the best instrument 
to indicate sleepiness. However, it is still the most frequently used 
questionnaire in MAD related publications, and therefore included in this 
review.

	 GENERAL DISCUSSION
When patients preference of appliance design is taken into account, 
aspects such as gender and BMI may be considered (33). Besides, MAD 
design features such as the vertical dimension or the material from what 
the device is made needs to be considered in device selection. In addition, 
a high vertical dimension and therefore more pronounced stretching of 
the pharyngeal wall, may also be an important factor in increasing the 
airway lumen. (19,22,25,44) However, it could also result in more TMD 
pain. (20) Besides, a higher vertical dimension also creates a possible 
reduction of the maximum protrusive position and an increased posterior 
position or backward rotation of the mandible. (39) In addition, the amount 
of mandibular protrusion is very important in treatment success. (45) Most 
studies set the mandibular advancement at 70%. However, nowadays it 
is debated if there is a one size fits all position for optimal mandibular 
advancement. In a study by Pitsis et al., no significant differences were 
described in treatment effect between different vertical dimensions, 
however patient’s preference in this study was clearly in favor of the 
lower vertical dimension. (46) Generally, a bulkier design, creates less 
space for the tongue and therefore potentially less airway space. (31) 
The above-mentioned characteristics are applicable for all appliance 
designs and may be affected by appliance material, patients’ coaching, 
protrusive position, and vertical dimension of the specific device (S1). 
Preference was only clearly in favor of the custom when compared with 
thermoplastic appliances.
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Preferably, the definite appliance selection should be made by dental 
specialists in accordance and adjusted to the patient, thereby introducing 
personalized medicine in MAD management. Cost aspects as appliance 
price and number of return visits are secondary factors which differ with 
every appliance design and per patient. Recommendations for the optimal 
MAD design and phenotyping of OSA patients are difficult to drawn and 
insufficiently supported by the current literature. (47)

	 CONCLUSION
We conclude that different titratable and non-titratable MAD designs 
have an objectively and subjectively positive treatment outcome in most 
patients diagnosed with mild to moderate OSA. A clear clinically relevant 
distinction in favor of one of the appliances cannot be drawn. However, 
a custom-made MAD is more comfortable, yields better objective and 
subjective treatment outcomes, and is associated with a more favorable 
compliance when compared with a thermoplastic MAD. 
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SUPPELEMENTARY MATERIAL 

S1: Data in Brief; Advantages and disadvantages of each MAD design

S2a: Overview of different designs (bilateral thrust, midline traction)

Design Advantage Disadvantage
Monoblock Firm protrusive position

Inability of mouth opening
No freedom of jaw movement

Bilateral thrust Freedom of jaw movement The potential of mouth opening 

Midline traction Relative freedom of jaw movement 
Restricted mouth opening 

Thermoplastic The relatively low costs 
The direct availability 

Lack of retention

MAD type name firm origin
bilateral 
thrust 

AMO or Somnodent device 
(34)

SomnoMed France

Foresta dent bite jumping 
screw (13)

Bernhard Förster GmbH Pforzheim, Germany

Herbst (31–33) Scheu Dental Illkirch, France

IST  (29) Scheu Dental Iserlohn, Germany

Klearway  (20)
(27,28)

Great Lakes Orthodontics, 
Ltd.
Classic Dental Laboratory

Tonawanda, NY, USA
Ottawa, Ontario, Canada

Medical Dental Sleep 
Appliance  (35)

R.J. and V.K. Bird Middle Park, Victoria, Aus-
tralia

NK connector (15) Morita Co. Ltd Osaka, Japan

Resmed Narval 
(17,23,25,33)

Narval/Resmed
ResMed

Paris, France
Kista, Sweden

Silencor (19,21,24) Erkodent GmbH Pfalzgrafenweiler, Germany

Silent Nite  (22) GlideWell Laboratories Newport Beach, USA

Somnodent-Flex (30,32) Somno- Dent Somnomed AG, Australia

TALI  (36) ONIRIS SAS Rueil Malmaison, France

TwinBlock (31) thermal acrylic material 
designed by Clark 1982

undefined

midline 
traction

Silencer (28) Burnaby British Colombia, Canada

Thornton Adjustable 
Positioner (TAP, TAP2, 
TAP3) (26,27,29,30,37)

Airway Management, Inc Dallas, TX, USA
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S2b: Overview of different designs (monoblock, thermoplastic bilateral thrust, 
thermoplastic monoblock)
MAD type name firm origin
monoblock Boxholm monoblock 

(17,23,25)
Boxholm Tandteknik
Public Dental Service

Boxholm, Sweden
Örebro, Sweden

Karwetzky (19,24) Scheu-Dental GmbH Oestrich, Germany 

mandibular advancement 
splint, nonadjustable 
(MAS), one-piece 
appliance, made from rigid 
acrylic (20)

unknown unknown

nonadjustable, one-piece 
appliance, made from rigid 
acrylic (13–16,18,21,22)

homemade unknown

Proform Dual Laminate 
(26)

Dental resources Delano, MN, USA

Soft SR-Ivocap Elastomer 
(38)

Ivoclar, Vivadent AG Schaan, Liechten- stein

thermo-
plastic 
bilateral 
thrust (36)

ONIRIS (36) ONIRIS SAS Rueil Malmaison, France

thermo-
plastic 
monoblock 

BluePro Bluesome (34) BluePro®; BlueSom France

Snoreshield  (35) Snoreshield S4S Sheffield, UK

Somnoguard AP (37) Tomed Dr Toussaint GmbH Bensheim, Germany

Somnoguard Plus (38) Tomed Dr. Toussaint GmbH Germany
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S3: Overview of the different studies comparing monoblock and bilateral thrust 
mandibular advancement design. 

Bilateral-thrust (1), Monoblock (2) 
TMJ= Temporomandibular joint
In Geoghean et al. (2015), Isacsson et al. (2019), La Mantia et al. (2018),and Umemoto et al. (2019) 
no information about compliance, preference, side effects or cost effectiveness was given. 

 

Author, year, 
reference

Compliance Preference Side effects Cost 
effectiveness

Al-Dharrab et al. 
2017 (13)

1. 75% (n=9)

2. 42% (n=5)

No difference in 
side effects 

Monoblock are 
more cost ef-
fective

Bloch et al. 2000 
(14)

1. 33% (n=8)

2. 63% (n=15)

No preference 4% 
(n=1)

No difference in 
side effects 

Rose et al. 2002 
(19)

Non-compliant:
1. 25% (n=4) 

2. 13% (n=2) 

1. 31% (n=5)

2. 69% (n=11)

More side effects 
in monoblock 
group (dropout 
n=2/23)

Sari et al. 2011 
(20)

No difference in 
side effects

Tegelberg et al. 
2020 (23)

Non-compliant:
1. 40% (n=58) 

2. 33% (n=52)

Yanamoto et al. 
2020 (15)

3 patients 
withdrew

1. 75% (9/12)

2. 25% (3/12)

TMJ pain
1. 0% (0/12)

2. 33% (4/12)

Zhou et al. 2012 
(22)

Compliance:
>8hours per night
7 days per week

1. 12% (n=2)

2. 44% (n=7)

No preference 
44% (n=7)

No difference in 
side effects 

Hyun Lee et al. 
2012 (24)

Compliance 
1-year follow-up 
(p=0.044)
1. 83% (n=50)

2. 69% (n=64)

Isacsson et al. 
2017 (25)

No difference in 
side effects 

Bilateral trust 
17% more 
expensive in 
the first year of 
therapy



  60

S4: Overview of the different studies comparing bilateral thrust and midline 
traction appliance design. 

Bilateral Thrust (1), Midline traction (2) 
NS= not significant
In Schneidermann et al. (2021) no information about compliance, preference, side effects or cost 
effectiveness was given. 

S5: Overview of the different studies comparing bilateral thrust and bilateral 
thrust mandibular advancement design.

Bilateral Thrust (1), Bilateral Thrust Herbst appliance (2) 
In Verburg et al. (2018) no information about compliance, preference, side effects or cost 

effectiveness was given.

Author, year, 
reference

Compliance Preference Side effects Cost 
effectiveness

Bishop et al. 2014 
(27)

1. 28% (n=5)

2. 72% (n=13)

Gauthier et al. 
2009 (28)

Days per week 
(NS)
1. 6.6 ± 0.2
2. 6.1 ± 0.4

Hours per night 
(NS)
1. 7.1 ± 0.3
2. 6.8 ± 0.2

1. 56% (n=9)

2. 38% (n=6)

No preference 6% 
(n=1)

Ghazal et al. 2009 
(29)

1. dropout 3/42 
(7%)

2. dropout 4/46 
(9%)

1. Dental side 
effects (N=1), TMJ 
problems (N=2)

2. Dental side 
effects (N=2), 
TMJ problems 
(N=2)

Author, year, 
reference

Compliance Preference Side effects Cost 
effectiveness

Lawton et al. 2005 
(31)

1. 31% (n=5)
2. 56% (n=9)
No preference 
13% (n=2)

No difference in 
side effects 

Twinblock are 
more cost 
effective

Vezina et al. 2011 
(33)

Completed 
therapy
1. 57% (n=16/28)

2. 60% (32/53)

Herbst design had 
more early pain 
to the masticato-
ry muscles (P = 
0.02) and more 
long-term residual 
tongue pain (p = 
0.04).
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S6: Overview of the different studies comparing thermoplastic and custom 
mandibular advancement design.

Bilateral Thrust (1), Monoblock (2), Midline Traction (3)

Author, year, 
reference

Compliance Preference Side effects Cost 
effectiveness

Gagnadoux et al. 
2017 (34)

Use hours/night 
(p=0.035)
1a. 6.3±0.2
1b. 7.1±0.1
Completed follow-up
1a. 69% (n=86)
1b. 76% (n=72)

Johal et al. 2017 
(35)

Nights/ week use 
(p<0.001)
2..3.0 (0.0-6.5) 
3..7.0 (5.0-7.0) 
Hours/ night use 
(p<0.001)
2.. 3.0 (0.0-6.0) 
3.. 5.0 (3.0-7.0) 

2..24% (n=1)
3..84% (n=21)
No preference: 
12% (n=3)

Thermoplastic 
appliances had 
lower costs

Pepin et al. 2019 
(36)

Nights/ week use 
(p<0.005)
1a. 4.8±2.3
1b. 6.6±1.0
Hours/ night use 
(p<0.000)
1a. 5.2±2.5
1b. 6.6±1.3
Completed follow-up
1a. 87% (n=87)
1b. 70% (n=69)

More side effects 
in the first couple 
of weeks in the 
thermoplastic 
group.

Vanderveken et 
al. 2008 (38)

Nights/ week use
2a. 4.5 (65%)
2b. 6.4 (92%)

Hours/ night use
2a. 4.6 (63%)
2b. 6.3 (92%)

2a. 9% (n=2)
2b. 82% (n=19)
No preference: 
9% (n=2)

No difference in 
side effects 

Thermoplastic 
appliances had 
lower costs

Friedman et al. 
2012 (37)

Adherence at 
1-month (NS)
3a. 54% (n=66)
3b. 65% (n=37)
Adherence at 
6-month (p=0.018)
3a. 33% (n=40)
3b. 51% (n=29)

Thermoplastic 
appliances had 
lower costs
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S7: Cochrane collaboration’s tool for assessing risk of bias in systematic reviews 

S8: Newcastle-Ottawa quality assessment form for cohort studies

paper selection 

bias

perfor-

mance 

bias

detection 

bias

attrition 

bias

report-

ing 

bias

other 

bias

Al-Dharrab 2017 (13) no yes yes no no yes

Bishop et al. 2014 (27) no yes yes yes no no

Bloch et al. 2000 (14) no yes yes no no yes

Gagnadoux et al. 2017 (34) yes no no no yes yes

Gauthier et al. 2009 (28) no yes yes no no no

Geoghegan et al. 2015 (16) no yes yes no no yes

Ghazal et al. 2009 (29) no yes yes no no no

Isacsson et al. 2019 (17) no no no no no yes

Johal et al. 2017 (35) no yes yes no no no

La Mantia et al. 2018 (18) no yes yes no no yes

Lawton et al. 2005 (31) no yes Yes no no no

Pepin 2019 (36) no yes yes no yes no

Rose et al. 2002 (19) no yes yes no no no

Sari et al. 2011 (20) yes yes yes no no yes

Schneidermann et al. 2021 (30) no yes yes no no no

Tegelberg et al. 2020 (23) no yes yes no no no

Umemoto et al. 2019 (21) yes yes yes yes yes yes

Vanderveken et al. 2008 (38) no no no no no no

Yanamoto et al. 2020 (15) no yes yes no no no

Zhou et al. 2012 (22) no yes yes no no yes

  Selection

 

Compa-

rability

Outcome

 

Total 

score

Quality 

rating
paper 1 2 3 4 5 6 7 8

Friedman et al. 2012 (37) 8 good

Hyun Lee et al. 2012 (24) 8 good

Isacsson et al. 2017 (25) 8 good

Lettieri et al. 2011 (26) 7 good

Verburg et al. 2018 (32) 8 good

Vezina et al. 2011 (33) 8 good
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Equal effect of a non-custom versus a 
custom mandibular advancement device 
in treatment of obstructive sleep apnea
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ABSTRACT

	 OBJECTIVES
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.

	 MATERIALS AND 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) 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.
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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 
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used to construct the trays. This new generation of non-custom MADs is 
more comfortable and has better retensive 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 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.
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MATERIALS AND METHODS

	 STUDY PARTICIPANTS
We performed a single-center prospective randomized cross-over study 
with a 12-week follow-up 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. 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 eight 
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 12-week follow-up with a consultation after four weeks. After a 
12-week 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 non-
custom or custom MAD for 12 weeks, depending on randomization, with 
the same clinical analyses and self-reported outcomes after 12 weeks. 
 
	 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, 
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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 a 12-week follow-up for both devices. 
Both primary and secondary outcome measures were analyzed comparing 
baseline and results after a 12-week 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. Patients were considered 
non-responders when not meeting the criteria for complete or partial 
treatment success.

	 TAPTM (figure 1)
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 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.  
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Figure 1. TAPTM Custom mandibular advancement device (Thornton Adjustable 
PositionerTM type-1, Airway Management Inc., Dallas, TX, USA)

	 myTAPTM (figure 2)
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 
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. 
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Figure 2. myTAPTM Non-custom mandibular advancement device
My Thornton Adjustable PositionerTM, Airway Management Inc., Dallas, TX, USA

	 TITRATION
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 myTAPTM until 
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. This amount of protrusion was used during the DISE. 
Thereafter the MADs were positioned at 50% of the maximum protrusion, 
as determined by a George Gauge bite registration, to start treatment 
with. (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, at the first follow-up visit (4 weeks), the amount of protrusion was 
noted. At the 3-months follow-up visit, it was determined whether the 
amount of protrusion had changed since the 4-weeks follow-up visit. 

	 POLYSOMNOGRAFY
A standard PSG (SomnoscreenTM, SOMNOmedics GmbH, 
Randersacker, Germany) was performed in all patients. The PSG consists 
of an electroencephalogram, electro-oculogram, electromyogram of the 
submental muscle, a nasal airflow cannula, an oronasal thermal flow 
sensor, a finger pulse oximeter, a respiratory effort belt, a body position 
sensor, an anterior tibial electromyogram and an electrocardiography.
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	 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.

	 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 (interquartile range) 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 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.
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RESULTS

In total, 58 patients were included, of whom 18 did not complete follow-
up. Figure 3 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) (table 1). The maximum 
voluntary protrusion was 70.9% ± 33.7% of maximal protrusion. 

Table 1. Patient characteristics

Data presented as mean ± SD or median (interquartile range)

BMI body mass index, AHI apnea-hypopnea index

*n=40, only calculated for patients who completed the whole study

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 in mm (% of maximum protrusion) * 3.8±2.8 (70.9 ± 33.7)
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Figure 3. Flowchart with dropouts
PSG = polysomnography, DISE = drug-induced sleependoscopy

TAP=custom-made MAD, myTAP=non-custom MAD
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Table 2A. PSG outcomes, custom-made versus non-custom MAD

Data presented as median (interquartile range), *p-value <0.05

Abbreviations: AHI=apnea hypopnea index, AI=apnea index, myTAP=non-custom MAD, NA= not appli-

cable, PSG=polysomnography, TAP=custom-made MAD, TST=total sleeping time 

n=40 PSG 

baseline

TAP PSG 

12 weeks  

myTAP PSG 

12 weeks

Baseline 

vs. TAP

p-value

Baseline 

vs. myTAP

p-value

TAP vs. 

myTAP

p-value
Total AHI 

(events/hr)

16.3 

(7.7-24.8)

10.7

(5.6-16.6)

7.8 

(2.9-16.1)

0.010* <0.0001* 0.346

Total AI 

(events/hr)

5.2 

(2.2-11.2)

1.9	

(0.4-4.4)

1.2 

(0.5-5.7)

0.010* 0.002* 0.821

Supine AHI 

(events/hr)

25.2 

(11.0-39.8)

14.3

(7.3-27.7)

10.7

(3.9-24.2)

0.004* <0.0001* 0.179

Non-supine AHI 

(events/hr)

6.6 

(2.3-15.8)

5.4

(1.2-9.2)

4.4 

(1.4-10.8)

0.245 0.197 0.896

% of TST in 

supine position

38.9

(24.5-51.2)

42.4

(21.6-61.3)

43.6 

(27.5-53.7)

0.308 0.398 0.676

ODI 

(3%, events/hr)

17.1

(8.4-28.1)

9.6

(4.6-15.5)

6.9 

(2.4-13.3)

0.011* 0.003* 0.637

Mean saturation 

(%)

95.0

(94.0-96.0)

95.0

(93.0-96.0)

95.0 

(93.3-96.0)

0.105 0.030* 0.652

Lowest 

saturation (%)

85.5

(82.0-90.0)

88.0

(82.0-91.0)

88.0 

(84.3-90.8)

0.367 0.192 0.908

Treatment outcome
Complete 

success

NA 8 (20%) 14 (35%) NA NA 0.001*

Partial success NA 8 (20%) 7 (17.5%) NA NA 0.030*
Non-responder NA 24 (60%) 19 (47,5%) NA NA 0.003*
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Table 2B. PSG outcomes, custom-made versus non-custom MAD (intention to treat 
analysis)

Data presented as median (interquartile range), *p-value <0.05

Abbreviations: AHI=apnea hypopnea index, AI=apnea index, myTAP=non-custom MAD, NA= not appli-

cable, PSG=polysomnography, TAP=custom-made MAD, TST=total sleeping time 

n=40 PSG 

baseline

TAP PSG 

12 weeks  

myTAP 

PSG 12 

weeks

Baseline 

vs. TAP

p-value

Baseline 

vs. myTAP

p-value

TAP vs. 

myTAP

p-value
Total AHI 

(events/hr)

16.2

(7.4-20.9)

11.0

(5.7-16.8)

10.6

(4.9-16.9)

0.002* 0.001* 0.950

Total AI 

(events/hr)

4.7

(2.8-11.5)

2.5

(0.6-6.1)

2.5

(0.6-7.9)

0.003* 0.002* 0.302

Supine AHI 

(events/hr)

25.2

(10.6-40.4)

14.3

(7.8-31.8)

13.3

(6.8-34.4)

0.002* <0.001* 0.476

Non-supine 

AHI (events/hr)

6.3

(2.4-14.5)

5.3

(1.6-9.5)

4.4

(1.8-10.6)

0.123 0.162 0.638

% of TST in 

supine position

39.3 

(24.1-59.4)

42.3

(20.1-65.7)

41.3

(27.1-54.7)

0.372 0.401 0.614

ODI 

(3%, events/hr)

16.4

(10.3-26.6)

10.9

(4.9-16.0)

10.6

(3.8-16.6)

<0.001* <0.001* 0.669

Mean 

saturation (%)

95.0

(94.0-96.0)

95.0

(94.0-96.0)

95.0

(94.0-96.0)

0.013* 0.002* 0.557

Lowest 

saturation (%)

87.0

(82.0-90.0)

88.0

(82.0-90.5)

88.0

(85.0-90.0)

0.740 0.461 0.951
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	 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) (table 2A). The AHI was significantly reduced to 10.7 
(5.6; 16.6) with the custom MAD (p=0.010) and to 7.8 (2.9; 16.1) 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). The ODI was significantly reduced to 
9.6 (4.6; 15.5) with the custom MAD (p=0.011) and to 6.9 (2.4; 13.3) 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 higher, viz., 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.  
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Table 3A. self-reported outcomes (questionnaires), custom-made versus non-
custom MAD (per-protocol analysis)

Data presented as median (interquartile range), *p-value <0.05

Abbreviations: TAP=custom-made MAD, myTAP=non-custom MAD, 4 patients did not complete the 

questionnaires at baseline

Baseline
n=36

TAP
12 weeks
n=39

myTAP
12 weeks
n=39

Baseline 
vs. TAP
p-value

Baseline 
vs. 
myTAP
p-value

TAP vs. 
myTAP
p-value

Protrusion (mm)
Changes at 12 
weeks N (%)

3.8 ± 2.8
N=40

2.7 ± 3.9 (at 
4 wks)
6 (15)

3.7 ± 2.4 (at 
4 wks)
4 (10)

0.063 0.365 0.131

Adherence (h/wk) N.A. 49 49 N.A. N.A. 0.519

ESS 
Mean outcome 5 (0-20) 5.0 (0-17) 5 (0-16) 0.005* 0.005* 0.890

FOSQ
General 
productivity

2.6 (1.1-3.0) 2.9 (0.9-3.0) 2.9 (1.0-3.0) 0.035* 0.001* 0.038*

Social outcome 4.0 (1.0-4.0) 4.0 (0.0-4.0) 4.0 (.0.-4.0) 0.088 0.058 0.204

Activity level 3.4 (1.3-4.0) 3.8 (0.3-4.0) 3.7 (0.3-4.0) 0.016* 0.006* 0.977

Vigilance 3.5 (1.1-4) 3.7 (0.6-4.0) 3.7 (0.6-4.0) 0.101 0.044* 0.831

Intimate 
relationships and 
sexual activity

4.0 (0.0-4.0) 4.0 (0.0-4.0) 4.0 (0.3-4.0) 0.097 0.198 0.335

RAND-36
Physical 
functioning

100 (45.0-
100)

100.0 (40.0-
100.0)

100.0 (40.0-
100)

0.301 0.482 0.208

Social functioning 100 (12.5-
100)

88.0 (0.0-
100.0)

88.0 (37.5-
100)

0.190 0.183 0.742

Role limitations 
due to physical 
health 

100 (0.0-
100)

100 (0.0-
100)

100.0 (0.0-
100)

0.080 0.061 0.566

Role limitations 
due to emotional 
problems

100 (0.0-
100)

100 (0.0-
100)

100.0 (0.0-
100)

0.592 0.784 0.502

Emotional 
well-being 

78.0 (28.0-
100)

76.0 (44.0-
96.0)

76.0 (28.0-
100)

0.437 0.779 0.992

Energy, fatigue 60.0 (20.0-
100)

65.0 (8.00-
100)

65.0 (30.0-
100)

0.104 0.156 0.531

General health 77.0 (40.0-
92.0)

72.0 (35-97) 72.0 (30.0-
100)

0.619 0.569 0.634

Change in Health 50 (0.0-100) 50 (25-100) 50.0 (25.0-
100)

0.013* 0.045* 0.868

Pain 100 (10.0-
100)

100.0 (41-
100)

100 (30.0-
100)

0.022* 0.256 0.133
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Table 3B. self-reported outcomes (questionnaires), custom-made versus non-
custom MAD (intention to treat analysis)

Data presented as mean, *p-value <0.05

Abbreviations: TAP=custom MAD, myTAP=non-custom MAD

No significant carry-over and period effects were found.

Figure 5. Reported side effects, custom-made versus non-custom MAD
TMD=temporomandibular disorders, TAP=custom-made 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. 

Baseline TAP
12 weeks

myTAP
12 weeks

Baseline 
vs. TAP
p-value

Baseline 
vs. my-
TAP
p-value

TAP vs. 
myTAP
p-value

Adherence 
(h/wk) (n=58)

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

ESS 
Mean outcome 
(n=49)

N.A. 49 49 N.A. N.A. 0.776
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	 SECONDARY OUTCOME MEASURES
Comparison of a custom MAD and a non-custom MAD regarding self-
reported outcomes 

	 ADHEARENCE
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 3B. 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. 

	 SIDE 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 had no 
preference, this difference was not significant. 
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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 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-month 
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 al (7) 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. 
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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 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 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 used 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 
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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 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 
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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 is too small to really declare equivalence for all patients 
at randomization, especially for those who stopped using the MAD for 
whatever reason.

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

	 MATERIALS AND 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.
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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 
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measured and a history of severe snoring, and other complaints such as 
hypersomnolence could be mapped. Intraoral and 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.
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MATERIALS AND 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) (AHI>5). 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. 
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
	 POLYSOMNOGRAFY
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), moderate (AHI 15-30) or severe 
(AHI>30) 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 
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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).

	 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. 
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	 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 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. 
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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 (10.4-25.0); the mean ODI at 
baseline was 18.8 (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) (45%)

Moderate OSA

(n=56) (39%)

Severe OSA

(n=23) (7%)

Profile (angle I, 

II, III)

I      n=80

II     n=57

III    n=5

I      n=39

II     n=23

III    n=2

I      n=28

II     n=26

III    n=2

I      n=14

II     n=8

III    n=1

Molar occlusion 

left side (I, II, III)

I      n=76

II     n=27

III    n=30

Missing n= 10

I      n=33

II     n=11

III    n=16

Missing n= 4

I      n=33

II     n=11

III    n=7

Missing n= 5

I      n=10

II     n=5

III    n=7

Missing n= 1

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. 
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	 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.

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

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

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.

	 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.

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 *
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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 protrusi-

on (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.



103

  4

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 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 
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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 with a mean of 16.0 events/hr. This might 
also have affected our study outcomes because MAD’s generally perform 
better in mild to moderate OSA. 
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 
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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. 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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Long-term obstructive sleep apnea 
therapy; a 10-year follow-up of 
mandibular advancement device and 

continuous positive airway pressure
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term obstructive sleep apnea therapy: 
a 10-year follow-up of mandibular  
advancement device and continuous 
positive airway pressure. J Clin sleep 
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ABSTRACT

	 OBJECTIVES
Obstructive sleep apnea (OSA) is a sleep related breathing disorder, 
commonly treated by either Continuous Positive Airway Pressure (CPAP) 
or a Mandibular Advancement Device (MAD). Long-term follow-up and 
comparison regarding efficacy of these therapies is scarce. In this study 
the results of treatment, patient compliance and satisfaction over a 10-
year follow-up of these therapies are reported. 

	 MATERIALS AND METHODS
This is a longitudinal follow-up study taken from a subset of patients 
initially enrolled in a randomized controlled clinical trial of 103 OSA 
patients. After a 10-year follow-up period, 14 patients using MAD and 17 
patients using CPAP could be evaluated for this longitudinal follow-up 
study. Data was analyzed at baseline, after 3-months and at 1, 2, and 10-
year follow-up. All 31 OSA patients were subjected to polysomnography 
and subjective measurements. 

	 RESULTS
Polysomnography showed a favorable outcome of both therapies at 
10-year follow-up. At baseline, included patients in both groups did not 
significantly differ in apnea-hypopnea index (AHI) values. At 10-year 
follow-up both, MAD and CPAP group, showed a significant reduction in 
AHI. At baseline the mean AHI in MAD group was 31.7±20.6 whereas in 
the CPAP group 49.2±26.1. At 10-year follow-up the mean AHI in MAD 
group was 9.9±10.3 and in the CPAP group 3.4±5.4. From a subjective 
perspective both therapies resulted in a substantial improvement in 
neurobehavioral outcomes at 10-year follow-up. 

	 CONCLUSION
Both CPAP and MAD therapy demonstrate good and stable treatment 
effects after a 10-year follow-up period. Therefore, when indicated, both 
therapies are appropriate modalities for the long-term management of 
OSA. 
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INTRODUCTION

Selecting the appropriate treatment modality for Obstructive Sleep Apnea 
(OSA) depends mainly on the severity of the disease and its symptoms. 
(1) Besides, anatomical characteristics and health status are important. 
In mild to moderate OSA, Mandibular Advancement Devices (MAD) are 
frequently used, whereas in moderate to severe OSA Continuous Positive 
Airway Pressure (CPAP) is usually applied. (1-3)
Short-term efficacy of MAD and CPAP therapy has been studied in many 
randomized controlled trials. CPAP is usually more effective in reducing 
the AHI in patients with moderate to severe OSA. However, CPAP can be 
complicated by suboptimal acceptance and compliance. In these cases, 
a MAD is often a good and non-invasive alternative. (3-4)
Long-term studies of MAD and CPAP therapy generally show a more 
pronounced effect of CPAP in terms of AHI reductions and improvements 
in oxyhemoglobin saturation. (1,5) Six studies have evaluated MAD 
treatment outcomes after a follow-up period exceeding 2 years. (3,6-10) 
Of these six studies, only two studies compared the results of MAD with 
CPAP therapy. (3,8) All patients experienced a reduction in AHI values 
at follow-up. In addition, no difference was observed between MAD 
and CPAP therapy in improvements of long-term daytime sleepiness. 
However, when evaluating the effects on daytime sleepiness in only 
severe OSA patients, CPAP is more effective than MAD therapy. (5) With 
long-term therapy aging and increases in weight may explain a relapse 
of treatment efficacy. (11) However, with MAD therapy bite changes may 
also account for this phenomenon. This could reduce the advancement 
of the mandible, thereby reducing the efficacy of the MAD on the long-
term. (12,13) 

Despite the numerous studies regarding treatment efficacy of MAD and 
CPAP therapy, long-term follow-up studies comparing both interventions 
are scarce. The aim of this longitudinal follow-up of a subset of subjects 
included in a randomized clinical trial is to evaluate the objective and 
subjective outcomes of the both MAD and CPAP therapy in OSA patients 
on the long-term (i.e. a 10-year follow-up). (13)
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MATERIALS AND METHODS

	 PATIENT SELECTION
Participants were recruited for a randomized controlled trial, which 
was previously conducted and reported in two separate publications 
(ISRCTN18174167). (3,13) Patients were recruited between September 
2002 and August 2005 through the Department of Home Mechanical 
Ventilation of the University Medical Center Groningen, The Netherlands. 
This study was approved by the Groningen University Medical Center’s 
ethics committee (METc2002/032). A written informed consent was 
obtained from each patient before enrollment. 

	 STUDY DESIGN
For this study initially 103 patients were selected. At baseline patients 
were randomly allocated to MAD or CPAP therapy (Supplement). The 
present study is a longitudinal follow-up study taken from a subset of 
patients initially enrolled in this randomized controlled clinical trial. Focus 
of the present 10-year follow-up study was to evaluate only those patients 
still using their initially assigned treatment. 

	 INTERVENTIONS
At baseline all patients in the MAD group received the TAP appliance 
(Thornton Adjustable Positioner type-1, Airway Management Inc., Dallas, 
TX, USA). This duo block MAD fixes the patients’ mandible in a forward 
position by a screw mechanism incorporated in the frontal area of the 
appliance. At baseline the appliance was set at approximately 50% 
of patient’s maximum protrusion. Patients were instructed to advance 
their appliance until symptoms abated or until further protrusion of 
the mandible resulted in discomfort. After an 8-week follow-up period 
a checkup was arranged to further adjust the appliance if necessary. 
When OSA symptomatology was improved or when further protrusion 
was not tolerated by the patient, a second evaluation was performed 
(i.e. a polysomnographic study, physical examination and subjective 
questionnaire evaluation). 

The patients in the CPAP group received a nasal CPAP. After a 2-week 
adaptation period, patients returned for a follow-up visit to resolve any 
difficulties. After an 8-week follow-up period a checkup was arranged to 
further adjust the therapy if necessary. When OSA symptomatology was 
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improved or when further pressure adjustments were not tolerated by 
the patient, a second evaluation was performed (i.e. a polysomnographic 
study, physical examination and subjective questionnaire evaluation). If 
polysomnography indicated an AHI ≥ 5, CPAP was adjusted if possible 
and a third polysomnography was performed. 

Successful treatment was defined as an AHI<5 or an AHI reduction of 
>50% from the baseline value to a value <20 in a patient without symptoms 
while using the therapy. If treatment was not successful or if patients were 
non-adherent, the alternative (either MAD or CPAP therapy) was offered. 
Patients were excluded when they switched therapy or received upper 
airway surgery during follow-up. Furthermore, minimum therapeutic use 
for inclusion in this study was >5 nights per week for >5 hours per night. 
(13) Patients were asked to fill out a questionnaire on how many hours 
per night and how many nights per week they used their therapy. 

During follow-up, patients were subjected to a regular yearly checkup and 
encouraged to contact our clinic when problems were faced concerning 
their OSA treatment. 

	 POLYSOMNOGRAFY
At baseline, 3-months follow-up and at the 1-,2- and 10-year follow-up a 
polysomnographic evaluation was performed (Embla A10 digital recorder, 
Medcare, Reykjavik, Iceland). Each polysomnographic recording started 
no later than 23.00 o’clock and ended no later than 9.00 o’clock the next 
morning. Outcomes were limited to the time in bed of the nocturnal part 
of the recording. All studies were conducted while patients slept at home 
and were analyzed by the same neurophysiologist, who was blinded for 
patients’ treatment (JHvdH).

	 PHYSICAL AND NEUROBEHAVIORAL EXAMINATIONS 
Physical and neurobehavioral examinations were also performed at 
baseline, 2-months and at the 1-, 2- and 10-year follow-up. This included 
registration of BMI, neck circumference, alcohol consumption, tobacco 
use and medications. The neurobehavioral examination was performed 
according to the following questionnaires: Epworth Sleepiness Scale 
(ESS), Functional Outcomes of Sleep Questionnaire (FOSQ), Short Form 
Health Survey (SF) and a questionnaire evaluating compliance. (14-16)
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	 STATISTIC ANALYSIS
Statistical analyses were performed with the Statistical Package for 
the Social Sciences (version 24, SPSS Inc., Chicago, IL, USA). Means 
and standard deviations (SD) were reported. For comparing outcomes 
between continuous variables between baseline, two months, 1-, 2- and 
10-year follow-up, ANOVA tests for repeated measurements analyses 
were performed. For comparing categorical variables, Chi-square tests 
were performed. In all cases a significance level α of 0.05 was used. 
 



117

  5

RESULTS

	 BASELINE CHARACTERISTICS
At baseline 103 patients were selected for this study, 51 subjects were 
assigned to MAD and 52 subjects were assigned to CPAP therapy 
(Supplement). After 2 years of treatment 27 MAD (53%) and 37 CPAP 
(71%) patients completed the follow-up successfully while using their 
initial treatment modality. (3) After 10 years of treatment, out of the 
patients we were able to contact, we know that 18 MAD patients (35%) 
and 24 CPAP patients (46%) were still using their initial therapy. Of these 
patients, 4 subjects in the MAD group and 7 in the CPAP group were 
not willing to undergo another polysomnographic evaluation at the 10-
year follow-up. Consequently, 14 MAD and 17 CPAP patients could be 
included for this long-term follow-up study (supplement). 
The mean follow-up in the MAD group was 10.0 ± 0.6 years (mean±SD), 
while the mean follow-up in the CPAP group was 10.3 ± 0.6 years 
(p>0.05). None of the patient’s characteristics differed significantly at 10-
year follow-up (table 1). The mean therapeutic use in nights per week at 
10-year follow-up was 6.8±.5 and 6.8±8.5 in the MAD and CPAP group, 
respectively. Furthermore, mean therapeutic use in hours per night was 
7.3±1.2 and 7.1±8.8 in the MAD and CPAP group, respectively. These 
data did not differ significantly (table 1).

 

Table 1: Patient characteristics at 10-year follow-up 

Variable MAD (n=14) CPAP (n=17)

Male/female ratio 12/2 17/0

Age (years) (baseline) 61±8 59±10

Body Mass Index (kg/m2) 

(baseline)

32.4±6.6 33.2±3.6

Body Mass Index (kg/m2) 

(10-year follow-up)

31.3±5.9 32.5±4.8

Therapy Frequency nights/week 

(10-year follow-up)

6.6±1.0 7.0±0.0

Therapy Frequency hours/night 

(10-year follow-up)

7.8±0.9 6.8±0.9

Follow-up (years) 10.0 ± 0.6 10.3 ± 0.6

Values are means ± standard deviations; No significant differences calculated
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	 POLYSOMNOGRAFIC OUTCOMES
At baseline the mean AHI did not differ significantly between the groups. 
When evaluating the AHI after a 10-year treatment period a slight increase 
in both groups was observed when compared with the 1 and 2-year 
follow-up (figure 1, table 2). At the 1-year follow-up the mean AHI in the 
MAD group was 1.3±1.9 and in the CPAP group 1.7±3.4. At the 2-year 
follow-up the mean AHI in the MAD group was 2.7±3.2 and in the CPAP 
group 0.47±1.1 (p<0.05). At the 10-year follow-up the mean AHI in the 
MAD group was 9.9±10.3 and in the CPAP group 3.4±5.4 (p<0.05). Both 
therapies showed significant improvements (p<0.05) from baseline to the 
10-year follow-up (figure 1, table 2). When evaluating the patients in the 
MAD group individually, a wider statistical range in AHI results is seen 
at the 10-year follow-up compared with the CPAP group (figure 2a+b). 
When evaluating the lowest oxyhemoglobin saturation (SpO2) between 
baseline and 10-year follow-up a significant improvement is seen in both 
groups. Besides, the ‘Non-REM Sleep stage 3&4 (%)’ was significantly 
improved between baseline and 10-year follow-up in both groups (table 
2a+b).

Figure 1: Mean Apnea hypopnea index (AHI) Mandibular Advancement Device 
(MAD) and Continuous Positive Airway Pressure (CPAP) therapy
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Figure 2a: Individual Apnea hypopnea 
index (AHI) values of patients who 
completed 10-year Mandibular 
Advancement Device (MAD) treatment 
follow-up. 

 

Figure 2b: Individual Apnea hypopnea 
index (AHI) values of patients who 
completed 10-year Continuous Positive 
Airway Pressure (CPAP) treatment 
follow-up 

Table 2A: Polysomnographic outcomes in the Mandibular Advancement Device 
(MAD) group (n=14) 

Variabele Baseline 3-months 

follow-up

1-year 

follow-up

2-year 

follow-up

10-year 

follow-up
Apnea hypopnea index/ 

hour (AHI) (events/hr)

31.7±20.6 2.2±3.6* 1.3±1.9* 2.7±3.2* 9.9±10.3 *

Lowest oxyhemoglobin 

saturation (SpO2) (%)

79.6±6.8 90.0±3.6* 89.7±3.0* 89.0±4.1* 85.3±5.0 *

Sleep efficiency (%) 86.6±12.3 84.9±10.2 89.0±6.8 88.8±6.8 89.4±11.9

Total sleep time (hours) 7:38±1:35 7:03±1:16 7:01±0:53 7:00±0:55 6:56±0:54

Non-Rapid Eye Movement 

(REM)

Sleep stage 1&2 (%)

64.4±12.2 51.4±10.2* 52.9±7.0* 53.8±6.4* 59.0±10.5

Non-Rapid Eye Movement 

(REM)

Sleep stage 3&4 (%)

12.4±7.8 20.7±5.9* 21.8±6.8* 20.3±5.4* 20.0±9.3*

Rapid Eye Movement 

(REM) sleep (%)

23.3±6.6 27.9±7.4* 25.4±5.0 26.0±6.4 21.1±5.4

Values are means ± standard deviations; * Values are significantly different from baseline (p<0.05)
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Table 2B: Polysomnographic outcomes in the Continuous Positive Airway Pressure 
(CPAP) group (n=17) 

Values are means ± standard deviations; * Values are significantly different from baseline (p<0.05)

	 TREATMENT OUTCOME 
At the 2-month follow-up 80% of analyzed patients using a MAD and 86% 
of analyzed patients using a CPAP were treated successfully according to 
the predefined criteria. Unfortunately, the number of patients returning for 
treatment follow-up dropped over the years. At the 1-year follow-up 94% 
of analyzed patients using the MAD and 100% of analyzed patients using 
a CPAP were treated successfully. At the 2-year follow-up this percentage 
was 93% and 95% for the MAD and CPAP group, respectively.  Finally 
at the 10-year follow-up 86% of analyzed patients using a MAD and 94% 
of analyzed patients using a CPAP were treated successfully (figure 3). 
Out of all patients initially treated with MAD therapy, 12 patients (24%) 
were treated successfully at the 10-year follow-up. Out of 51 patients, 
22 patients (43%) were defined as non-successful, 3 (6%) patients were 
defined as non-adherent and 14 patients (28%) were defined as loss to 
follow-up. In this 10-year period a total 12 patients (24%) switched from 
MAD to CPAP therapy (figure S1, table S1).
At 10-year follow-up, 2 out of 14 (14%) MAD patients were defined as 

Variabele Baseline 3-months 

follow-up

1-year 

follow-up

2-year 

follow-up

10-year 

follow-up
Apnea hypopnea index/ hour 

(AHI) (events/hr)

49.2±26.1 1.7±2.9* 1.7±3.4* 0.47±1.1* 3.4±5.4 *

Lowest oxyhemoglobin 

saturation (SpO2) (%)

76.7±10.1 91.9±2.9* 90.5±4.7* 90.9±3.3* 89.3±3.9 *

Sleep efficiency (%) 84.8±14.1 84.3±11.2 91.0±6.5 87.4±7.5 87.9±10.6

Total sleep time (hours) 6:58±1:19 6:27±1:08 7:26±1:06 6:57±0:46 6:46±1:05 

Non-Rapid Eye Movement 

(REM)

Sleep stage 1&2 (%)

70.3±15.6 54.2±11.3* 52.7±9.6* 55.3±11.7* 58.6±11.3*

Non-Rapid Eye Movement 

(REM)

Sleep stage 3&4 (%)

10.2±11.4 22.1±8.6* 20.3±9.8* 21.4±10.6* 19.2±8.7*

Rapid Eye Movement (REM) 

sleep (%)

19.5±8.3 23.6±5.8 27.6±6.3* 25.3±5.7* 22.0±8.7
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non-successful. One of these two patients switched to CPAP therapy 
resulting in an AHI of 1.3. Another patient was diagnosed with Central 
Sleep Apnea Syndrome. Another patient, who was already successfully 
treated at 10-year follow-up (AHI reduction from 28 to 14), received a 
new MAD that resulted in an AHI of 5.1. The first PSG result of 10-year 
follow-up was used for the present analysis (figure 2a).
Out of all 52 patients initially treated with CPAP therapy, 16 patients (31%) 
were treated successfully at the 10-year follow-up. Out of the 52 patients, 
6 patients (12%) were defined as non-successful, 8 (15%) patients were 
defined as non-adherent and 22 patients (42%) were defined as loss to 
follow-up. In this 10-year period a total 4 patients (8%) switched from 
CPAP to MAD therapy (figure S1, table S1).
At 10-year follow-up, therapy was defined as non-successful in 1 out of 
17 (6%) CPAP patients. 
Patients using an MAD rated their therapy with 8.5±1.3 points on a scale 
of 1-10. CPAP patients rated their therapy with 8.2±0.9 points. These 
outcomes did not differ significantly. 

Figure 3: Treatment success 
* Successful treatment was defined by an Apnea hypopnea index (AHI) <5 or an AHI reduction of >50% 

from the baseline value to a value <20 in a patient without symptoms while using the therapy. 
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	 PHYSICAL AND NEUROBEHAVIORAL OUTCOMES 
Physical variables including BMI, neck circumference, alcohol 
consumption, tobacco use and medication did not differ between both 
treatment groups at baseline. Besides, no difference was observed 
between the baseline and 10-year follow-up data in both groups (table 
S1). However out of the patients who were not successfully treated at 
10-year follow-up, two lowered their BMI (1 MAD and 1 CPAP group) and 
one increased his BMI (MAD group).

Outcomes with respect to the Epworth Sleepiness Scale (ESS) 
and Functional Outcomes of Sleep Questionnaire (FOSQ) showed 
improvement of neurobehavioral outcomes in both treatment groups. 
Most of the variables did not differ significantly between both therapies; 
only the baseline values of the ESS were significantly higher in the CPAP 
group. Significant improvements between baseline and the 10-year 
follow-up results in MAD and CPAP group were seen in all outcomes of 
the ESS and FOSQ questionnaires, except for the FOSQ-SE (Intimate 
relationships and sexual activity) (table 3, table S2). 

Outcomes on the Short Form Survey (RAND-36) did not differ significantly 
between the treatment groups. Significant improvement between baseline 
and 10-year follow-up were seen in the MAD group in Vitality, Social 
Functioning and Reported Change. Significant improvements between 
baseline and 10-year follow-up were seen in CPAP group in Physical 
Health, Vitality, Social Functioning and Mental Health. 
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Table 3: Neurobehavioral outcomes Mandibular Advancement Device (MAD) (n=14) 
and Continuous Positive Airway Pressure (CPAP) (n=17) group 

Values are means ± standard deviations; * Values are significantly different from baseline (p<0.05)

Treatment Questionnaire Range Baseline 3-months 

follow-up

1-year 

follow-up

2-year 

follow-up

10-year 

follow-up
MAD Epworth 

Sleepiness 

Scale

0-24 10.6±7.5 3.6±3.0* 4.0±3.9* 2.8±3.3* 5.5±4.1*

CPAP Epworth 

Sleepiness 

Scale

0-24 15.3±3.5 4.8±3.5* 6.5±6.6* 5.3±3.2* 5.1±3.2*

MAD Functional 

Outcomes of 

Sleep Ques-

tionnaire

5-20

Total 

score

13.4±3.0 18.2±2.1* 17.1±3.5* 17.6±1.9* 17.7±2.1*

CPAP Functional 

Outcomes of 

Sleep Ques-

tionnaire

5-20

Total 

score

13.7±3.0 17.5±2.8* 17.8±2.2* 18.1±2.2* 18.8±1.1*
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DISCUSSION

This study compared two major OSA therapies after a decade of treatment. 
To date it was largely unknown how treatment outcomes for OSA patients 
develop over a 10-year treatment period. In this study we evaluated the 
basic characteristics, polysomnographic data and subjective data of 
patients treated with either CPAP or MAD therapy after a 3-month, 1-, 2- 
and 10-year follow-up period. Many of the primary included patients did 
not complete the 10-year treatment follow-up. However, of the patients 
who did most were still successfully treated in terms of AHI reduction 
and subjective outcomes. It also appears that patients who maintain their 
therapy after a 10-year follow-up are very content with their treatment. 
Striking is however that after 10 years the majority of the patients 
randomized for either MAD or CPAP therapy was either not using their 
device or we were not able to reach them.
When performing a 10-year follow-up study it is often challenging to 
perform the analysis with all patients included at baseline. At baseline 
patients were randomly allocated to MAD or CPAP therapy. Consequently, 
the study started with two homogeneous groups. However, because of 
the high dropout and therapeutic failure rate in both groups, a reliable 
comparison between both groups at the 10-year follow-up was not 
appropriate.  This resulted in a longitudinal follow-up of a subset of 
subjects included in a randomized clinical trial. 

Although most of the patients were still effectively treated at the 10-year 
follow-up, it was notable that the AHI in both the MAD and CPAP group 
increased compared with the previous follow-up moments. The relapse 
in AHI could possibly be explained by a change in lifestyle, health status 
or aging. With aging, there is an increase in pharyngeal closing pressure 
and upper airway resistance, due to a decrease in upper airway dilatator 
muscle strength. (17) Other possible reasons as to why AHI values 
increase with relative constant BMI values are not supported by scientific 
data yet. Relapse of MAD or CPAP therapy may result from an increase 
in upper airway laxity with time. In addition, BMI values reflect the body 
obesity that is not specific to the head and neck area. Fluid accumulation 
or shifts and local fat apposition in the head and neck area could also 
be factors attributing to changes in MAD and CPAP success on the very 
long-term. In addition, MAD therapy is known to result in changes in 
the dental occlusion and possibly maxillomandibular morphology. These 
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aspects may also influence the amount of mandibular protrusion with the 
appliance thereby affecting MAD outcome. (18) 

Both therapies resulted in a successful treatment outcome at 10-year 
follow-up for most of the patients who completed the study. A confounding 
factor is however that one of the inclusion criteria of the study was a 
compliance of at least 5 hours per night and 5 nights per week. This 
results in a selected group of adherent patients evaluated for the present 
study. When both therapies are compared, CPAP is better in terms of 
lowering AHI values after a decade of treatment. However MAD therapy 
tends to have a more positive result on improving the subjective values 
such as sleepiness. Studies are performed on validity and reliability of 
the ESS and suggest that the score is useful for in-group comparison, 
however not for individual-level comparison. (19)

Unfortunately, most of the initially included patients in this study did not 
complete the 10-year follow-up. Some of them were unsuccessful, whereas 
others were non-adherent, died or were lost to follow-up. Eventually only 
24% of MAD patients and 31% of CPAP patients completed the 10-year 
follow-up. Because we were not able to contact all patients, success 
rates are probably an underestimation of the true clinical effect of both 
therapies. Furthermore, patients in this study had the opportunity to 
switch therapy if they were considered non-adherent or non-successful. 
This might have biased our follow-up results. 

Regarding success rates of the patients returning for follow-up 
polysomnography 76,5% of MAD patients and 82,7% of CPAP patients 
were treated successfully at the 2-month follow-up. (13) At 2-year follow-
up success rates were 93,1% in the MAD group and 100% in the CPAP 
group. (3) Regarding success rates of the patients who returned for the 
10-year follow-up, 86% of MAD patients and 94% of CPAP patients were 
treated successfully according to the success criterion used. Besides, 
an improvement of SpO2, percent rapid eye movement sleep and quality 
of life was observed. If we compare our data to success rates reported 
in other studies, similar outcomes are reported. A meta-analysis by 
Sharples et al. concluded significant improvement of AHI in both MAD 
(-9.3/hr, p<0.00) and CPAP (-25.4/hr, p<0.00). (5) In a meta-analysis, 
Li et al concluded improvement of AHI in both groups with a significant 
difference in favor of CPAP (p<0.00), whereas quality of life improvement 
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was scored similar in both groups. (20) However, in both meta-analyses 
the mean follow-up of most analyzed studies was 12 weeks or less. 
Unfortunately, no studies have been done on the long-term outcomes of 
both interventions. 

Some studies have reported on the success rates of long-term MAD 
therapy. In the 10-year follow-up study by Eriksson et al, 70% of MAD 
patients were treated successful in terms of AHI reduction. (8) However, 
the patients in the study overestimated treatment effect since 89% of 
MAD patients considered themselves cured. In the present study a similar 
phenomenon was observed. All patients rated their therapy positively at 
the 10-year follow-up, despite the fact that 3 out of 31 patients were not 
successfully treated. Consequently, a control polysomnographic study 
once every few years may be contemplated to check if treatment is still 
effective. Eriksson et al analyzed 37 OSA patients at 10-year follow-
up. He also mentioned that weight and neck size remain stable in the 
group of positive responders. (8) In the present study, BMI and neck 
circumference did not change significantly over time. Out of the patients 
who were unsuccessfully treated at 10-year follow-up two lowered their 
BMI (one MAD and one CPAP group) and one increased his BMI (MAD 
group). Unfortunately, we were not able to analyze the patients who 
dropped out of the study. 

As mentioned above, one of the confounding factors for treatment success 
on the long-term is aging. Aging may result in anatomical changes in the 
upper airway that are associated with a decrease in upper airway dilator 
muscle activity and a decrease in the genioglossus negative pressure 
reflex. (21) Consequently, the AHI could increase as a resultant of an 
increased pharyngeal collapsibility and increased pharyngeal resistance. 
(17) Besides aging other factors and systemic disorders, such as arthritis, 
cardiovascular disease or stroke, may complicate OSA treatment. (22,23) 
Finally, as a result of dental side effects and bite changes associated with 
long-term MAD therapy, a more protrusive position of the mandible may 
be necessary to maintain the same effect on the upper airway. (12)

When subjective outcomes in this study are evaluated, an improvement 
is observed that is maintained at the 1-, 2- and 10-year follow-up. In 
addition, patients were generally very satisfied with their treatment. Both 
therapies were graded higher than 8 on a scale to of 1 to 10, slightly 
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favoring the MAD group.  However, similar to the objective outcomes 
we saw a slight deterioration in sleepiness, between the 2- and 10-year 
follow-up especially in the MAD group. However, subjective outcomes 
are still significantly improved between baseline and the 10-year follow-
up. If we compare the outcomes with normal values, we can conclude 
that both therapies, if continued, have a favorable effect on long-term 
subjective symptomatology.
It is concluded that MAD and CPAP therapy, both result in a positive 
treatment outcome in terms of subjective and objective improvements 
after a 10-year follow-up. Both therapies significantly improve AHI, SpO2, 
percentage of rapid eye movement sleep and have a positive effect on 
subjective parameters. On average, patients who continued treatment, 
remained stable in their favorable treatment outcome after a 3-month, 1-, 
2- and 10-year follow-up. Therefore, when indicated, both therapies are 
appropriate modalities for the long-term management of OSA.  
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SUPPLEMENTARY MATERIAL

	 PATIENT SELECTION
The University Medical Center Groningen includes most patients of 
the northeastern part of the Netherlands. Patients suspected having 
Obstructive Sleep Apnea (OSA) are referred to this hospital by general 
practitioners and physicians of pulmonary medicine, neurology and ear 
nose and throat surgery. For this randomized controlled trial, we adopted 
the recommendations of the American Academy of Sleep Medicine to 
diagnose OSA. (24)
Patients over the age of 20 who were diagnosed with OSA based on 
polysomnography were eligible for inclusion. (1) Besides patients required 
fulfilling predefined medical, psychological, and dental inclusion criteria. 

	 GENERAL CRITERIA FOR INCLUSION
•	 Polysomnography showing an Apnea-Hypopnea Index (AHI) ≥ 5 in 

combination with:
•	 Excessive daytime sleepiness that is not better explained by other 

factors or
•	 Two or more of the following symptoms that are not better explained 

by other factors: choking or gasping during sleep, recurrent 
awakenings from sleep, unrefreshed sleep, daytime fatigue, impaired 
concentration. 

	 MEDICAL AND PSYCHOLOGICAL CRITERIA FOR EXCLUSION
•	 Previous treatment of obstructive sleep apnea (Continuous 

Positive Airway Pressure (CPAP), oral appliance therapy, or 
uvulopalatopharyngoplasty)

•	 Morphological airway abnormalities requiring treatment (a 
compromised nasal passage, enlarged tonsils or adenoids, upper 
airway or pulmonary neoplasm, or upper airway soft-tissue or 
craniofacial abnormality)

•	 Endocrine dysfunction (hypothyroidism, acromegaly, or pituitary 
adenoma)

•	 A reported or documented history of severe cardiac or pulmonary 
disease (daytime respiratory insufficiency, severe chronic obstructive 
pulmonary disease (Tiffeneau index < 40%), type 2 heart failure, 
coronary disease, or severe cardiac arrhythmias) 

•	 Moderate or severe periodic limb movement disorder (periodic limb 
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movement index > 25).
•	 A psychological condition precluding informed consent (mental 

retardation or psychiatric disorder; e.g., depression or schizophrenia)

	 DENTAL CRITERIA FOR EXCLUSION 
•	 Extensive periodontal disease or tooth decay
•	 Active temporomandibular joint disease (including severe bruxism)
•	 Restrictions in mouth opening (< 25 mm) or advancement of the 

mandible (< 5 mm)
•	 Partial or complete edentulism (fewer than eight teeth in upper or 

lower jaw)

Patients who were eligible for inclusion were given a brochure with details 
about the study. All patients had 1 week to decide whether or not they 
wanted to participate. If patients decided to participate, they needed to 
sign and return an informed consent form.

	 RANDOMIZATION
Each patient was given a serial number and diagnosis of disease severity. 
All patients were randomized for either MAD or CPAP therapy, by using 
Block randomization. (25) It was not possible to blind patients or clinicians 
for the treatment modality. 

	 INTERVENTIONS
Before treatment, all patients were instructed to adopt conservative 
measures; specifically, to avoid using depressants and to have at least 
7-8 hours of sleep each night. Patients were encouraged to give up 
smoking and lose weight. 

The oral appliance used in this study was the TAP appliance. (Thornton 
Adjustable Positioner type-1, Airway Management Inc., Dallas, TX, USA). 
This duo block MAD fixes the patient’s mandible in a forward position by 
a screw mechanism incorporated in the frontal area of the appliance. 
The patient could adjust the amount of mandibular advancement in 
0.2mm increments. The maximum advancement of the mandible was 
determinded with a George-GaugeTM (H Orthodontics, Michigan City, 
IN, USA).  At baseline the appliance was set at approximately 50% of 
patient’s maximum protrusion. After a 2-week adaptation period, patients 
were instructed to advance their appliance until symptoms abated or until 
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further protrusion of the mandible resulted in discomfort. After an 8-week 
follow-up period a checkup was arranged to further adjust the therapy if 
necessary. When OSA symptomatology was improved or when further 
protrusion was not tolerated by the patient, a second polysomnographic 
study, with physical examination and subjective questionnaire evaluation, 
was performed. In patients showing an AHI<5, therapy was considered 
successful. In patients showing an AHI ≥ 5, the appliance was further 
adjusted by the physician. Four weeks after adjustments, another 
polysomnographic study, with physical examination and subjective 
questionnaire evaluation, was performed. This was continued until OSA 
was successfully treated or until further adjustments were not tolerated 
by the patient. During follow-up the MAD was adjusted, when necessary, 
if OSA symptomatology appeared or when the patient experienced 
discomfort associated with wearing the appliance.

CPAP titration was performed during an afternoon nap in the outpatient 
clinic by a skilled nursing consultant 3. Patients were fitted with a 
comfortable CPAP mask before titration. The CPAP device used during 
titration was the Breas PV10 (Molnlycke, Sweaden.) After two weeks 
patients returned for a checkup and after an 8-week period another 
polysomnographic study, with physical examination and subjective 
questionnaire evaluation, was performed. If the AHI > 5, CPAP was 
adjusted if possible and raised by 1 or 2 cm H2O. A third polysomnographic 
study was performed 4 weeks after the adjustments. This was continued 
until OSA was successfully treated or until further adjustments were not 
tolerated by the patient.

Patients were monitored at 3 months, 1-year, 2-year and 10-year follow-
up by polysomnography. In case of recurrence of clinical symptoms 
polysomnography was also repeated in between these standard 
evaluation time points. Patients who were successfully treated continued 
their therapy. Patients who were not successfully treated were offered 
the alternative therapy, either CPAP or MAD. 
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Table S1: BMI and Neck circumference Mandibular Advancement Device (MAD) 
(n=14) and Continuous Positive Airway Pressure (CPAP) group 

Values are means ± standard deviations 

No significant differences calculated

Table S2A: Functional Outcomes of Sleep Questionnaire Mandibular Advancement 
Device (MAD) group (n=14)

Values are means ± standard deviations  		

* Values are significantly different from baseline (p<0.05)

Table S2B: Functional Outcomes of Sleep Questionnaire Continuous Positive 
Airway Pressure (CPAP) group (n=17)

Values are means ± standard deviations 		

* Values are significantly different from baseline (p<0.05)

Treatment Variable Baseline 1-year 

follow-up

2-year 

follow-up

10-year 

follow-up
MAD Body Mass Index (kg/m2) 32.4±6.6 32.3±6.3 32.1±6.6 31.3±5.9

CPAP Body Mass Index (kg/m2) 33.2±3.6 33.1±3.7 33.9±4.2 32.5±4.8

MAD Neck circumference (cm) 43.6±3.7 43.1±3.4 42.9±3.7 43.8±3.8

CPAP Neck circumference (cm) 44.6±3.2 44.3±2.6 44.6±2.6 44.4±2.8

Subject Range Baseline 3-months 

follow-up

1-year 

follow-up

2-year 

follow-up

10-year 

follow-up
General productivity 

(GP)

1-4 2.9±0.6 3.8±0.4* 3.6±0.7* 3.9±0.2* 3.7±0.4*

Social outcome (SO) 1-4 2.8±0.9 3.8±0.4* 3.6±0.8* 3.8±0.5* 3.6±0.6*
Activity level (AC) 1-4 2.5±0.8 3.6±0.5* 3.4±0.9* 3.7±0.4* 3.4±0.7*
Vigilance (VI) 1-4 2.6±0.8 3.7±0.4* 3.4±0.8* 3.8±0.4* 3.5±0.5*
Intimate relationships 

and sexual activity (SE)

1-4 2.6±1.0 3.1±1.4 3.2±1.0 2.4±1.6 2.9±1.5

Total score (Tot) 5-20 13.4±3.0 18.2±2.1* 17.1±3.5* 17.6±1.9* 17.7±2.1*

Subject Range Baseline 3-months 
follow-up

1-year 

follow-up

2-year 

follow-up

10-year 

follow-up
General productivity 

(GP)

1-4 3.0±0.7 3.7±0.4* 3.8±0.3* 3.6±0.5* 3.9±0.3*

Social outcome (SO) 1-4 3.1±0.8 3.7±0.7* 3.9±0.3* 3.9±0.3* 3.9±0.2*
Activity level (AC) 1-4 2.7±0.8 3.5±0.6* 3.5±0.7* 3.7±0.4* 3.7±0.4*
Vigilance (VI) 1-4 2.2±0.7 3.6±0.5* 3.6±0.6* 3.6±0.5* 3.8±0.3*
Intimate relationships 

and sexual activity (SE)

1-4 2.9±1.0 3.0±1.3 3.0±1.5 3.2±1.3 3.6±0.98*

Total score (Tot) 5-20 13.7±3.0 17.5±2.8* 17.8±2.2* 18.1±2.2* 18.8±1.1*
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CHAPTER 6
			 
Cardiovascular and metabolic effects of 
a mandibular advancement device and 
continuous positive airway pressure in 
moderate obstructive sleep apnea: a 

randomized controlled trial
 

This chapter is based on the following 
publication:

Uniken Venema JAM, Knol - de Vries 
GE, van Goor H, Westra J, Hoekema 
A, Wijkstra PJ. Cardiovascular and 
metabolic effects of a mandibular 
advancement device and continuous 
positive airway pressure in moderate 
obstructive sleep apnea: a randomized 
controlled trial. J Clin sleep Med , 2022 
Jan 31; 10.5664/jcsm.9908.
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ABSTRACT 

	 OBJECTIVES
It has been suggested that treatment for obstructive sleep apnea (OSA) 
reduces cardiovascular risk. So far, knowledge is limited about the 
difference in the reduction of this risk between mandibular advancement 
device (MAD) and continuous positive airway pressure (CPAP) therapy. 
The aim of this study was to compare the cardiovascular effects of MAD 
versus CPAP therapy in patients with moderate OSA.

	 MATERIALS AND METHODS
Patients with an apnea-hypopnea index (AHI) of 15-30 were randomized 
to either MAD or CPAP therapy. At baseline and after 12-months follow-up, 
24-hour ambulant blood pressure measurements (ABPM) and laboratory 
measurements were performed. ABPM consisted of 24-hour, daytime 
and night-time systolic (SBP) and diastolic blood pressure (DBP), and 
heart rate (HR) measurements. Laboratory measurements consisted of 
serum lipid values, creatinine, high-sensitivity c-reactive protein, plasma 
glucose, hemoglobin A1c (HbA1c), proinflammatory cytokines, soluble 
receptor for advanced glycation end products (sRAGE), chemokines and 
adhesion molecules.

	 RESULTS
Of the 85 randomized patients with moderate OSA, data were available for 
54 patients (n=24 MAD, n=30 CPAP) at 12-month follow-up and showed 
that AHI significantly decreased with either therapy. In the MAD group, 
sRAGE and HbA1c were significantly higher after 12 months follow-up 
compared to baseline.  No significant changes were found between MAD 
and CPAP treatment for all outcomes.  

	 CONCLUSION
Treatment of patients with moderate OSA with either MAD or CPAP 
therapy had no profound effects on major cardiovascular risk factors 
after 12-months. 
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INTRODUCTION

Obstructive sleep apnea (OSA) is characterized by repetitive upper 
airway collapse during sleep, resulting in a complete (apnea) or partial 
(hypopnea) obstruction in airflow and reduced oxygen saturation levels 
(hypoxia). (1) The increased respiratory effort to restore oxygen levels 
(reoxygenation) results in activation of the sympathetic nervous system 
and brief awakenings from sleep (arousals). (2,3) The sympathetic 
nervous system activation contributes to peripheral vasoconstriction and 
increases heart rate and arterial blood pressure. OSA is independently 
associated with an increased risk of developing sustained periods of 
hypertension, arrhythmias, and cardiovascular disease. (4–7)

The underlying mechanisms explaining the association between OSA and 
cardiovascular disease are not completely understood. (4,5,8,9) It has 
been suggested that intermittent hypoxia leads to enhanced oxidative 
stress due to increased formation of reactive oxygen species (ROS), 
decreased nitric oxide (NO) levels and lipid peroxidation, subsequent 
release of proinflammatory cytokines, chemokines and adhesion 
molecules. (10) Besides, the activation of the sympathetic nervous 
system can also result in hypertension. (6,7) These events eventually 
promote endothelial dysfunction and atherosclerosis. (11,12)

In addition, OSA is strongly associated with metabolic diseases, 
including obesity, insulin resistance, and type 2 diabetes mellitus (DM). 
The incidence of these metabolic diseases increases each year. (13) A 
large proportion of OSA patients fulfill the criteria of metabolic syndrome 
(MetS). This condition is a diagnosis of a combination of metabolic and 
cardiovascular abnormalities and includes measurements of fasting 
glucose, blood pressure, triglycerides, high density lipid (HDL) cholesterol, 
and waist circumference. (14,15)

It has been suggested that OSA treatment lowers cardiovascular risks, 
by reducing blood pressure and inflammation, and improving the patients 
lipid profile. (4,16) However, to date not many clinical studies have been 
performed evaluating these specific treatment outcomes. It has been 
shown that continuous positive airway pressure (CPAP) reduces systolic 
(SBP) and diastolic (DBP) blood pressure, and has a positive effect on 
high sensitive C-reactive protein (hsCRP), inflammation, improvement in 
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endothelial function, and a reduction in arterial stiffness. (17–20) Therapy 
with mandibular advancement devices (MAD) shows comparable effects 
to CPAP on SBP and DBP. (8) However, to date, there remains a paucity of 
studies assessing the effect of MAD therapy on other cardiovascular and 
metabolic outcomes. Especially, clinical studies directly comparing MAD 
and CPAP therapy in moderate OSA on cardiovascular and metabolic 
biomarkers are scarce. 

Therefore, the aim of this study was to compare the cardiovascular and 
metabolic effects of MAD versus CPAP therapy in patients with moderate 
OSA. We hypothesise there is a comparable effect between MAD and 
CPAP therapy on these outcome measures.  
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MATERIALS AND METHODS

The measurements of the cardiovascular and metabolic effects were part 
of a randomized controlled trial. The primary outcome measure was AHI 
reduction of MAD versus CPAP therapy in moderate OSA patients. (21) 
Cardiovascular and metabolic effects were secondary outcomes in this 
trial. (8)

	 SUBJECTS
Adult subjects, who were diagnosed with moderate OSA (apnea hypopnea 
index (AHI) 15-30 event/h), based on a single night polysomnography, 
were included. Subjects were excluded when diagnosed with reported 
or documented unstable endocrine dysfunction, or clinically concurrent 
severe cardiovascular- and/or pulmonary co-morbidity. Subjects were 
scheduled for a baseline visit, where physical examination (measurements 
of weight, waist-and neck circumference, fat percentage, and skin AF with 
the AGE-reader), 24-hour blood pressure assessment and fasting blood- 
and urine sampling, were performed. After the baseline visit, patients 
were randomized to either MAD or CPAP therapy. Randomization was 
performed using a computer program. Thereby considering baseline 
hypercholesterolemia, diabetes and hypertension status to minimize 
the imbalance between the number of patients in each treatment group. 
Consequently, the effect of a priori cardiovascular differences between 
patients receiving MAD therapy and CPAP therapy was minimized. After 
12-months a full examination including all the measurements determined 
at the baseline visit was performed. 
The study was approved by the ethical committee University Medical 
Center Groningen (number NL34138.042.10). Furthermore, the study 
was registered at ClinicalTrials.gov (number NCT01588275). All patients 
provided written informed consent before inclusion in the study.

	 INTERVENTION THERAPY
MAD therapy: Patients randomized to MAD therapy were treated with a 
titratable bibloc MAD (SomnoDent® MAS, SomnoMed Australia/Europe 
AG), customized by dental-specialists experienced in the field of dental 
sleep medicine. At baseline, the mandible was set at 60-70% of the 
patient’s maximum advancement. During follow-up, the mandible was 
further advanced until symptoms abated or until further protrusion of the 
mandible resulted in discomfort.
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CPAP therapy: Patients randomized to CPAP therapy were treated with 
fixed pressure CPAP. The proper pressure for each patient was set using 
a predefined protocol. (22) Patients were fitted with a comfortable CPAP 
mask before the titration procedure started. Patients were allowed to 
change masks and to use chinstraps or a humidifier, if necessary.

	 CARDIOVASCULAR RISK OUTCOMES
	 AMBULATORY BLOOD PRESSURE MONITORING 
Systolic and diastolic blood pressure and heart rate were measured 
every 30 minutes during a 24-hour period (Spacelab 90207; SpaceLabs 
Inc, Redmond, WA). Hypertension was defined as the usage of anti-
hypertensive medication or SBP>140 mmHg and/or DBP>90 mmHg. 
Dipping was calculated by subtracting mean blood pressure at night from 
mean blood pressure during the day and dividing this outcome by the 
mean blood pressure during the day. (23)

	 BLOOD- AND URINE SAMPLE ASSESSMENT 
Venous blood samples and urine samples were collected in the morning 
after polysomnography testing. During venous blood sampling patients 
remained in a sitting position. Samples were directly frozen after collection. 
When all samples were collected, they were analyzed at the same time in 
the same laboratory. Fasting concentrations of creatinine, triglycerides, 
total cholesterol, low-density lipoprotein (LDL)-cholesterol and HDL-
cholesterol, hsCRP and plasma glucose, were analyzed following the 
Roche Cobas C module. Fasting concentrations of Hemoglobin A1c 
(HbA1c) were analyzed following the Tosoh G8 (Tosoh, Tessenderlo, 
Belgium) module. Fasting concentrations of N-Terminal pro Hormone 
B-type Natriuretic peptide (NTproBNP), were analyzed following the 
Roche Cobas E-module. Finally, fasting concentrations of Interleukin-6 
(IL-6), Interleukin-18 (IL-18), Tumor Necrosis Factor α (TNFα) and soluble 
Receptor for Advanced Glycation End products (sRAGE) were analyzed 
following the R&D Systems Elisa module. 

	 ASSESSMENT OF ADVANCED GLYCATION ENDPRODUCTS 
Advanced glycation endproducts (AGEs) are considered to be markers 
of oxidative and glycemic stress and to be involved in the atherosclerotic 
process. Tissue accumulation of AGEs in the skin tissue was measured 
non-invasively using the AGE-Reader (DiagnOptics BV, Groningen, the 
Netherlands). This device assesses skin autofluorescence (skin AF), 
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expressed in arbitrary units (AU) of AGEs on the volar side of the forearm, 
using the fluorescent properties of the AGEs. More detailed information 
about this protocol has previously been described by Koetsier et al. (24)

	 OTHER ASSESSMENTS
For each individual patient, presence of MetS was assessed, based on 
fasting glucose, systolic blood pressure, triglycerides, HDL, and waist 
circumference at baseline and after 12 months follow-up according to the 
ATP III criteria. (25,26)
Furthermore, an estimation of 10-year risk of fatal cardiovascular disease 
was assessed with the SCORE (Systematic Coronary Risk Evaluation) 
scale for each individual patient using age, sex, smoking status, systolic 
blood pressure, and total cholesterol. The risk score was obtained using 
the SCORE chart for populations at low cardiovascular disease risk. 
According to the ESC guidelines a SCORE risk score of 5% or higher 
was considered as high risk. (27)
Smoking status was divided into current smokers, ex-smokers and never 
smokers.

	 STATISTICAL ANALYSIS
Descriptive statistics for continuous variables are presented as means 
and standard deviations (normal distribution) or medians and interquartile 
ranges (skewed distribution). Categorical variables are presented in 
terms of proportions. 
Differences between baseline and follow-up variables within the groups 
were compared using the paired Student’s t-test for normal distributions 
or Wilcoxon’s signed rank test for variables with skewed distributions. 
Differences between groups were compared using the independent 
Student’s t-test for normal distributions or Mann–Whitney U test for 
variables with skewed distributions. 
‘Intention-to-treat’ and ‘per protocol’ analyses were performed. Since both 
analyses yielded comparable results, only the ‘per protocol’ analysis was 
reported in case of similar outcomes. Correlations between inflammatory 
markers and AHI (at baseline, at follow-up and the difference between 
baseline and follow-up) were performed with Pearson’s correlation 
coefficient. Differences were considered to be statistically significant 
when p<0.05. Statistical analyses are performed using IBM SPSS 
Statistics 23 (IBM, New York, USA).
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RESULTS

Between June 2012 and September 2016, 118 patients were screened. A 
total of 32 patients were excluded after the screening visit (figure 1). 86 
patients were randomized (n=44 MAD; n=42 CPAP), of which one patient 
(randomized to MAD) was excluded after unjustified randomization due 
to having mild OSA at baseline, yielding 85 study participants (50.7±9.7 
years, BMI 30.2±4.9 kg/m2, men/women 70/15) with AHI 15-30 (mean 
AHI 20.9±4.5 events/hr). In total, 54 patients (n=24 MAD; n=30 CPAP) 
completed the study period receiving the therapy to which they were 
initially randomized (per protocol group) (figure 1).
There were no significant baseline differences in patient characteristics 
between subjects randomized to MAD therapy or CPAP therapy (table 1). 

Figure 1: Flowchart showing allocation, and dropout of patients 
Abbreviations: AHI=apnea-hypopnea index; CPAP=continuous positive airway pressure; 

MAD=mandibular advancement device; OSA=obstructive sleep apnea; SAS=sleep apnea syndrome
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Table 1: Baseline characteristics of patients randomized to MAD (n=43) and CPAP 
(n=42)

Data presented as mean ± standard deviation or number, percentage

Differences between the MAD and CPAP group were not statistically significant

Abbreviations: MAD=mandibular advancement design, CPAP=continuous positive airway pressure, 

AHI=apnea hypopnea index, DM=diabetes mellitus 

Of the 85 randomized patients, data on cardiovascular outcomes were 
available for 65 patients (n=29 MAD; n=36 CPAP) after 12-months. 
However, a total of n=24 MAD and n=30 CPAP randomized patients 
fulfilled the study according to protocol. In addition, two patients of the per-
protocol analyses had no fasting lipid profile and glucose at baseline, and 
were excluded from analysis with respect to these outcome parameters. 
AHI significantly reduced with both MAD and CPAP therapy after 
12-months follow-up (table 2). The reduction in AHI was significantly 
greater (p<0.01) with CPAP (mean reduction AHI 19.1 ± 4.3 events/hr) 
compared to MAD therapy (mean reduction AHI 10.3 ± 12.0 events/hr 
after 12-months) (table 2). 

MAD n=43 CPAP n=42
age (years) 50 ± 9.7 51 ± 9.8

sex (n male, %) 37, 86% 33, 79%

AHI (events/hr) 20.9 ± 4.4 21.0 ± 4.7

minimal oxygen saturation (%) 83.6 ± 4.4 82.3 ± 4.2

DM (n, %) 4, 9% 4, 10%

     type 1/type 2 1/3 0/4

smoking status (n, %)

    never-smoker 18, 42% 17, 40%

    ex-smoker 10, 23% 8, 19%

    current smoker 15, 35% 16, 38%

medication use

     antihypertensive medication 10, 23% 16, 38%

     cholesterol lowering medication 7, 16% 5, 12%

     anti-coagulation 4, 9% 4, 10%

     arrhythmias 1, 2% 1, 2%

hypertension (n, %)

140/90 and/or medication

14, 33% 20, 48%
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ESS was significantly reduced in both MAD and CPAP from baseline to 
follow-up. Besides, both therapies improve health related quality of life. 
Further analyses of ESS and quality of life scores in this cohort were 
published by GE de Vries et al. (21,28)

	 BLOOD PRESSURE MEASUREMENT
24-hour, daytime and night-time SBP, DBP and heart rate (HR) showed 
no changes after 12-months with either MAD or CPAP therapy (table 2). 
Besides, when comparing percentages of dipping during the night, 24-
hour HR, daytime HR and night-time HR, no significant differences were 
found with the intention-to-treat nor with the per protocol analysis. 

	 BLOOD- AND URINE SAMPLE ASSESSMENT 
HbA1c increased significantly in the MAD group from baseline (37.4 ± 
4.3) to follow-up (38.3±4.3) (p=0.02). In the intention-to-treat analysis this 
significant difference was not observed. In addition, sRAGE significantly 
increased in the MAD group from baseline (235.1 ± 92.7) to follow-up 
(248.8 ± 102.3) (p=0.049). Otherwise, there were no significant effects of 
both MAD and CPAP therapy on laboratory outcomes (table 2). Baseline 
values for total cholesterol and LDL-cholesterol were significantly higher 
in the MAD group (5.8 ± 1.0 and 3.9 ± 0.9) when compared with CPAP (5.0 
± 1.0 and 3.3 ± 0.9) (p=0.007 and p=0.014 respectively). This resulted in 
a significant difference in total cholesterol and LDL-cholesterol reduction 
between MAD and CPAP after 12 months (p=0.03). 
When performing a Pearson correlation with delta AHI, a significant 
negative correlation was found with sRAGE in MAD group. Delta AHI 
correlated negatively with sRAGE at baseline r(21)=-0.519 (p=0.016) 
and at follow-up r(20)=-0.499 (p=0.025) in MAD group.

 
	 ASSESSMENT OF SKIN AUTOFLURESCENCE AS MEASURE 	
	 OF ADVANCED GLYCATION ENDPRODUCTS 
No significant differences were found between baseline and follow-
up measurements. However, in the per protocol analysis a significant 
difference between the delta AU between MAD and CPAP was observed 
(resp. 0.144 ± 0.21 and -0.058 ± 0.25, p=0.038), favouring MAD therapy. 
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	 OTHER ASSESSMENTS
Medication use did change in seven patients, four out of CPAP group and 
three out of MAD group. In the CPAP group, n=1 had a higher dosage 
of arrhythmic medication (Verapamil), n=1 started anti-coagulation 
medication after six months (Acetylsalicylic acid), n=1 had a higher 
dosage of blood pressure lowering medication (Perindopril), n=1 started 
with cholesterol lowering medication (Simvastatin). In the MAD group, n=1 
had a lower dosage of anti-coagulation medication (Acetylsalicylic acid), 
n=1 had a lower dosage of cholesterol lowering medication (Simvastatin), 
n=1 started blood pressure lowering medication (Enalapril).

41% (n=22) of all patients were diagnosed with Metabolic Syndrome 
(MetS) with three out of five criteria at baseline. 38% (n=20) of patients 
were diagnosed with MetS at follow-up whereby MetS data of two patients 
were missing. In MAD group 11 out of 24 patients fulfilled the criteria for 
MetS at baseline, at follow-up this was the case for nine patients. In 
CPAP group 11 out of 30 patients fulfilled the criteria for MetS at baseline 
and at follow-up. Three MAD patients switched from MetS at baseline to 
no MetS at follow-up, One patient switched from no MetS at baseline to 
MetS at follow-up. Two CPAP patients switched from no MetS at baseline 
to MetS at follow-up, two patients switched from MetS at baseline to no 
MetS at follow-up. 

In patients with MetS at baseline, a significant difference between MAD 
and CPAP therapy was calculated for AHI at follow-up (p=0.013) and for 
minimal oxygen saturation (p=0.009), these differences were in favour 
of CPAP therapy. SCORE risk score at baseline was 5% for only one 
patient in CPAP group (73-year-old man).  Finally, in the MAD group DBP 
at night significantly reduced in the MetS group (p=0.028). 
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Table 2: Cardiovascular- and metabolic effects in patients fulfilling the study (per 
protocol)

baseline 12 months
MAD n=24 CPAP n=30 MAD n=24 CPAP n=30

AHI (events/hr) 21.1 ± 4.6 20.4 ± 4.3 10.8 ± 11.9*#^ 1.5 ± 1.6*#^
BMI (kg/m2) 28.9 ± 4.5 30.7 ± 5.3 29.2 ± 4.2 31.7 ± 5.1^
waist circumference (cm) 104.1 ± 7.8 106.5 ± 13.1 105.7 ± 8.2 108.4 ± 12.58^

neck circumference (cm) 40.7 ± 3.4 41.3 ± 3.6 40.5 ± 3.1 41.3 ± 3.4

minimal oxygen 
saturation (%)

83.6 ± 4.4 82.3 ± 4.2 86.0 (84.3-89.8) 
*

92.0 (90.2-93.0) 
*

hsCRP 2.1 (0.9–5.0) 1.5 (0.9-4.3) 1.5 (0.9–6.3) 2.4 (1.0–3.7)

triglycerides (mmol/l) 1.45 (1.09–2.06) 1.22 (1.09–1.68) 1.32 (0.98–2.36) 1.33 (1.03–1.77)

creatinine (mmol/l) 83.3 ± 13.1 80.6 ± 15.8 84.0 ± 15.2 82.1 ± 17.2

eGFR (mmol/l) 86.6 ± 15.1 86.2 ± 12.5 85.0 ± 15.6 84.3 ± 16.0

total cholesterol (mmol/l) 5.8 ± 1.0* 5.0 ± 1.0* 5.6 ± 1.1 5.1 ± 1.1

HDL-cholesterol (mmol/l) 1.4 ± 0.4 1.3 ± 0.4 1.4 ± 0.3 1.2 ± 0.4

LDL-cholesterol (mmol/l) 3.9 ± 0.9* 3.3 ± 0.9* 3.7 ± 1.0* 3.3 ± 1.0*
glucose (mmol/l) 5.7 ± 0.7 5.8 ± 1.0 5.9 ± 0.6 5.7 ± 0.8

HbA1c (mmol/mol) 37.4 ± 4.3 37.5 ± 6.5 38.3 ± 4.3^ 37.6 ± 6.5

skin AF (AU) 2.06 ± 0.54 2.25 ± 0.55 2.19 ± 0.50 2.21 ± 0.58

NTproBNP (pg/mL) 24.2 (12.3-57.8) 39.3 (17.3-61.3) 26.0 (11.3-52.0) 31.4 (12.2-56.8)

IL-6 (pg/mL) 1.3 (0.8-2.8) 1.4 (1.0-2.5) 1.4 (0.7-2.3) 1.5 (1.2-2.7)

IL-18 (pg/mL) 7.2 (6.3-8.5) 7.4 (5.8-9.2) 7.1 (6.2-7.9) 7.9 (5.7-9.6)

TNFα (pg/mL) 1.1 (1.0-1.3) 1.3 (1.1-1.5) 1.2 (1.2-1.4) 1.3 (1.1-1.5)

sRAGE (pg/mL) 235.1 ± 92.7 223.2 ±92.7 248.8 ± 102.3^ 224.0 ± 90.0

24-h SBP (mmHg) 125.6 ± 14.2 129.2 ± 10.9 125.5 ± 13.2 129.9 ± 12.6

24-h DBP (mmHg) 77.5 ± 9.8 79.9 ± 7.7 77.0 ± 8.9 79.3 ± 8.8

24-h HR (bpm) 71.1 ± 10.6 70.0 ± 9.1 71.1 ± 8.3 70.7 ± 11.2

daytime SBP (mmHg) 131.7 ± 13.8 134.6 ± 11.2 131.4 ± 13.3 135.7 ± 13.7

daytime DBP (mmHg) 81.7 ± 9.9 84.1 ± 8.1 81.8 ± 9.2 83.4 ± 9.3

daytime HR (bpm) 76.1 ± 11.3 73.6 ± 10.4 74.9 ± 9.2 73.4 ± 10.0

nighttime SBP (mmHg) 113.3 ± 14.7 118.1 ± 10.2 113.7 ± 13.5 118.3 ± 12.8

nighttime DBP (mmHg) 68.4 ± 10.3 70.8 ± 7.8 67.1 ± 8.7 71.1 ± 8.9

nighttime HR (bpm) 62.2 ± 9.7 62.9 ± 8.7 63.4 ± 8.0 61.3 ± 8.4

dipping % SBP (%) 14.6 ± 5.0 12.1 ± 4.8 13.5 ± 5.2 12.7 ± 6.3

dipping % DBP (%) 17.1 ± 7.2 15.8 ± 5.7 17.9 ± 5.8 14.5 ± 6.7

dipping % HR (%) 17,5 ± 7,6 13,8 ± 10,4 15,1 ± 7,0 16,1 ± 6,1

MetS (n, %)  11, 45.8% 11, 36.7% 9, 37.5% 11, 36.7%

SCORE (n) 1 (0-2) 1 (0-1) 1 (0-1) 1 (0-1)

SCORE ≥5% (n, %) 0, 0% 1, 2.4% 0, 0% 0, 0%
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Data presented as mean ± standard deviation or median (interquartile range). 

* significant difference between MAD and CPAP at baseline or follow-up (independent samples t-test 

or Mann–Whitney U test)

# significant difference in delta change from baseline to 12-months between MAD and CPAP 

(independent samples t-test or Mann–Whitney U test)

^ significant difference between baseline and follow-up (paired students t-test or Wilcoxon’s signed 

rank test)

Abbreviations: MAD=mandibular advancement design, CPAP=continuous positive airway pressure, 

AHI= apnea hypopnea index, BMI= body mass index, hsCRP= high sensitive C reactive protein, 

eGFR= estimated glomerular filtration rate, HDL= high density lipids, LDL= low density lipids, 

HbA1c= hemoglobin A1c, skin AF= skin autofluorescence, NTproBNP= N-terminal pro hormone 

B-type natriuretic peptide, IL-6= interleukin-6, IL-18= interleukin-18, TNFα = tumor necrosis factor α, 

sRAGE= soluble receptor for advanced glycation end products, SBP= systolic blood pressure, DBP= 

diastolic blood pressure, HR= heart rate, MetS=Metabolic syndrome, SCORE=systematic coronary 

risk evaluation
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DISCUSSION

This paper showed that treatment of patients with moderate OSA with either 
MAD or CPAP therapy had no profound effect on major cardiovascular 
risk factors after 12-months of therapy. While cardiovascular treatment 
outcome was similar between both therapies, AHI and minimal oxygen 
saturation differed significantly between both groups at follow-up favoring 
CPAP therapy.  

The mean age in this cohort was 50 ± 9.7 in MAD group and 51 ± 9.8 
in CPAP group. This is relatively young, compared to other studies on 
OSA treatment, mostly with a mean age around 60-years. (29–31) This 
could explain the relatively normal baseline cardiovascular and metabolic 
values of the study participants, and the fact that no major improvements 
in the outcomes and cardiovascular risk, such as HR, SBP and DBP, 
were seen. 

Comparing this trial with previous studies, generally less profound effects 
on cardiovascular outcomes are observed. Khan at al. suggested in a 
meta-analysis that, in subjects with moderate-to-severe OSA, sufficient 
CPAP compliance (≥4 hours per night) reduces the risk of major adverse 
cardiovascular events, primarily driven by a reduction in the risk of stroke. 
(32) It has been shown that CPAP and MAD reduce SBP and DBP, 
and that CPAP has a positive effect on hsCRP. (8,17–20) In our study 
however, similar results were not observed. This could be explained by 
the relatively short-term follow-up of 12-month in our study. In the meta-
analysis of Khan et al. the mean follow-up was 39-months. 

Abuzaid and colleagues suggested, in a meta-analysis with 3780 patients, 
that in subjects with OSA, sufficient CPAP compliance (≥4 hours per 
night) is also associated with an improved cardiac outcome. (33) Dipping 
of HR is important in reducing cardiovascular risk. In patients where the 
heart rate did not exhibit the nocturnal decline, the risk of future CVD 
was 2.4 times greater, independent of non-dipping of SBP or diabetes 
status or BP level. (34) In a general population a 10-20% nighttime dip 
of BP is normal. (35) In our study population this dip was 12.1-17.9%, 
which is in line with a normal BP dip. The HR dip in our study population 
was 13.8-17.5%, also in line with a normal HR dip which is 10-20%. (36) 
The absence of significant differences in most cardiovascular outcomes 
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could be explained by the relative healthy and young study population in 
the present study. Therefore, an improved cardiac outcome is difficult to 
reach. 

Polysomnographic outcomes differed significantly between both 
therapies. AHI and minimal oxygen saturation dropped significantly more 
in the CPAP group compared to the MAD group. From literature it is 
known that patients with moderate to severe OSA, generally perform 
better with CPAP therapy compared to MAD therapy in terms of AHI 
reduction. (37,38) Since, in this study, all patients were diagnosed with 
moderate OSA and were randomly allocated to MAD or CPAP therapy, 
this could explain the significant difference in AHI outcome in favor of the 
CPAP group. Striking is that, the difference in AHI outcome, did not result 
in differences in cardiovascular outcomes.  

In this trial we focused on cardiac biomarkers in blood and plasma such 
as NTproBNP, IL-6, IL-18, TNFα and sRAGE. Only sRAGE and HbA1c 
were significantly increased following therapy in the MAD group, no other 
significant differences were found. NTproBNP values provide information 
about the heart filling and cardiac dysfunction, the main stimulus 
for synthesis and secretion is myocardial wall stress. (39) It may be 
elevated due to sympathetic activity, rise in blood pressure and apnea-
induced wall stress. Tasci et al. investigated the level of NTproBNP in 
60 OSA patients and concluded that CPAP lowers the concentration of 
NTproBNP. (40) However, Hubner et al. did not found a relation between 
concentration of NTproBNP and AHI, or an elevated level of NTproBNP 
in OSA patients compared to patients suspected with sleep apnea. (41) 
In our trial, no relation was found between NTproBNP and AHI neither in 
the MAD nor the CPAP group, independent of AHI reductions. This could 
again be explained by the relative healthy and young study population. 
In the study by Tasci et al. the amount of NTproBNP was 60.8±9.9 pg/ml 
in hypertensive subjects, 43.2±6.8 pg/ml in normotensive OSA patients 
and 36.5±8.5 pg/ml in subjects without OSA. In our study population the 
amount of NTproBNP was even lower. Furthermore, IL-6 and TNFα have 
a role in promoting vascular inflammation. Especially IL-6 is elevated 
as an early biomarker in patients with moderate to severe OSA. (42) 
When comparing the results of our study with the moderate to severe 
OSA patients in the study by Motamedi et al, we observed lower levels of 
IL-6 at baseline. However, in the CPAP group, IL-6 follow-up correlates 
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negatively (p=0.036) with AHI at baseline. In patients with a high AHI, a 
larger difference in IL-6 is seen. This could possibly be explained by the 
fact that patients with a higher baseline AHI may have been affected with 
OSA for a longer period of time and therefore have more pronounced 
IL-6 levels. IL-18 is a risk factor for coronary events and was significantly 
reduced by CPAP therapy in the study of Jin et al. (43) However, in our 
population a similar reduction following CPAP or MAD therapy is not 
observed. HbA1c is a predictor for DM but also for heart failure. (44) In a 
study by Monneret et al. HbA1c is correlated with SaO2. (45) In the study 
by Labarca et al. CPAP therapy did not change HbA1c levels after 12 or 
24 week follow-up. (46) It is expected that after a long period of time the 
level of HbA1c would decrease due to treatment and reduction of AHI. 
However, in our study HbA1c did increase after MAD therapy, as well 
as glucose levels. This could be explained by the short follow-up period 
and the smaller reduction of AHI in the MAD group. In the CPAP group 
the AHI reduction was more pronounced, however no correlation with 
HbA1c was observed. The concentration sRAGE is low in patients with 
hypertension, such as in many OSA patients. sRAGE predicts oxidative 
stress and correlates negative with AHI and BMI. (47) In our study sRAGE 
levels significantly increased in MAD but not CPAP group at 12-month 
follow-up. This could partly be explained by the significant difference in 
BMI in our group between MAD and CPAP therapy at follow-up. In our 
study baseline and follow-up sRAGE correlates positively with follow-
up AHI in MAD group and in the total group, while delta AHI correlates 
negatively with baseline and follow-up sRAGE in the MAD group and 
in the total group. Cai et al. also showed a strong negative correlation 
between sRAGE and AHI. (48) As sRAGE levels are associated with a 
decline in AHI, it might be used as a biomarker in this group of patients.
A well-known issue in prospective randomized controlled trials is the dropout 
rate. In this study 24 out of 43 MAD and 30 out of 42 CPAP completed 
follow-up. This paper was written to compare the cardiovascular and 
metabolic effects of MAD versus CPAP therapy in patients with moderate 
OSA, however the study was powered on differences in AHI reduction 
between MAD and CPAP therapy. When the study would have been 
powered on differences in cardiovascular outcomes, a larger treatment 
group would have been needed, and possibly more significant differences 
would have been seen. Especially, the subgroup of hypertensive patients 
at baseline, is small and lacks power. 
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A weakness of the study is the follow-up period. One-year follow-up under 
treatment might be too short to observe any effects on cardiovascular 
biomarkers. Furthermore, long-term outcomes on cardiovascular events 
and death were not assessed. In a future study, other biomarkers such 
as Coronary artery calcium (CAC) and carotid ultrasound of the intima – 
media thick-ness (IMT) could be added. Also aortic pulse wave velocity 
(PWV), ankle – brachial index (ABI) and Echocardiography could be used 
to measure preclinical vascular damage. (49)

In general, comorbidities such as obesity, gastroesophageal reflux disease 
and DM II play an important role in OSA. (50) This is why interpretations 
of studies on cardiovascular outcomes are difficult to make. Confounders 
such as weight, BMI, neck circumference and cholesterol, interplay with 
both development of OSA and cardiovascular diseases. The relationship 
between specific biomarkers and OSA is often influenced by comorbidities 
but also by age, gender and ethnicity. This is why a single biomarker 
suitable for the assessment of cardiovascular risk in OSA has not yet 
been identified. (51) However, there is increasing evidence that CPAP 
therapy could lead to a significant reduction in cardiovascular diseases. 
(52) Still more research is needed to address these elements of the 
cardiovascular effects of both MAD and CPAP therapy on the long-term.

	 CONCLUSION
Treatment of patients with moderate OSA with either MAD or CPAP 
therapy had no major effect on major cardiovascular risk factors after 12 
months. Further research is suggested in patients with more severe OSA 
and cardiac stress outcomes with a longer-term follow-up. 
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ABSTRACT

	 OBJECTIVES
Patients with Obstructive Sleep Apnea (OSA) are usually treated with 
either Mandibular Advancement Device (MAD) or Continuous Positive 
Airway Pressure (CPAP) therapy. The objective of this study is to evaluate 
changes in dental occlusion associated with long-term MAD and CPAP 
therapy.

	 MATERIALS AND METHODS
Data from 14 OSA patients using MAD and 17 OSA patients using 
CPAP therapy were evaluated at baseline, 2-year and 10-year follow-up. 
Changes in dental occlusion were analyzed from dental plaster casts 
with a digital sliding caliper.

	 RESULTS
At 2-year follow-up, MAD therapy resulted in significant dental changes 
when compared with baseline values. In MAD therapy, overjet and overbite 
decreased with 1.1±1.8 mm and 1.1±1.2 mm respectively.  With CPAP 
therapy overjet and overbite decreased significantly with 0.2±0.5mm 
and 0.3±0.5mm, respectively. Both groups also showed significant 
changes in molar occlusion. After a 10-year follow-up, significant and 
more pronounced changes were seen in overjet and overbite. In MAD 
therapy overjet and overbite decreased with 3.5±1.5mm and 2.9±1.5mm 
respectively when compared with baseline values. In CPAP therapy overjet 
and overbite decreased with 0.7±1.5mm and 0.8±1.4mm respectively 
when compared with baseline values. 

	 CONCLUSION
This study demonstrates that MAD and CPAP therapy result in significant 
changes in dental occlusion. These changes appear progressive and 
more pronounced with MAD compared to CPAP therapy.
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INTRODUCTION

Obstructive Sleep Apnea (OSA) is an increasing problem in today’s society. 
OSA is a sleep related breathing disorder, characterized by repetitive 
obstructions of the upper airway during sleep. (1) It is associated with 
excessive daytime sleepiness and an increased risk of cardiovascular 
disease, but also with endothelial dysfunction and neurocognitive deficits. 
(2)

During sleep, the muscle tone of the upper airway decreases which 
may result in a collapse. A complete obstruction of the upper airway is 
labeled as an apnea and a partial obstruction for more than 10 seconds 
as a hypopnea. (3) OSA can be diagnosed in case of 5 or more apneas/
hypopneas per hour of sleep and is quantified by the Apnea-Hypopnea 
Index (AHI), as determined by polysomnography.  Based on the AHI OSA 
may be classified as mild (AHI 5-15), moderate (AHI 15-30) or severe 
(AHI >30). (4) 

Treatment of OSA depends mainly on the severity of the disease and 
symptoms as well as the patient’s preference. In addition, anatomical 
characteristics and health status are important factors that should be 
contemplated when selecting the appropriate treatment modality. In 
mild to moderate OSA, Mandibular Advancement Devices (MAD) are 
frequently used, whereas in moderate to severe OSA Continuous Positive 
Airway Pressure (CPAP) is usually applied as primary intervention. Other 
treatment modalities include lifestyle changes and upper airway surgery. 
(3, 5, 6) 

A MAD acts by advancing the mandible in a more forward and downward 
position, thereby reducing upper airway collapsibility. It improves upper 
airway patency by pulling the tongue base, epiglottis and soft palate 
forward and by stimulating upper airway musculature. (7) MAD’s are 
especially effective in patients with mild to moderate OSA. (8)

CPAP acts by means of continuous positive airway pressure, which is 
applied through a nasal, mouth or facemask. As a result of this continuous 
positive airway pressure, the airway is restored and obstructive breathing 
events are reduced. CPAP is very effective in patients with moderate 
to severe OSA, but can be complicated by suboptimal acceptance and 
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compliance in a substantial degree of patients. (6, 9)

With both therapies mild and transient side effects occur. The MAD 
may cause tooth pain, myofascial pain, temporomandibular joint pain, 
excessive salivation, a dry mouth or gum irritation. (10-12) Long-term 
MAD use results in dental changes, including a decrease in overbite 
and overjet. Secondly the anterior-posterior distance and the number 
of occlusal contact points decreases with MAD therapy. Besides, 
craniofacial changes and temporomandibular dysfunction are associated 
with MAD treatment. Craniofacial changes result in an increased lower 
and total anterior facial height and downward rotation of the mandible. 
Temporomandibular dysfunction results in temporomandibular joint 
pain, temporomandibular joint sounds and myofascial pain. (13, 14) 
No differences in terms of bite changes have been observed between 
younger persons and elderly. (15)

Mild and transient side effects with CPAP therapy include nasal 
congestion, rhinorrhea, eye irritation, and a sense of suffocation. (16) 
Long-term CPAP use may also result in dental changes, such as a 
decrease in overbite and overjet. (17-19) In addition, CPAP may result 
in a decrease in intermaxillay relationship, a retrusion with retroclination 
of the maxillary frontal teeth and a setback of supramentale and chin 
position with a decrease of facial convexity. (20) These changes are less 
pronounced when compared to MAD. (19)

Previous studies have evaluated the progression of dental changes with 
MAD treatment over time. (21) However, to date studies comparing dental 
side effects following 10 years of MAD and CPAP therapy are lacking. It 
is unknown to what extent MAD and CPAP cause dental side effects after 
a decade of treatment and whether these changes are progressive over 
time. This study aims to evaluate changes in dental occlusion, which are 
associated with long-term MAD and CPAP therapy.
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MATERIALS AND METHODS

	 PATIENT SELECTION
Participants were recruited from a randomized controlled trial, which 
was previously conducted and reported in two separate publications 
(ISRCTN18174167) (5, 6). Patients were recruited between September 
2002 and August 2005 through the Department of Home Mechanical 
Ventilation of the University Medical Center Groningen, The Netherlands. 
This study was approved by the Groningen University Medical Center’s 
ethics committee (METc2002/032). A written informed consent was 
obtained from each patient before enrollment. 

	 STUDY DESIGN
For this cross-sectional study 103 patients were selected. At baseline 
patients were randomly allocated to MAD or CPAP therapy (Supplement). 

	 INTERVENTIONS
At baseline all patients in the MAD group received the TAP appliance 
(Thornton Adjustable Positioner type-1, Airway Management Inc., Dallas, 
TX, USA). This duo block MAD fixes the patient’s mandible in a forward 
position by a screw mechanism incorporated in the frontal area of the 
appliance. At baseline the appliance was set at approximately 50% of the 
range from central relation to the patient’s maximal protrusion. Patients 
were instructed to advance their appliance until symptoms abated or until 
further protrusion of the mandible resulted in discomfort. After an 8-week 
follow-up period a checkup was arranged to further adjust the appliance 
if necessary. When OSA symptomatology was improved or when further 
protrusion was not tolerated by the patient, a second evaluation was 
performed (i.e. a polysomnographic study, physical examination and 
subjective questionnaire evaluation). The mandibular protrusion and 
vertical dimension of the oral appliance was kept constant during the 
further follow-up period.

After CPAP-titration, all patients received a similar CPAP device (Breas® 
PV10, Mölnlycke, Sweden). After a 2-week adaptation period, patients 
returned for a follow-up visit to resolve any difficulties. After an 8-week 
follow-up period a checkup was arranged to further adjust therapy if 
necessary. When OSA symptomatology was improved or when the patient 
did not tolerate further pressure adjustments, a second evaluation was 
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performed (i.e. a polysomnography, physical examination and subjective 
questionnaire evaluation). If polysomnography indicated an AHI ≥ 5, CPAP 
was adjusted if possible and a third polysomnography was performed. 
Successful treatment was defined as an AHI<5 or an AHI reduction of 
>50% from the baseline value to a value <20 in a patient without symptoms 
while using therapy. If treatment was not successful or if patients were 
non-adherent, the alternative (either MAD or CPAP therapy) was offered. 
Patients were excluded when they switched therapy or received upper 
airway surgery during follow-up. Furthermore, minimum therapeutic 
use for inclusion in this study was >5 nights per week for >5 hours per 
night. (5) The therapeutic use was discussed with the patient at each 
checkup. All patients included for analyses in the present study met this 
compliance criterion.

During follow-up, patients were subjected to a regular yearly checkup 
and were encouraged to contact our clinic when problems were faced 
concerning their OSA treatment. Besides patients were asked about 
their opinion on their teeth and possible dental side effects. No specific 
questionnaire was used. 

	 STUDY MODEL ANALYSIS
At baseline, 2-year and at the 10-year follow-up, dental plaster models 
were obtained from all patients to determine changes in dental occlusion. 
The intermaxillary relationship between the arches was recorded with 
vinyl polysiloxan registration material Exabite II NDSTM (GC America 
Inc, Alsip, Il, USA) in maximal occlusion. 

Measurements were obtained clinically (mandibular protrusion) and on 
the dental plaster casts by means of a 0.01mm resolution digital sliding 
caliper. All measurements were performed twice by the same observer 
who was blinded for the patient’s treatment. For continuous variables, 
the mean of both measurements was used for further analysis. 

Anterior overjet and overbite were measured at the maxillary central 
incisors. Overjet was measured as the horizontal distance, of the mesial 
end of the incisal edge of the upper central incisor to the labial plane 
of the lower central incisor. The overbite was measured as the vertical 
distance, of the incisal edge of the lower central incisor to the incisal 
edge of the labial plane of the upper central incisor. Delta overjet and 
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overbite were calculated as the difference between pre-treatment and 2- 
or 10-year follow-up models. Negative values were related to a reduction 
of overjet and overbite and positive values to an increase. 

Angle classification was identified at the left and right cuspids and first 
molars of the maxilla and mandible. When cuspids or first molars were 
missing or damaged, outcomes were listed as indefinable.  Class I was 
identified as neutro-occlusion, class II as disto-occlusion and class III 
as mesio-occlusion. Differences in Angle classification between pre-
treatment and 2- or 10-year follow-up models were listed as a mesial or 
distal shift in occlusion. 

	 STATISTICAL ANALYSIS
Statistical analyses were performed using the Statistical Package for the 
Social Sciences (version 24, SPSS Inc., Chicago, IL, USA). Means and 
standard deviations were reported. For comparing outcomes between 
continuous variables between baseline 2- and 10-year follow-up, ANOVA 
analyses were performed. For comparing categorical variables, Chi-
square tests were performed. In all cases a significance level α=0.05 
was used. 
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RESULTS

At 2-year follow-up 29 MAD and 37 CPAP patients were analyzed and 
included in the study by Doff et al. (6). At 10-year follow-up 18 MAD 
patients and 24 CPAP patients were still using their therapy. Eventually 
14 out of 18 MAD and 17 out of 24 CPAP patients were willing to return 
for evaluation and could subsequently be included in this 10-year follow-
up study. The mean age of the patients at baseline was 50.2 years (±8.1) 
in the MAD group and 49.4 years (±10.3) in the CPAP group (table 1). 
At 10-year follow-up 12 out of 14 (85.7) MAD patients were defined as 
successful (AHI<5 or AHI<20 with >50% reduction in AHI). One patient 
switched to CPAP therapy, yielding an AHI of 1.3. The other patient was 
diagnosed with Central Sleep Apnea Syndrome. At 10-year follow-up, 16 
out of 17 (94.1%) CPAP patients were defined as successfully treated. 
The mean AHI in both groups dropped significantly between baseline and 
10-year follow-up. The AHI dropped from 31.7±20.6 to 9.9±19.3 in the 
MAD group and from 49.2±26.1 to 3.4±5.4 in the CPAP group (table 1). 
When evaluating therapeutic use of the appliances, no significant 
differences were found at the 2-year follow-up. Both devices were used 
on average 7 days a week and 7 hours a night. At 10-year follow-up 
a significant difference (p<0.05) was found between the hours/night 
use of the appliances. The MAD was used 7.8±0.9 hours/night and the 
CPAP was used 6.8±0.9 hours/night. The mean mandibular protrusion 
of the mandible in the MAD group was 83.1±22.2 percent of maximum 
mandibular protrusion (table 1).

	 STUDY MODEL ANALYSIS
When evaluating the number of present teeth, no significant differences 
were found between the 0 and 10-year follow-up in each group or 
between the MAD and CPAP group. However, the delta overbite and 
delta overjet did differ significantly between the 2- and 10-year follow-
up in each treatment group and between the treatment groups (table 1, 
figure 1-4). When evaluating the delta overbite, there was a tendency 
towards the occurrence of an open bite, especially in the MAD treatment 
group. The overbite in the MAD group reduced on average 2.9 ±1.5 mm in 
10-years. In the CPAP group the reduction in overbite was 0.8±1.4 mm in 
10-years. These values differed significantly (p<0.05). When evaluating 
the delta overjet, there was a tendency towards a reduction of the overjet 
to a mesio-occlusion. The overjet in the MAD group reduced on average 
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3.5±1.5 mm in 10-years. In the CPAP group the reduction was 0.7±1.5 
mm in 10-years. These values also differed significantly (p<0.05). 

Table 1: Baseline characteristics, therapeutic use, and cast analysis of patients 
who completed the 10-year follow-up

Abbreviations: MAD= Mandibular Advancement Device, CPAP= Continuous Positive Airway Pressure
1= independent samples T-test, 2= oneway ANOVA
Values are means ± standard deviations 
Therapy frequency is determined as a self-reported questionnaire 
Underlined values Significant differences calculated, compared to baseline (p<0.05)
* Significant differences calculated; MAD compared to CPAP (p<0.05)

Variable Baseline 2-year follow-up 10-year follow-up

MAD CPAP MAD CPAP MAD CPAP

Male/female ratio 12/2 17/0

Age (years) 61±8 59±10

Follow-up (years) 2.3±0.2 2.4±0.3 10.0 ± 0.6 10.3 ± 0.6

Apnea Hypoapnea 
Index (events/hr)

31.7±20.6 49.2±26.1 2.7±3.2* 0.47±1.1* 9.9±10.3 * 3.4±5.4 *

Body Mass Index (kg/
m2)

32.4±6.6 33.2±3.6 32.1±6.6 33.9±4.2 31.3±5.9 32.5±4.8

Neck circumference 
(cm)

43.6±3.7 44.6±3.2 42.9±3.7 44.6±2.6 43.8±3.8 44.4±2.8

Therapy Frequency 
nights/week

6.9±0.4 7.0±0.0 6.6±1.0 7.0±0.0

Therapy Frequency 
hours/night

7.1±0.7 6.5±0.9 7.8±0.9* 6.8±0.9*

Number of teeth Up-
per Arch

13.0±1.5 13.7±1.3 12.5±2.1 13.3±1.4

Number of teeth Low-
er Arch

13.3±1.4 13.1±1.0 13.1±1.3 12.6±1.8

Overjet (mm) 4.8±2.3 4.2±2.3 3.7±3.0 3.9±2.3 1.3±3.1* 3.5±2.1*
Delta Overjet (mm)
0 to 2-year and 0 to 
10-year follow-up

-1.1±1.8 -0.2±0.5 -3.5±1.5* -0.7±1.5*

Overbite (mm) 4.2±2.4 3.9±2.0 3.0±2.7 3.6±1.9 1.3±2.2 2.9±2.4
Delta Overbite (mm)
0 to 2-year and 0 to 
10-year follow-up

-1.1±1.2* -0.3±0.5* -2.9±1.5* -0.8±1.4*

Percentage of maxi-
mal protrusion (%)

84.3±22.5
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Figure 1: Overjet of MAD (Mandibular 
Advancement Device) and CPAP 
(Continuous Positive Airway Pressure) 
treatment at baseline 2-year and 10-
year follow-up

 

 
Figure 3: Delta Overjet of MAD 
(Mandibular Advancement Device) 
and CPAP (Continuous Positive Airway 
Pressure) treatment 

Figure 2: Overbite of MAD (Mandibular 
Advancement Device) and CPAP 
(Continuous Positive Airway Pressure) 
treatment at baseline 2-year and 10-
year follow-up

 

Figure 4: Delta Overbite of MAD 
(Mandibular Advancement Device) 
and CPAP (Continuous Positive Airway 
Pressure) treatment 

In the MAD group the Angle Classification of the teeth in the cuspid 
region at 10-year follow-up could be determined in 12 patients on the left 
side and in 8 patients on the right side. In 12 out of 12 on the left side 
and 6 out of 8 on the right side, the Angle Classification did change in the 
MAD group. In the CPAP group the Angle Classification of the teeth in 
the cuspid region at 1-year follow-up could be determined in 14 patients 
on the left side and 11 patients on the right side. In 8 out of 14 on the left 
side and 6 out of 11 on the right side, the Angle Classification did change 
in CPAP group. The proportion of Angle class III cases increased in both 
treatment groups over time (table 2a+2b).
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Table 2a: Cuspid occlusion at baseline and follow-up, MAD group

Table 2b: Cuspid occlusion at baseline and follow-up, CPAP group 

In the MAD group the Angle Classification of the teeth in (pre)molar region 
at 10-year follow-up could be determined in 8 patients on the left side and 
8 patients on the right side. In 6 out of 8 on the left side and 7 out of 8 
on the right side, the Angle Classification did change in MAD group. In 
CPAP group the Angle Classification of the teeth in (pre)molar region at 
10-year follow-up could be determined in 10 patients on the left side and 
7 patients on the right side. In 5 out of 10 on the left side and 4 out of 7 
on the right side, the Angle Classification did change in CPAP group. The 
proportion of Angle class III cases increased over time, especially in the 
MAD group (table 3a+3b). 

Angle 

classification

Mandibular Advancement Device (MAD) group
Right side cuspid occlusion Left side cuspid occlusion
Baseline

n=14

2-year 

follow-up

n=14

10-year 

follow-up

n=14

Un-

changed

n=5

Baseline

n=14

2-year 

follow-up

n=14

10-year 

follow-up

n=14

Un-

changed 

n=1
Class I 1 1 1 0 4 1 3 0

Class II 8 9 4 2 7 8 6 0

Class III 0 1 3 0 0 0 3 0

Indefinable 5 3 6 3 3 5 2 1

Angle 

classification

Continuous Positive Airway Pressure (CPAP) group
Right side cuspid occlusion Left side cuspid occlusion
Baseline

n=17

2-year 

follow-up

n=17

10-year 

follow-up

n=17

Un-

changed

n=10

Baseline

n=17

2-year 

follow-up

n=17

10-year 

follow-up

n=17

Un-

changed 

n=7
Class I 3 3 3 2 5 3 6 2

Class II 6 6 8 3 10 10 6 4

Class III 0 0 0 0 0 0 2 0

Indefinable 8 8 6 5 2 4 3 1
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Table 3a: Molar occlusion at baseline and follow-up, MAD group 

Table 3b: Molar occlusion at baseline and follow-up, CPAP group 

Angle 

classification

Mandibular Advancement Device (MAD) group
Right side (pre)molar occlusion Left side (pre)molar occlusion
Baseline

n=14

2-year 

follow-up

n=14

10-year 

follow-up

n=14

Un-

changed

n=3

Baseline

n=14

2-year 

follow-up

n=14

10-year 

follow-up

n=14

Un-

changed 

n=4
Class I 0 2 2 0 1 1 1 0

Class II 9 9 2 1 8 9 4 2

Class III 0 1 4 0 0 1 3 0

Indefinable 5 2 6 2 5 3 6 2

Angle 

classification

Continuous Positive Airway Pressure (CPAP) group
Right side (pre)molar occlusion Left side (pre)molar occlusion
Baseline

n=17

2-year 

follow-up

n=17

10-year 

follow-up

n=17

Un-

changed

n=10

Baseline

n=17

2-year 

follow-up

n=17

10-year 

follow-up

n=17

Un-

changed 

n=8
Class I 1 2 0 0 2 3 1 1

Class II 7 6 7 3 6 8 7 4

Class III 1 1 0 0 0 0 2 0

Indefinable 8 8 10 7 9 6 7 3
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DISCUSSION

This study compared the dental side effects of two major OSA therapies 
after a decade of treatment. To date no studies have been published 
regarding the development of dental side effects comparing MAD and 
CPAP therapy over a 10-year treatment period. From earlier performed 
research it is known that CPAP, but especially MAD therapy may result in 
dental side effects. (17-19, 22) However, it is unknown whether these side 
effects are progressive over time with both treatments. Because MAD 
and CPAP therapy are considered a life-long requisite, attention must 
be paid to their dental side effects. In this study the cast models of MAD 
and CPAP patients were evaluated at baseline, 2-years and 10-years 
follow-up. It was observed that both MAD and CPAP therapy resulted 
in significant dental changes with long-term use. However, the dental 
changes in the CPAP group were less pronounced when compared with 
the MAD group. In addition, the dental changes in both treatment groups 
were progressive over time. 

Inter-individual treatment variations are likely to occur in a 10-year follow-
up study. In this study, the margin of inter-individual error was maintained 
as small as possible by treating all patients in this cohort by the same 
clinician. Furthermore, all measurements were done by a skilled and 
trained professional blinded for the treatment assignment. 

One of the inclusion criteria was to use the appliance at least 5 days 
a week and 5 hours a night. This results in a treatment group of highly 
compliant patients. The average treatment use in this study was 7 days 
per week for the MAD and CPAP group, 8 hours per night for the MAD 
group and 7 hours per night for the CPAP group. It could be suggested that 
highly compliant patients, such as the patients in this treatment group, 
also display more side effects. It must however be noted that patients on 
average did not grade the dental side effects as negative or disturbing. 
Patients whom are less compliant are possibly less susceptible to dental 
changes but are more likely to experience continued OSA symptomatology 
due to a suboptimal therapeutic effect.

When evaluating the delta overbite and overjet, it was notable that over 
time, there was a reduction of both with a tendency towards an Angle 
class III, sometimes resulting in an end-to-end frontal occlusion. (17, 18, 
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23, 24) This difference was especially prominent in the MAD treatment 
group. The reduction in overbite and overjet in the MAD group probably 
resulted from the pressure, transferred by the appliance. The maxillary 
incisors were subjected to a palatal directed force and the mandibular 
incisors were subjected to a labial directed force. Because of these 
forces, there was a tendency towards an anterior open bite. However, 
in the CPAP group there was also a significant reduction of the overbite 
and overjet. (20) This reduction may occur as a result of pressure of 
the (nasal) mask on the frontal part of the maxilla, which may result in 
a more palatal inclination of the maxillary incisors. Previous research 
regarding natural movement of teeth and change of overbite and overjet 
over time showed that in general population there are changes, however 
they are insignificant. (25) This suggests that, in this study, the changes 
in both groups are a result of the therapy. Besides, a posterior open bite 
was observed in many of the patients in both the CPAP and MAD group. 
Quantification of changes in posterior support was however difficult since 
in many patients a determination of the number of posterior contact points 
was not reliable at every time-point. For this reason, statistics in these 
parameters were not included in the analyses of the present study. When 
evaluating the difference in delta overbite and overjet it was notable that 
in some patients these changes are larger than in other patients. This 
could possibly be explained by the position of the mandible. Previous 
research regarding dental changes in MAD treatment showed that the 
higher the percentage of mandibular protrusion the larger the changes. (7, 
26) Besides it is hypothesized that changes will be larger in patients, who 
have fewer teeth and reduced periodontal and dental health. However, 
from this study this cannot be concluded because the periodontal health 
was not scored other than the fact whether a patient was suitable or not 
for inclusion. 

Between the baseline to 2-year and the 2-year to 10-year follow-up 
the changes in dental occlusion appear to decrease in magnitude. The 
alteration in overjet and overbite therefore seems to decrease over the 
years. However, these changes are still significant. The stabilization of 
the dental side effects can be explained by the fact that most patients in 
this study did not alter the protrusion of their appliance after the 2-year 
follow-up. Besides, in a general population dental changes such as a 
reduction of overjet and overbite are also observed. (25)
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The total number of teeth per jaw was stable over the 10-year follow-
up. It was expected that patients would lose more teeth as a result of 
tooth decay or periodontal problems, especially in a group where much 
more force is applied to the teeth as a result of CPAP and especially 
MAD therapy. (27) However, there was no significant decrease in the 
number of teeth per jaw measured after a 10-year treatment period.  This 
could possibly be explained by a higher dental self-care in OSA patients 
because they are constantly faced with their dental health and repeatedly 
explained that is vital in OSA treatment.

It can be concluded that there are dental side effects associated with 
long-term MAD therapy. To keep these side effects as small as possible, 
attention must be paid to an adequate selection of suitable patients. First 
of all, attention must be paid to dental and periodontal health. Secondly, 
attention must be paid to the number of healthy teeth in each jaw (c.q. 
at least 8 teeth).  Thereby, possible dental side effects will be kept to a 
minimum. If changes are unfavorable or too prominent, an alternative 
intervention should be considered. Conversely, it should also be noted 
that CPAP therapy may also result in changes in dental occlusion. (25) 
However, these changes are less pronounced when compared to MAD 
therapy on the long-term. Attention must be paid to the clinical relevance 
of these changes. It can be concluded that patients are satisfied with 
their treatment if they complete 10-year follow-up, so the observed dental 
side effects are unlikely to be a complicating factor in daily life. Besides, 
factors such as periodontal health and vertical skeletal characteristics 
were not taken into account and could possibly be responsible for the 
observed differences. 

It can be concluded that MAD and CPAP therapy in this RCT both resulted 
in significant dental changes with long-term use. It must be kept in mind 
that OSA usually requires lifelong treatment. Therefore, it is important to 
pay attention to the possible dental side effects and to discuss this with 
the patient before initiation of therapy and at every check-up visit if these 
changes are observed.
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The incidence of obstructive sleep apnea (OSA) is increasing in the 
general population. (1) Patients diagnosed with OSA seek for an effective 
and comfortable treatment modality for their sleep disorder. Non-surgical 
treatment is often lifelong and requires follow-up, not only with respect 
to treatment outcomes, but also in relation to possible side effects and 
consequences of long-term treatment. (2) The general aim of this thesis 
was to evaluate mandibular advancement device (MAD) therapy success 
and the therapeutic and dental effects on the long-term, also compared 
to continuous positive airway pressure (CPAP) therapy and with respect 
to different MAD designs. 

PART 1: TREATMENT PREDICTION

	 CHARACTERISTICS OF OSA PATIENTS
Physical and anatomical traits play an important role in the pathogenesis 
of OSA. First of all, physical characteristics like obesity, increased 
neck circumference, male gender, post-menopausal status in women, 
advanced age, race, and craniofacial dysmorphisms are known risk 
factors for OSA. (1,3) Anatomical characteristics include a surplus of 
facial soft tissue, large palatine and tongue tonsils, a low soft palate, a 
long uvula and mandibular retrognathia. These characteristics give more 
compression to the upper airway, promoting upper airway collapse. (4,5) 
Patients identified with moderate pharyngeal collapsibility and low loop 
gain (i.e. a small ventilatory response to a respiratory disturbance) are 
likely to respond to MAD therapy. (6–8) Less favorable MAD treatment 
response is observed when sleeping in supine position and when in REM 
sleep. However, demographic, anthropometric, and polysomnographic 
data correlate only weakly with MAD treatment outcome. (9) Furthermore, 
so far, no dental characteristics such as range of protrusion, overbite, 
overjet, or molar classification are robust predictors with respect to OSA 
severity or MAD therapy success. (10) If dental characteristics could predict 
OSA severity or MAD therapy outcome, this could be helpful in selecting 
patients for treatment and to prevent unnecessary costs or examinations. 
In chapter 4, we discussed these dental predictors in relation to OSA 
severity and MAD therapy success. So far, the role of dental parameters 
in phenotyping OSA patients could not be demonstrated in previous 
studies (9,11). We also concluded that the role of dental factors in MAD 
treatment prediction could not be shown. Consequently, dental variables 
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are not yet helpful in phenotyping OSA patients. This is, however, based 
on a secondary analysis on data of a prospective crossover study. A 
sufficiently powered prospective study is suggested to elaborate more on 
selection and phenotyping in OSA patients. 

The temporary use of a non-custom-made or ‘boil and bite’ MAD could be 
an option for patient selection before making a custom appliance. ‘Boil 
and bite’ MADs have been further developed during the last decade. In 
the past, there have been problems with ‘boil and bite’ MADs, mostly 
related to a lack of retention and poor patient comfort, and therefore 
suboptimal compliance. (12) However, these appliances have been 
further developed. Furthermore, nowadays, there even is the possibility 
for patients to order ‘boil and bite’ devices online. We investigated a 
new generation non-custom-made ‘boil and bite’ MAD in chapter 3 and 
compared it to a custom-made MAD. Both appliances were midline-
traction appliances and advanced the mandible by a screw in the frontal 
area of the appliance. We concluded that the non-custom-made MAD had 
a similar effect on AHI reduction and subjective sleepiness as compared 
to a custom-made MAD. Both appliances were equally effective in terms 
of efficacy and improvements in self-reported sleepiness. This could be 
explained by the comparable comfort and retention of both appliances, 
resulting in comparable compliance. More research must be performed 
into the possible temporary use of different ‘boil and bite’ MAD systems. 
The temporary use of ‘boil and bite’ MAD systems could be beneficial to 
select appropriate candidates for custom-made MAD therapy.

Another relative new option to predict treatment success and directly 
determine the required amount of mandibular protrusion is the MATRx 
appliance. This is a non-custom MAD that simultaneously measures ODI, 
heartrate and blood oxygen saturation while titrating the MAD during an 
overnight sleep study. (13,14) By doing so, the MATRx can be used as 
a predictor for MAD therapeutic efficacy. The advantage of this system 
compared to the non-custom MAD in chapter 3 is that sleep related 
outcomes are directly analyzed with specific amounts of mandibular 
protrusion, similar to the overnight titration of an effective CPAP pressure. 
A sufficient amount of protrusion could be determined during the overnight 
study. This may be an alternative approach that evaluates the appliance 
before initiating custom MAD therapy. The non-custom MAD might be a 
cheaper option for the initial selection of appropriate patients. So far, most 
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research is done on patients who already experienced MAD success. 
(13) However, further research is necessary to elaborate on unselected 
patients and on the agreement of the MATRx appliance, a non-custom 
MAD, and a custom MAD and to elaborate on the predictive value of the 
MATRx in unselected OSA patients. Furthermore, more research needs 
to be performed on differences in financial aspects, in selecting patients 
for MAD therapy, between a non-custom MAD and the MATRx appliance 
before making a custom MAD.  

Based on, our systematic review in chapter 2, of the available literature 
regarding the outcomes and efficacy of different MAD designs in OSA 
management, we concluded that there is not one superior custom MAD 
design for OSA treatment. Moreover, to date, custom appliances perform 
more favorably than ‘boil and bite’ appliances. Many studies have 
been performed and concluded that titratable appliances perform more 
favorably than non-titratable appliances. This could be explained by the 
facts that appliance protrusion could easily be adjusted during treatment 
and that a titratable MAD allows for freedom of movement of the lower 
jaw. (15) This might improve compliance and therapeutic outcomes. 
However, not all literature does support this line of thought. Possibly, 
the main differences between different MAD designs are related to the 
use of different materials and design features affecting patient comfort. 
Ultimately, this phenomenon could affect differences in compliance and 
therefore therapeutic acceptance and outcomes. Another aspect that 
might affect outcomes may be the restrictions in mouth opening while 
wearing the appliance. This aspect may in fact be just as important as the 
amount of protrusion in some patients and has been studied previously 
by Milano et al. (16) Milano et al. concluded that when opening the mouth, 
autorotation of the mandible occurs, resulting in retrusion of the mandible. 
In this case, more protrusion is necessary to retain the same amount of 
mandibular protrusion following autorotation. However, the phenomenon 
of mouth opening during sleep especially occurs in supine position. In 
the study by Milano et al., treatment success was significantly higher in 
patients wearing a MAD with mouth opening restrictions (67% success), 
compared to patients wearing a MAD without mouth opening restrictions 
(36% success). Their study was performed in patients with positional 
OSA. It therefore seems interesting to investigate the importance of 
restrictions in mouth opening in patients without positional OSA. 
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Another important aspect with MAD treatment is to set a suitable 
protrusion at the start of the treatment. This differs in every patient and 
is usually also different at the beginning of the therapy compared to this 
parameter after the habituation period. The amount of protrusion at the 
start of the treatment should not be too advanced while the patient is 
getting accustomed to the device. After this period further protrusion 
can be performed, if necessary, in order to resolve complaints. In the 
literature, the most optimal amount of mandibular protrusion is often 
discussed. (17) An amount of 50-75% of maximum protrusion used to 
be the guideline in OSA management, however a correct amount of 
protrusion is also dependent on OSA severity. (18,19) There is not a 
one size fits all protrusion. Therefore, this parameter must be determined 
individually. The most ideal protrusion could possibly be detected with 
the MATRx appliance, as discussed in the previous paragraph, or with 
a (non-)custom-made MAD during multiple nights using wrist oximetry. 
Wrist oximeters are a diagnostic tool to detect the mean SpO2 and heart 
rate by using a wrist band with a fingertip. They have been tested for OSA 
monitoring. In general, they have a high sensitivity but a low specificity for 
detecting OSA. (20,21) Also smart watches and applications on mobile 
phones are currently being developed. A wrist oximeter could be worn by 
the patient for the whole period of MAD titration. This could be helpful in 
optimizing MAD outcomes and titrating the correct amount of mandibular 
protrusion. (22) Further research is necessary to compare outcomes of 
wrist oximeters, smart watches, and mobile phone applications with PSG 
or PG studies. 

	 COLLABORATION IS THE KEY
It is problematic that OSA is often not recognized (23,24). In the 
Netherlands, patients who feel sick have to see a general practitioner 
at first. Due to our current busy lifestyle and high demands in our daily 
life, many people experience stress and associated daytime sleepiness. 
It can be difficult to differentiate these complaints from sleepiness due 
to sleep disorders such as OSA. Therefore, it is possible that patients 
with OSA will not attend their general practitioner when they feel sleepy. 
Furthermore, OSA is not a disease that presents from one day to the 
other. The condition generally worsens over time. Therefore, it is even 
more difficult for patients to recognize. 
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Patients visit their dentist every six to twelve months. Dentists can evaluate 
clinical characteristics, such as a high BMI or anatomical characteristics 
such as large palatine and tongue tonsils, a low soft palate, a long uvula 
and mandibular retrognathia and combine this with the patients’ medical 
history (25). Furthermore, the dentist could play an important role in 
patient awareness by, for example, asking about snoring habits or sleep 
quality. Therefore, dentists could have an important role in the (early) 
diagnosis of sleep disorders such as OSA. Nowadays, the initiation of 
OSA diagnosis or further investigation of the disease is left to the general 
practitioners or specialists in the hospital. It is suggested that dentists 
need to play a more important role in the diagnosis of sleep disorders in 
the future. (26) Not only by questionnaires about general health, snoring, 
or sleepiness, but possibly also by evaluating anatomical characteristics. 
In chapter 4, we evaluated phenotyping of patients and predicting OSA 
severity and MAD treatment outcomes by means of dental variables. This 
could possibly enlarge the role of the dentist in sleep medicine. General 
practitioners and dentists could be working together in the first line of OSA 
diagnosis. Unfortunately, we could not demonstrate correlations between 
dental parameters and PSG or MAD therapy outcomes. Differences could 
have occurred due to the secondary analysis of the data and confounding 
factors like patient selection. Because of the absence of clear predictors 
of OSA and MAD treatment, it is not possible to screen in the dental 
practice yet. 

To be able to recognize OSA by patients, dentists, and general 
practitioners, more attention must be paid to general the knowledge 
about OSA. Therefore, first of all, education about sleep disorders is 
of major importance. (27) This could possibly be done by education at 
dental schools, but also by information leaflets in the waiting room, or 
additional questions in a medical history. Important is to communicate 
and collaborate between the different disciplines to efficiently screen 
patients and serve them with the best possible treatment. This is not only 
of major importance in sleep medicine, but also in general medicine. The 
WHO states that poor oral health is a major contributor to general health 
conditions and vice versa. (28) Therefore, patients with OSA benefit from 
a multidisciplinary treatment approach because oral and general health 
are interrelated.
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	 INDIVIDUAL TREATMENT STRATEGY
Nowadays, it is more and more common to individualize and customize 
medical treatments. Every patient is different and therefore, ideally, 
treatment should be personalized if possible. This aspect is also partly 
applicable to OSA treatment. In our systematic review in chapter 2, we 
concluded that there is not one superior custom MAD design in OSA 
treatment. Therefore, individual wishes, or patients’ habits such as 
grinding or mouth breathing, could be included in a MAD treatment 
strategy. Besides, in some patients, possibly more attention must be paid 
to conservative treatment, such as sleep hygiene and reducing weight, 
in addition to other treatment methods such as MAD and CPAP. If more 
attention is paid to individualize treatment, this will possibly result in 
higher treatment compliance and improved treatment outcomes.

 
PART 2: LONG-TERM OUTCOMES

In the second part of this thesis, the long-term follow-up of MAD treatment 
is evaluated. How should a lifelong successful treatment for this chronic 
disease be coordinated? Furthermore, what is a successful treatment 
outcome? 

First of all, OSA is a chronic disease and therefore requires lifelong 
treatment if treatment is non-surgical. Hence, long-term outcomes are 
an important aspect. Our findings in chapter 5 suggest that treatment 
of OSA with MAD or CPAP is still successful in, respectively, 86% and 
94% of patients at 10-year follow-up. However, this 10-year follow-up 
included only 35% of MAD patients and 46% of CPAP patients who were 
included at baseline. This large dropout was partly related to the fact 
that many of the studied patients were not willing to return for a checkup 
after ten years. Furthermore, patients were able to switch therapy if 
they wanted. Probably, a better evaluation of long-term results is to 
compare the 2-year and 10-year follow-up without taking the baseline 
into account. In our RCT, at 2-year follow-up, 93% of MAD patients and 
95% of CPAP patients were successfully treated. Between baseline and 
2-year follow-up, 22 MAD patients (43%) and 15 CPAP patients (29%) 
dropped out. At 10-year follow-up, 86% of MAD patients and 94% of 
CPAP patients were successfully treated. Between 2-year and 10-year 
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follow-up, 11 MAD patients (37% of 2-year and 22% of baseline) and 13 
CPAP patients (35% of 2-year and 25% of baseline) dropped out. The 
outcomes of treatment success and dropout over a longer period of time 
are comparable between both treatments. Therefore, we can conclude 
that, in both therapies, if treatment success is reached at 2-year follow-
up it is likely that this will be retained at 10-year follow-up. 

In the Netherlands, patients are mostly diagnosed with OSA based on 
a PSG. If pretreatment AHI≥15, patients will also need a posttreatment 
PSG evaluating the outcome of the MAD. (29) This is usually performed 
three to six months after initiation of treatment. Therapy evaluation could 
be performed by anamnesis, but also by a PSG, PG, or a wrist oximeter, 
or maybe even by an application on mobile phones or smart watches. A 
PSG is considered the gold standard in the evaluation of sleep apnea. 
However, it is also expensive and labor intensive. (30) Polygraphy (PG) is 
a less time consuming and cheaper method when evaluating OSA. Less 
parameters are evaluated when compared to a PSG, however, a PG is 
still labor intensive (31). The wrist oximeter is an easy-to-use system 
that can even be applied by dentists or dental specialists. It measures 
heartrate and saturation levels in the blood by a watch with a fingertip 
and measures during the whole night. (20,21,32,33) Therefore, it could 
be suggested that dentists could perform therapy evaluation by means of 
wrist oximeters and anamnesis. This could reduce medical costs and could 
improve treatment outcome on long-term. More research is necessary to 
elaborate on the possible role of dentists in therapy evaluation and its 
cost effectiveness. 

During follow-up, most patients treated with MAD therapy have regular 
checkups. However, an extra PSG or other sleep evaluation is not 
standard follow-up protocol. It could be suggested to reevaluate therapy 
every year in patients with severe OSA or in patients with serious 
cardiovascular risks or comorbidities, because OSA is independently 
associated with an increased risk of developing sustained periods of 
hypertension, arrhythmias, and cardiovascular disease. (34–37) This 
reevaluation could be performed by the use of a simple wrist oximeter. 
When outcomes are unstable and sleep apnea is still present, treatment 
adjustment could be performed, or an extended sleep study by means of 
a PG or a PSG could be performed. Furthermore, it could be suggested 
to reevaluate therapy every five years in patients with moderate OSA, or 
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in patients who could be at risk for comorbidities, such as patients with 
a BMI>30. This could also be done with a wrist oximeter at first. If there 
is a suspicion of recurring OSA, additional diagnostic studies should be 
performed. Finally, in patients with mild OSA, reevaluation of the therapy 
could be done by anamnesis and yearly checkups. When patients are not 
satisfied with the treatment outcome, and finetuning of therapy does not 
help, evaluation by a wrist oximeter could also be helpful. 

	 TREATING NUMBERS?
An important motivation to treat OSA is not only socially disruptive 
snoring and complaints of sleepiness, but also general health aspects of 
the disease. OSA is associated with metabolic and cardiovascular risks. 
It results in hypoxia, which enhances oxidative stress and hypertension. 
(38) In chapter 6, we evaluated metabolic and cardiovascular effects of 
MAD and CPAP therapy because the reduction of risk factors is one of 
the main motivations in treating patients with sleep apnea. In our study, 
there were no profound effects on major cardiovascular risk factors after 
twelve months of therapy with either MAD or CPAP. This was somewhat 
disappointing. It is possible that no profound effects were observed 
due to the small treatment group, the relative short follow-up period, 
or the moderate baseline AHI. It is possible that more profound effects 
on metabolic and cardiovascular risk factors would have been found 
when treating a larger group with more severe OSA with a follow-up that 
comprises a longer period of time. 

The question that follows is, what should be the focus when treating 
patients with OSA? Is it mainly complaints of fatigue and daytime 
sleepiness, complaints of snoring, reduction of risk factors, or 
improvements in oxygen saturation levels? Preferentially, it should be a 
combination of these goals. The main focus of current clinical practice is 
AHI reduction. Mainly because this strategy allows for an “easy” means 
to quantify a treatment effect. However, possibly more attention must be 
paid to subjective outcomes and severity of upper airway obstructions, 
especially in mild OSA. A combination of numbers as AHI values and 
subjective sleepiness is advised in defining treatment success in OSA 
patients.  
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	 SIDE EFFECTS
Due to the lifelong importance of treatment, side effects are important 
to monitor. It is known that OSA treatment, especially MAD usage, can 
cause dental side effects like tooth movement. (39) It is still unknown 
what the exact mechanism of these changes is. Furthermore, these side 
effects differ in every single patient. Some patients do not experience 
any dental changes, while others experience many dental changes. 
Dental side effects could be influenced by the number of teeth, but also 
by treatment duration, frequency of use, and the amount of mandibular 
advancement. (40) In chapter 7, we evaluated dental side effects with 
long-term OSA therapy and observed that both MAD and CPAP therapy 
result in dental side effects. Nevertheless, MAD therapy results in more 
pronounced dental side effects. It is important to differentiate between 
mild and extensive side effects. In addition, it is important to differentiate 
between baseline OSA severities when evaluating side effects. Some 
patients experience extensive dental side effects with mild OSA, while 
others experience no dental side effects with severe OSA. This is all 
patient dependent, individual, and it is not yet clear why major side effects 
occur in specific patient. Furthermore, not every patient experiences 
the side effects in the same way. It is however important to discuss the 
possibility of the side effects before initiating MAD treatment. Moreover, 
other treatment options should be considered and discussed with the 
patient. When the severity of the side effects does not outweigh the 
advantages of the treatment and no other favorable treatment option is 
available, therapy should probably be continued. It should be noted that 
not all side effects are unfavorable. A reduction in overbite and overjet 
is not always negative, depending on the profile and dental occlusion 
of the patient at the start of treatment. In addition, most patients do not 
experience dental side effects, such as a reduction of overbite and overjet 
or loss of contact points, as something detrimental. (41) 

Another interesting question is what type of patient will experience dental 
changes? This is a question, which cannot be answered by the literature 
yet. It is probably dependent on the amount of protrusion, the design of 
the appliance, and the condition of the periodontium. (42) Occurrence of 
dental changes might also depend on the interdigitation of the teeth before 
therapy and the attention of the dentist and patient to prevent dental 
changes. For example, bite splints to force teeth in the pre-treatment 
position may help to prevent changes. When teeth interdigitate well, it is 
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possibly easier to find the pre-treatment position when compared with a 
dentition with severe occlusal tooth wear. This could possibly influence 
the occurrence of side effects.

Finally, if dental changes are present, should we treat them? This is of 
course also something we have to determine in consultation with the 
patient and a dentist or dental specialist. Treatment of side effects is 
especially important when a patient experiences a decline in quality of life 
because of the side effects. This decline in quality of life could be esthetical 
by appearance or functional when eating. However, continuing MAD 
treatment when orthodontic braces are applied is not possible. A different 
OSA treatment should be found, also to reduce the risk aggravation of 
the side effects over time. Maxillofacial surgery could also be considered, 
especially if the advancement of the lower jaw with MAD has a profound 
effect on breathing events and symptoms. However, this type of surgery 
is invasive and alters facial aesthetics. Psychological impact should not 
be underestimated. However, when patients are carefully selected, this 
type of surgery is generally highly effective in more severe OSA patients.

	 TREATMENT FOR LIVE
Based on this manuscript and previous studies, MAD therapy should 
be considered as a lifetime treatment option in OSA patients. Different 
custom MAD designs have the same treatment outcome. Therefore, the 
choice of MAD design appears not important for treatment outcome. 
Prediction of treatment outcome is not possible yet by phenotyping 
patients. However, non-custom appliances could be used to identify 
appropriate candidates for MAD therapy. More attention must be paid 
to treatment follow-up and long-term treatment efficacy. This could be 
performed by wrist oximeters, smart watches, or applications on smart 
phones. Furthermore, more research should be done on the metabolic 
and cardiovascular effects of MAD therapy. Finally, possible negative side 
effects of MAD treatment should be monitored in the follow-up. However, 
a fair and individual consideration should be made between extent of the 
side effects, possible impairments of quality of life, and the (favorable) 
effects of MAD treatment.
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ENGLISH SUMMARY

Obstructive sleep apnea (OSA) is a sleep-related breathing disorder, 
characterized by repetitive obstructions of the upper airway during sleep. 
OSA can be treated with a mandibular advancement device (MAD) in 
selected patients. MADs put the lower jaw in a forward position and 
therefore prevents airway collapse. MADs exist in many different designs. 
The first part of this thesis gives an overview of the efficacy of different 
MAD designs in OSA treatment and focuses on the possibilities to predict 
OSA severity and MAD treatment success in OSA patients. 

PART 1: TREATMENT PREDICION 

In chapter 2, the differences between different MAD designs are 
evaluated in a systematic review and meta-analysis. We analyzed MADs 
with different design features in terms of OSA alleviation to facilitate 
clinical decision-making. We divided the MAD design features into 
monoblock, bilateral thrust, or midline traction devices. Furthermore, we 
divided the MADs into custom-made and non-custom-made appliances. 
In total, we analyzed 20 original randomized clinical trials (RCT’s) and six 
cohort studies. Custom appliances performed more favorable compared 
to thermoplastic appliances in terms of apnea hypopnea index (AHI) 
reduction (effect size:0.86; CI: -0.62 to 2.35). Furthermore, custom-made 
monoblock appliances performed more favorable compared to custom-
made bilateral thrust appliances in terms of AHI reduction (effect size: 
-0.37; CI: -1.81 to 0.07). In general, midline traction appliances performed 
more favorable compared to other designs. However, the clinical 
relevance of this statement is limited. No clinically relevant differences 
were observed in Epworth sleepiness scale (ESS) reduction, compliance, 
preference, side effects, and cost effectiveness between different MAD 
designs. Therefore, based on the included literature, there is not one 
superior custom MAD design in OSA treatment. However, custom MAD 
designs perform superior to thermoplastic MAD designs.

In chapter 3, we performed a single-center crossover RCT to investigate 
whether a non-custom MAD could be used to predict MAD treatment 
success. Therefore, the differences in self-reported and objective 
outcomes of a non-custom MAD were compared to a custom-made MAD. 
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We analyzed polysomnography (PSG) and outcomes of self-reported 
questionnaires, adherence, and satisfaction. Forty patients were included 
in a crossover trial with a 12-week follow-up. Outcomes were comparable 
in terms of AHI reduction. Within the custom-made MAD group, AHI 
outcomes were reduced from 16.1 to 10.7 events/hr, and in the non-
custom MAD group, AHI outcomes were reduced from 16.1 to 7.8 events/
hr (p<0.0001). Subjective sleepiness significantly improved at 12-week 
follow-up without differences between the appliances. Furthermore, 
adherence and satisfaction were comparable between the appliances. In 
conclusion, the effectiveness of the custom-made and non-custom-made 
MAD are comparable in terms of objective and subjective treatment 
effect. Therefore, this specific non-custom MAD can be used as an 
interim appliance and as a selection tool to determine MAD eligibility and 
effectiveness.

In chapter 4, we performed a secondary analysis on dental variables to 
predict OSA severity and MAD treatment success. Certain factors, such 
as BMI and neck circumference, are already known to correlate with MAD 
therapy success. However, the role of dental parameters, such as facial 
profile, molar-classification, overjet, overbite, maximal retrusion, and 
maximal protrusion, is not clear yet. These different dental parameters 
were evaluated in relation to OSA severity and MAD treatment outcome. 
143 OSA patients were included at baseline, and 51 completed 3-month 
follow-up with MAD therapy. Baseline dental and PSG variables were 
collected and analyzed. Follow-up PSG variables were collected with 
MAD in situ. Differences in the dental variables ‘overbite’ and ‘maximal 
retrusion’ were analyzed between OSA severity groups. No correlations 
between the dental variables, OSA severity or PSG outcomes were found. 
Therefore, these parameters cannot predict OSA severity and MAD 
outcome. Therefore, dental parameters are not helpful in phenotyping 
OSA patients. 

PART 2: LONG-TERM OUTCOMES

The second part of this thesis gives an overview of long-term treatment 
success, but also consequences of OSA treatment. OSA is a chronic 
disease that requires lifelong treatment with long-term follow-up. MAD 
therapy is considered as primary treatment option for mild to moderate 



  190

OSA patients, while continuous positive airway pressure (CPAP) therapy 
is considered a primary treatment option for moderate to severe OSA. 
Both therapies are considered effective as long-term options. However, 
side effects could also be present with both therapies. The second 
part of this thesis also gives an overview on the differences between 
MAD and CPAP therapy in changes of polysomnographic parameters, 
cardiovascular risk parameters, and in terms of dental side effects after 
a 10-year follow-up.

In chapter 5, long-term treatment success was assessed between MAD 
and CPAP therapy. This was a follow-up of a RCT of 103 OSA patients. At 
10-year follow-up, 14 patients using MAD therapy and 17 patients using 
CPAP therapy were included in the analysis. Both appliances performed 
successful and yielded a stable treatment effect at 10-year follow-up. 
This treatment effect was not only demonstrated by the AHI decline 
from 31.7±20.6 to 9.9±10.3 in the MAD group and from 49.2±26.1 to 
3.4±5.4 in the CPAP group; also self-reported sleepiness and quality of 
life was still improved at 10-year follow-up in both groups. Therefore, we 
can conclude that both MAD and CPAP therapy show good and stable 
treatment effects after 10-year follow-up. 

In chapter 6, differences in cardiovascular parameters were assessed 
between patients with moderate OSA, treated with either MAD or 
CPAP therapy. It has been suggested that OSA increases the risk of 
developing hypertension, arrhythmias, and cardiovascular disease. So 
far, knowledge is limited about the differences in reduction of these 
cardiovascular risk factors in OSA patients treated by MAD and CPAP 
therapy. This study was performed in 54 patients diagnosed with 
moderate OSA. Patients were treated with MAD or CPAP therapy for 
12 months. 24-hour ambulant blood pressure measurements (ABPM) 
and laboratory measurements were performed. ABPM consisted of 24-
hour, daytime and night-time systolic (SBP) and diastolic blood pressure 
(DBP), and heart rate (HR) measurements were performed at baseline 
and follow-up to analyse cardiovascular parameters. Both appliances 
performed successfully in terms of AHI reduction. However, major effects 
on cardiovascular parameters could not be found. Only significant higher 
sRAGE and HbA1c from baseline to 12-month follow-up were seen in 
the MAD group. No significant differences in cardiovascular outcomes 
were observed between the MAD and CPAP. Therefore, more research 
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is needed in patients with more severe OSA or patients with more severe 
cardiac stress outcomes.

In chapter 7, long-term dental side effects were assessed in MAD- and 
CPAP-treated patients. This was a follow-up of a RCT of 103 OSA patients. 
At 10-year follow-up, 14 patients using MAD therapy and 17 patients using 
CPAP therapy were included in this analysis. Both appliances performed 
successfully and stable in terms of AHI reduction at 10-year follow-up. 
Changes in dental parameters were analyzed from cast models with a 
digital sliding caliper. Overjet and overbite decreased significantly with 
3.5±1.5mm and 2.9±1.5mm in the MAD group, and with 0.7±1.5mm and 
0.8±1.4mm in the CPAP group. It was concluded, the dental changes are 
seen in both MAD and CPAP therapy. Furthermore, they appear more 
pronounced and progressive over time, especially in the MAD group. 
Therefore, patient selection is important before treatment initiation.

In conclusion, the efficacy of MAD therapy is proven and can be optimized 
by patient selection with non-custom MADs or based on patient specific 
characteristics such as OSA severity, BMI and neck circumference. 
Besides, MAD therapy should be considered an effective long-term 
treatment option in OSA patients when considering improvements of 
polysomnographic and cardiovascular parameters. Finally, attention 
must be paid to reduce the risk of long-term dental side effects. 
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NEDERLANDSE SAMENVATTING 

Obstructief slaapapneu (OSA) is een slaap gerelateerde 
ademhalingsstoornis die wordt gekenmerkt door herhaaldelijke 
obstructies van de bovenste luchtweg tijdens de slaap. OSA kan bij 
bepaalde patiënten worden behandeld door middel van een mandibulair 
repositie apparaat (MRA). MRA’s plaatsen de onderkaak in een 
voorwaartse positie en kunnen daardoor obstructies van de bovenste 
luchtweg voorkomen. MRA’s bestaan er in verschillende uitvoeringen. 
Het eerste deel van dit proefschrift geeft een overzicht van de effectiviteit 
van verschillende MRA-modellen bij OSA-behandeling en bestudeert 
verschillende methoden om de ernst van de OSA en het succes van een 
MRA-behandeling te voorspellen. 

DEEL 1: VOORSPELLERS VAN BEHANDELING 

In hoofdstuk 2 worden de verschillen tussen diverse MRA-modellen 
onderzocht aan de hand van een systematische review met meta-analyse 
van de literatuur. Verschillende MRA-modellen zijn geanalyseerd en 
beoordeeld op hun eigenschap OSA te verminderen. Het doel hierbij was, 
om de keuze van MRA-model in de praktijk gemakkelijker te maken. Voor 
de systematische review hebben we de MRA-modellen onderverdeeld 
in MRA’s uit één stuk - ofwel ‘monoblock’, MRA’s die uit twee delen 
bestaan, met verankering in de zijdelingse delen - ofwel ‘bilateral thrust’, 
en MRA’s die uit twee delen bestaan, met verankering in het front - ofwel 
‘midline traction’. Daarnaast zijn de MRA-modellen onderverdeeld in op 
maat gemaakte (custom) en niet op maat gemaakte (confectie of ‘boil 
and bite’) MRA’s. In totaal hebben we 20 gerandomiseerde klinische 
onderzoeken (RCT’s) en zes cohortstudies geanalyseerd. Hieruit kwam 
naar voren dat custom MRA’s beter presteerden dan confectie MRA’s, 
op basis van verbeteringen van de apneu hypoapneu index (AHI) (effect 
size:0.86; CI:-0.62 tot 2.35). Daarnaast presteerden monoblock MRA’s 
beter dan ‘bilateral thrust’ MRA’s op basis van verbeteringen van de AHI 
(effect size:-0.37; CI:-1.81 tot 0.07). Over het algemeen presteerden de 
‘midline traction’ MRA’s beter dan andere modellen. Echter, de klinische 
relevantie van deze uitkomsten is beperkt. Er werden daarnaast geen 
klinisch relevante verschillen gevonden in verbeteringen in de Epworth 
Sleepiness Scale (ESS), compliance, voorkeur, neveneffecten en 
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kosteneffectiviteit tussen de verschillende modellen. Op basis van de 
geïncludeerde literatuur lijken op maat gemaakte MRA’s superieur aan 
confectie MRA’s bij het behandelen van OSA. Echter wij concluderen 
dat er niet één superieur op maat gemaakt MRA-model bestaat voor het 
behandelen van OSA. 

In hoofdstuk 3 hebben wij een gerandomiseerde klinische studie (RCT) 
uitgevoerd om te onderzoeken of een confectie MRA even effectief is als 
een custom MRA en of deze kan worden gebruikt voor het voorspellen 
van de behandeluitkomst. Daartoe zijn de verschillen in subjectieve en 
objectieve uitkomsten, zoals polysomnografische (PSG) uitkomsten, 
verandering van symptomen en patienttevredenheid, vergeleken in een 
‘crossover’ studie. Veertig patiënten zijn geïncludeerd in deze studie, 
met een follow-up van 12 weken. Reductie in de AHI was significant en 
vergelijkbaar voor beide MRA’s. Deze reduceerde van 16.1 naar 10.7 
events per uur (p=0.010) met de custom MRA en van 16.1 naar 7.8 per 
uur (p<0.0001) met de confectie MRA. Subjectief gemeten slaperigheid 
toonde een trend van verbetering na 12 weken bij beide MRA’s. Daarnaast 
was het gebruik en de patiënt tevredenheid met betrekking tot beide 
MRA’s vergelijkbaar. 
Concluderend is het objectieve en subjectieve effect van de custom en de 
confectie MRA in deze studie vergelijkbaar. Daarom kan deze specifieke 
confectie MRA worden gebruikt als een tijdelijke behandeling, hetgeen 
een uitkomst kan bieden voor de kliniek waarbij een behandeling direct 
kan worden gestart. 

In hoofdstuk 4, hebben we een analyse uitgevoerd naar de 
voorspellende waarde van tandheelkundige variabelen met betrekking 
tot de ernst van de OSA en het MRA-behandelsucces. We weten al 
dat verschillende factoren zoals BMI en nekomtrek correleren met een 
succesvolle MRA-behandeling. Echter, de rol van tandheelkundige 
variabelen zoals profiel, molaar classificatie, overjet, overbite, maximale 
retrusie en maximale protrusie is nog niet bekend. Deze tandheelkundige 
variabelen zijn bepaald om de mate van OSA en de keuze van MRA-
behandeling te kunnen analyseren. In totaal zijn 143 OSA patiënten 
geïncludeerd bij aanvang van de studie, 51 patiënten hebben de drie 
maanden follow-up met MRA-behandeling voltooid. Bij aanvang van de 
studie werden specifieke tandheelkundige en PSG-variabelen verzameld 
en geanalyseerd. Bij follow-up werden PSG-variabelen met MRA in situ 
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verzameld en geanalyseerd. Er werden geen correlaties gevonden tussen 
de tandheelkundige variabelen, de mate van OSA en PSG-uitkomsten. 
Daarom kunnen tandheelkundige variabelen de mate van OSA of het 
MRA-succes niet voorspellen en lijken ze dan ook niet van meerwaarde 
bij het fenotyperen van patiënten met OSA. 

DEEL 2: LANGE-TERMIJN UITKOMSTEN 

Het tweede deel van dit proefschrift geeft een overzicht van het lange 
termijn effect en van de consequenties van OSA-behandeling. OSA 
is een chronische ziekte welke dan ook een levenslange behandeling 
behoeft met een continue follow-up. OSA kan worden behandeld 
door middel van MRA’s, maar ook door middel van continue positieve 
luchtwegdruk therapie (CPAP). MRA-behandeling is de eerste keus bij 
licht tot matig OSA en CPAP is de eerste keus bij matig tot ernstig OSA. 
Beide therapieën worden gezien als succesvol op de lange termijn. 
Echter, beide therapieën kennen ook neveneffecten. 
Het tweede deel van dit proefschrift geeft een overzicht van de verschillen 
tussen MRA- en CPAP-therapie op het gebied van effectiviteit, reductie 
van cardiovasculaire risico’s en tandheelkundige neveneffecten. 

In hoofdstuk 5 wordt het lange-termijn succes van MRA en CPAP-therapie 
geanalyseerd. Het betreft een follow-up van een RCT van 103 patiënten 
met OSA. Bij 10-jaar follow-up zijn nog 14 MRA en 17 CPAP patiënten 
geïncludeerd in de analyse. Beide therapieën waren nog succesvol bij 10- 
jaar follow-up. Het behandeleffect was aantoonbaar op het niveau van de 
AHI-reductie van 31.7±20.6 tot 9.9±10.3 in de MRA-groep en 49.2±26.1 
tot 3.4±5.4 in de CPAP-groep. Echter, ook zelf gerapporteerde effecten 
betreffende slaperigheid en kwaliteit van leven verbeterden in beide 
groepen tussen baseline en 10-jaar follow-up. Wij concluderen dan ook 
dat MRA en CPAP-therapie beiden goede en stabiele behandeleffecten 
laten zien na 10-jaar follow-up. 

In hoofdstuk 6 wordt het verschil in cardiovasculaire effecten onderzocht 
tussen patiënten met matig OSA behandeld door middel van MRA of 
CPAP-therapie. Gesteld wordt dat OSA het risico op het ontwikkelen 
van hypertensie, hartritmestoornissen en cardiovasculaire ziekte zou 
vergroten. Echter, tot op heden is er weinig bekend over het verschil 
in de reductie van deze risico’s tussen OSA-patiënten die worden 
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behandeld met MRA- of CPAP-therapie. Deze studie werd uitgevoerd 
bij 54 patiënten, gediagnostiseerd met matig OSA. Patiënten werden 
behandeld met MRA- of CPAP-therapie gedurende een periode van 12 
maanden. 24-uurs ambulante bloeddrukmeting en lab-analyses werden 
uitgevoerd. Er werden dag en nacht systolische en diastolische bloeddruk 
en hartslagmetingen uitgevoerd bij aanvang van de studie en follow-up. 
Beide therapieën werkten succesvol in het verlagen van de AHI. Echter, 
uitgesproken en significante cardiovasculaire effecten werden niet 
gezien. Alleen significant hogere concentraties sRAGE en HbA1c tussen 
de aanvang van de studie en na 12 maanden follow-up werden gezien 
in de MRA-groep. MRA en CPAP verschilden verder niet significant. We 
concluderen dan ook dat er meer onderzoek nodig is bij patiënten met 
ernstiger OSA of patiënten met ernstiger cardiale stressfactoren naar het 
effect van MRA- en CPAP-therapie op deze factoren.  

In hoofdstuk 7 worden de lange termijn tandheelkundige neveneffecten 
beoordeeld bij MRA- en CPAP-therapie. Het is een follow-up van een 
RCT bij 103 OSA patiënten. Na 10-jaar follow-up worden bij 14 MRA- 
en 17 CPAP-patiënten de tandheelkundige neveneffecten geanalyseerd. 
Beide behandelingen zijn succesvol en stabiel voor wat betreft de AHI-
reductie. Tandheelkundige neveneffecten zijn beoordeeld na twee en 10-
jaar follow-up bij MRA- en CPAP-therapie. Verschillen in tandheelkundige 
variabelen zijn geanalyseerd op basis van gipsmodellen met behulp 
van een digitale schuifmaat. De overjet en overbite reduceerde met 
3.5±1.5mm en 2.9±1.5mm in de MRA-groep en met 0.7±1.5mm en met 
0.8±1.4mm in de CPAP-groep. Concluderend moeten tandheelkundige 
veranderingen bij zowel MRA- als CPAP-therapie worden geanticipeerd. 
Daarnaast worden de veranderingen groter naarmate de tijd verstrijkt, 
vooral in de MRA-groep. Daarom is het van belang om de juiste patiënten 
te selecteren voordat met de behandeling wordt gestart. 

Concluderend is de effectiviteit van MRA-therapie bewezen op korte en 
lange termijn, en kan deze worden vergroot door patiënt selectie met 
behulp van confectie MRA’s of door patiënt specifieke eigenschappen 
zoals de ernst van de OSA, BMI en nekomtrek. MRA-therapie kan gezien 
worden als een effectieve levenslange behandelmogelijkheid voor OSA-
patiënten om polysomnografische en cardiovasculaire parameters 
te verbeteren. Tot slot is het goed om aandacht te besteden aan het 
reduceren van het risico op dentale neveneffecten op de lange termijn.
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1.	 LIST OF COHORTS USED IN THIS THESIS

1.	 UMCG OSA study cohort, consisting of 102 patients with OSA from the 
University Medical Center Groningen (UMCG), Trial NL75 (NTR106), 
(METc2002/032). This was a single-center crossover trial with a 12-
week to 10-year follow-up. The inclusion started in 2002, and the 
follow-up was finished in 2016. – Chapter 5 and 7

2.	 REST study cohort was studied, consisting of 86 patients with OSA 
from the University Medical Center Groningen (UMCG), ClinicalTrials.
gov (NL34138.042.10). This was a single-center crossover trial with a 
12-month follow-up. The inclusion started in 2012, and the follow-up 
was finished in 2018. – Chapter 6

3.	 MADISE study cohort, consisting of 147 patients with OSA from the 
Onze Lieve Vrouwe Gasthuis (OLVG) hospital, ClinicalTrials.gov 
(NL66070.100.18). This was a single-center prospective cohort study. 
The inclusion started in 2018 and was finished in 2020. – Chapter 4

4.	 BOBYTE study cohort, consisting of 58 patients with OSA from the 
Onze Lieve Vrouwe Gasthuis (OLVG) hospital, ClinicalTrials.gov 
(NL64738.100.18). This was a single-center crossover trial with a 12-
week follow-up. The inclusion started in 2019, and the follow-up was 
finished in 2021. – Chapter 3
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2.	 LIST OF ABBREVIATIONS

AASM			  American Academy of Sleep Medicine
AGE			   Advanced glycation endproducts
AHI			   Apnea hypopnea index
AU			   Arbitrary units
BMI			   Body mass index
BRP			   Barbed suture pharyngoplasty
CPAP			   Continuous positive airway pressure
DBP			   Diastolic blood pressure
DM			   Diabetes mellitus
eGFR			   Estimated glomerular filtration rate
ESP			   Expansion sphincter pharyngoplasty
ESS			   Epworth sleepiness scale
FOSQ			  Functional outcomes of sleep questionnaire
HbA1c			  Hemoglobin A1c
HDL			   High-density lipoprotein
HR			   Heart rate
hsCRP			  High sensitive C reactive protein
Il-6			   Interleukin-6
Il-18			   Interleukin-18
LDL			   Low-density lipoprotein
MAD			   Mandibular advancement device 
MetS			   Metabolic syndrome
MMA surgery		  Maxillomandibular advancement surgery
N/A			   Not applicable
NS			   Not significant
NTproBNP		  N-terminal pro hormone B-type natriuretic peptide
ODI			   Oxygen desaturation index
OSA			   Obstructive sleep apnea 	
PG			   Polygraphy
POSA			   Positional obstructive sleep apnea
PSG			   Polysomnography
PT			   Positional therapy
RCT			   Randomized controlled clinical trial
SBP			   Systolic blood pressure
SCORE		  Systematic coronary risk evaluation
SF-36			   Short-form survey
Skin AF		  Skin autofluorescence
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SpO2			   Oxygen saturation level
SR			   Systematic review
sRAGE		  Soluble receptor for advanced glycation end 		
			   products
TNFα			   Tumor necrosis factor α
TE			   Tonsillectomy
TST			   Total sleep time
UPPP			   Uvulopalatopharyngoplasty
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6.	 DANKWOORD

“Non è la mano che dona, ma il cuore.” 

Het is gelukt, mijn proefschrift is voltooid! Het is echter niet het werk van 
mij alleen, daarom zou ik graag een aantal mensen willen bedanken.
Allereerst zou ik alle patiënten willen bedanken voor hun deelname aan 
de klinische onderzoeken waarop dit proefschrift is gebaseerd. Zonder 
jullie tijd en inzet was dit proefschrift niet tot stand gekomen. 
Daarnaast zou ik een aantal mensen willen bedanken die mij hebben 
ondersteund bij het vormen en verbeteren van dit proefschrift:

Prof. De Lange, beste Jan, bedankt dat ik van jou het vertrouwen heb 
gekregen en deel mocht uitmaken van jouw onderzoeksteam. Bedankt 
voor de organisatie van deze dag en communicatie met de leescommissie.

Prof. De Vries, beste Nico, veel dank voor de ondersteuning vanuit de 
KNO. Ik waardeer je enthousiasme voor het doen van onderzoek en je 
inbreng van nieuwe ideeën. Ik heb veel geleerd van mijn periode op de 
afdeling KNO van het OLVG. Ook al was het niet altijd gemakkelijk om 
me als tandarts in een ziekenhuiswereld te begeven, ik heb het als zeer 
leerzaam en speciaal ervaren.

Prof. Lobbezoo, beste Frank, bedankt voor je steun vanuit ACTA. 
Bedankt dat jij mij het gevoel geeft dat je deur altijd open staat voor 
een inhoudelijk overleg of gewoon even kletsen. Voor ieder probleem 
verzin jij een oplossing. Jij denkt in samenwerken en in het motiveren 
van anderen. Jij weet altijd de grote lijnen te bewaken en hebt mij veel 
geleerd over het brengen van de kern in een manuscript.  

Dr. Hoekema, beste Aarnoud, mijn wetenschappelijke steun en toeverlaat. 
Dank voor je geduld en het openen van zovele deuren voor mij. Bedankt 
dat jij me hebt geïntroduceerd bij je vrienden en kennissen binnen de 
wetenschap. Ik herinner me dat de congresgangers in de rij stonden voor 
het verkrijgen van jouw handtekening in het ‘groene boekje’. Je bent een 
echte beroemdheid op het gebied van slaapapneu; een eer om met je te 
mogen werken. Je hebt mij geholpen om ieder manuscript opnieuw naar 
een hoger niveau te brengen. Bedankt voor je kritische blik, je kennis, je 
relativeringsvermogen maar je zorgde ook dat dit werd afgewisseld met 
voldoende ontspanning en lol. Dat heeft me er zeker doorheen gesleept. 
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Leescommissie, geachte prof. dr. A. Becking, prof. dr.  G. Aarab, prof. 
dr. G.J. Lammers, prof. dr. M. Laine, prof. dr. O. Vanderveken, dr. R. 
Jonkman en prof. dr. T. Rosenberg. Veel dank voor uw tijd en aandacht 
bij het lezen en beoordelen van mijn proefschrift. 

Paranimfen, lieve Anna en Caroliene. 
Anna, dank je wel voor alle leuke en leerzame momenten die wij hebben 
meegemaakt. Ik vind het knap hoe jij jouw promotie traject, carriere 
en persoonlijke leven zo goed kunt combineren. Dank je wel voor je 
luisterend oor, je nuchterheid en al je tips en tricks op onderzoeksgebied. 
Caroliene, ik waardeer jouw enorme doorzettingsvermogen op werk en 
privégebied en de liefde die jij aan anderen kunt geven. Het was fijn om 
samen op PhD werkvakantie te gaan en steun bij elkaar te kunnen vinden 
tijdens deze uitdagende tocht. Bedankt dat je altijd voor me klaarstaat. 

Collega’s van de KNO-afdeling van het OLVG, beste Anja, Patty en 
Pien, bedankt dat jullie mij mee hebben genomen in de wereld van de 
KNO. Bedankt ook voor de ondersteuning en samenwerking. 
Collega’s van de MKA-afdeling van het OLVG, beste Joanneke, Jos en 
Karlijn, bedankt voor het begeleiden van patiënten en jullie ondersteuning 
bij het onderzoek vanuit de kaakchirurgie. 

Keith and Charles, thank you for your support in our research projects. 
Thank you for the opportunity to get to know you and your company, 
and for the knowledge you thaught me about your products. Your belief 
in and enthusiasm for treating patients with OSA is never ending and 
encouraging. 

Prof. Wijkstra en dr. Knol - de Vries, beste Peter en Grietje, bedankt 
voor de kans die en het vertrouwen dat jullie mij hebben geboden. Het 
heeft voor mij weer een hele andere en meer medische en bredere kijk 
op het thema slaapapneu gebracht. 

Collega’s van de Cleyburch en het Tjongerschans ziekenhuis, 
Annabel, Arlene, Danielle, Frederique en alle andere collegas en 
maandag en donderdagavond bikkels. Dank jullie wel voor alle support 
en gezelligheid. Het is altijd een welkome afleiding om met jullie te mogen 
werken. 
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Kamergenoten van 3N.75, Anna, Bach-van, Liza, Loreine, Magdalini en 
Merel, bedankt voor het samen kunnen sparren over onze onderzoeken, 
jullie gezelligheid en luisterend oor. Het was heerlijk om elkaar te kunnen 
helpen en van elkaar te kunnen leren in een vertrouwde omgeving. Ik 
heb enorm genoten van alle koffie dates die we hebben gehad en nog 
steeds hebben. Een goede manier om even op te laden en met nieuwe 
energie door te gaan. 

Lief lief lief ISCOMS-bestuur, Arden, Elsa, Hennie, Jeroen, Jurriaan, 
Laurens, Schup en Tim. Dank jullie wel voor de inspirerende vriendschap 
die we hebben en voor het aanwakkeren van mijn enthousiasme voor het 
onderzoek. Jullie hebben de deur naar de wetenschap voor mij geopend. 
Deelname aan het ISCOMS-bestuur was een van de beste keuzes die ik 
eb gemaakt, ik zou het zo weer doen.

JC RISQUE, lieve clubbies, Anouk, Astrid, Britt, Catherine, Karin, Lizz, 
Maaike, Maartje, Milou, en Sophie, dank voor jullie gezelligheid, afleiding 
en ontspanning. Het is fijn om zo een hechte vriendinnengroep te hebben 
die elkaar steunt in voor- en tegenspoed. Laten we snel samen proosten 
op onze vriendschap en die voetjes weer van de vloer brengen.

Heleen, veel dank voor de ontspanning en gezelligheid op de fiets en 
tijdens het hardlopen. Fijn om iemand dichtbij te hebben waarbij ik mijn 
hart kan luchten en lekker mezelf kan zijn.

Caro, Iris en Karin, vriendinnen ook na onze studie tandheelkunde in 
Groningen. We hebben samen veel leuke dingen meegemaakt. Ondanks 
dat onze levens tegenwoordig hemelsbreed flink van elkaar verwijderd 
zijn blijft het waardevol om elkaar te zien. Dank voor jullie steun, adviezen 
en gezelligheid.  

Ilse, Marjo, Matthijs, Nicolette en Thomas, bij jullie thuis is er altijd een 
gezellige en ontspannen sfeer waar je lekker jezelf kan zijn. Bedankt dat 
ik even bij jullie heb mogen wonen en de deur altijd open staat. 

Lieve Werna en Arnau, bedankt voor jullie goede adviezen. Jullie zijn 
beiden een voorbeeld voor mij en zullen dat ook zeker zijn voor de 
volgende generatie. Dank je wel Wern dat je altijd voor me klaar staat en 
me te hulp schiet als ik weer eens gestresst ben. Jij leert me te relativeren 
en weet me altijd weer tot rust te brengen. 
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Lieve papa en mama, bedankt voor jullie oneindige liefde, vertrouwen 
maar ook de nodige ondersteuning. Van jongs af aan hebben jullie mij 
altijd gemotiveerd het beste in mezelf naar boven te halen en me hierbij 
geholpen. Jullie staan altijd voor mij klaar, om de mouwen op te stropen, 
met goede adviezen of gewoon voor een lekkere knuffel. Fijn dat ik altijd 
op jullie kan bouwen. 

Lieve Mark, boefje, jij maakt mij vrolijk en gelukkig. Jouw tomeloze 
energie en enthousiasme met altijd leuke nieuwe ideeën en uitdagingen 
inspireren mij. Jij denkt in oplossingen in plaats van in problemen, jij laat 
mij ontspannen en leert mij nog meer te genieten van het leven. Met jou 
is het leven een feestje. 
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“Rideo, ergo sum”
 

Vrij naar de Franse filosoof René Descartes’ “Cogito, ergo sum”
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Deze uitgave is mede mogelijk gemaakt door:

N e d e r l a n d s e  V e r e n i g i n g  v o o r
Tandhee l kund ige  S laapgeneeskunde




