Impact of mandibular advancement therapy on endothelial function in severe obstructive sleep apnea.
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At a Glance Commentary

Scientific Knowledge on the Subject: Endothelial dysfunction, a major predictor of late cardiovascular events, is linked to the severity of obstructive sleep apnea and the impact of continuous positive airway pressure remains debated. Whether mandibular advancement therapy, the main alternative to continuous positive airway pressure, improves endothelial function in patients with severe obstructive sleep apnea has not been evaluated in properly controlled and adequately powered trials. 
What This Study Adds to the Field: This multicenter randomized controlled trial shows that treating severe obstructive sleep apnea with a mandibular advancement device reduces sleep-disordered breathing and related symptoms, but has no impact on peripheral endothelial function and blood pressure in moderately sleepy patients with no overt cardiovascular disease. 

This article has an online data supplement, which is accessible from this issue's table of contents online at www.atsjournals.org

Abstract 
Rationale: Endothelial dysfunction, a major predictor of late cardiovascular events, is linked to the severity of obstructive sleep apnea (OSA). 

Objectives: To determine whether treatment with mandibular advancement device, the main alternative to continuous positive airway pressure, improves endothelial function in patients with severe OSA. 
Methods: In this trial, we randomized patients with severe OSA and no overt cardiovascular disease to receive 2 months of treatment with either effective mandibular advancement device or a sham device. The primary outcome, change in reactive hyperemia index, a validated measurement of endothelial function, was assessed on an intention-to-treat basis. An embedded microsensor objectively measured treatment compliance.

Results: 150 patients [86% males; mean (SD) age, 54 (10); median [IQR] apnea-hypopnea index, 41 [35-53]; mean Epworth sleepiness scale, 9.3 (4.2)] were randomized to effective mandibular advancement device (n=75) or sham device (n=75). On intention-to-treat analysis, effective mandibular advancement device therapy was not associated with improvement of endothelial function compared to the sham device. Office and ambulatory blood pressure outcomes did not differ between the 2 groups. Effective mandibular advancement device therapy was associated with significant improvements in apnea-hypopnea index (p<0.001), micro-arousal index (p=0.008), and symptoms of snoring, fatigue and sleepiness (p<0.001). Mean objective compliance was 6.6 (1.4) h/night with the effective mandibular advancement device vs 5.6 (2.3) h/night with the sham device (p=0.006). 
Conclusion: In moderately sleepy patients with severe OSA, mandibular advancement therapy reduced OSA severity and related symptoms, but had no effect on endothelial function and blood pressure despite high treatment compliance.              
The study was registered with ClinicalTrial.gov, number NCT01426607.      

Abstract word count = 249

Key words: obstructive sleep apnea, mandibular advancement device, endothelial function 
Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disease (1) characterized by recurrent episodes of partial or complete obstruction of the upper airway during sleep. Continuous positive airway pressure (CPAP), the first-line therapy for moderate-to-severe OSA, improves daytime alertness, health-related quality of life and reduces blood pressure (BP) ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(2, 3)
. In prospective cohort studies, regular CPAP use is associated with a lower risk of cardiovascular (CV) events (4). However, about 40% of patients who are prescribed CPAP are at risk of non-adherence (5). Mandibular advancement devices (MAD) have emerged as the main therapeutic alternative for OSA. Despite the superior efficacy of CPAP in reducing sleep-disordered breathing, most randomized trials comparing MAD and CPAP in OSA have reported similar heath outcomes in terms of sleepiness, neurobehavioral functioning, quality of life and BP ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(2, 6, 7)
. In a recent randomized trial, MAD and CPAP therapy resulted in a similar improvement in cardiac autonomic function ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(8)
.

Endothelial dysfunction is a pathophysiological determinant of atherogenesis that occurs at the early stages of coronary artery disease (9) and predicts the occurrence of CV events in at-risk subjects ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(10)
. Flow-mediated dilatation (FMD) of the brachial artery has been extensively used as a noninvasive measure of endothelial function. However, the FMD technique is time-consuming and requires a careful learning curve, which limits its routine application in large multicenter studies. Measuring endothelial function by peripheral arterial tonometry (PAT) has recently gained increased attention, as the reactive hyperemia index (RHI) measured by PAT is a validated marker of endothelial function (11). Validation studies have demonstrated that RHI is correlated with coronary microvascular function in patients with early atherosclerosis (12) and predicts CV events ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(13-15)
. Nitric oxide plays an important role in digital reactive hyperemia ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(16)
. Kuvin et al. (17) found a significant correlation (r=0.55, p<0.0001) between RHI and FMD in 89 subjects, 38% of whom had a history of coronary artery disease. RHI was also significantly correlated with FMD (r=0.47; p<0.001) in non-obese and non-smoker subjects free of overt CV disease ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(18)
. In the Framingham Health Study, RHI correlated with traditional CV risk factors but the association with FMD was not significant in multivariable-adjusted analyses (19). RHI may provide a more comprehensive assessment of vascular function by measuring components of vasodilatation that are not reflected by FMD (20). Several clinic-based and population-based studies have demonstrated that OSA is associated with severity-dependent deterioration of endothelial function assessed by RHI in both adults and children ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(21-26)
. 

Previous studies of endothelial function outcomes in response to CPAP therapy of OSA have reported conflicting results ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(27-29)
. A recent meta-analysis concluded that CPAP leads to significant improvement of endothelial function (28). However, the great majority of these trials were small single-center studies evaluating endothelial function by FMD that may be prone to intra- and inter-operator variability. Conversely, 2 recent randomized controlled trials showed no impact of 12 weeks of CPAP on endothelial function evaluated by PAT ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(27, 29)
. The impact of MAD therapy on endothelial function in OSA patients has not been evaluated in properly controlled and adequately powered trials. MAD studies are also frequently flawed by the absence of objectively measured compliance with the device. The aim of this multicenter randomized controlled trial was to investigate whether effective MAD therapy vs a sham device for 2 months is associated with improvement of endothelial function in patients with severe OSA and no overt CV disease with objective measurement of MAD compliance by an embedded microsensor. 

Methods

Study design and patients

This randomized, single-blind, parallel-group trial was conducted in 5 French sleep centers. This study was approved by our local ethics committee (Comité de Protection des Personnes, Ouest II, Angers; No: 2010/14) and was registered with ClinicalTrial.gov, number NCT01426607.

Participants

Patients aged 18-70 with severe OSA (apnea-hypopnea index [AHI] ≥30), for whom MAD therapy was considered as second-line therapy due to CPAP intolerance, were assessed for eligibility. Exclusion criteria were body mass index (BMI) ≥32 kg/m2, history of CV disease including coronary heart disease, heart failure, arrhythmias and stroke, coexisting sleep disorders other than OSA, central sleep apnea defined by a central apnea index ≥5, severe daytime sleepiness defined by an Epworth Sleepiness Scale (ESS) (5) ≥16, and inadequate dental structure or temporomandibular joint disease contraindicating MAD treatment as assessed by a dentist. All patients gave their written informed consent to participate in the study.

Randomization

Patients were randomly assigned to receive 2 months of treatment with either effective MAD or a sham device according to a 1:1 allocation using a computer-generated randomization list stratified by site with permuted blocks of random sizes. As previously described (30), the MAD was custom-made, consisting of an adjustable two-piece acrylic oral appliance (AMO®, Orthosom, Beaucouzé, France) with attachments of various sizes allowing mandibular advancement adjustment (Figure 1). The sham device consisted of the upper appliance only and did not advance the mandible (31). Patients were informed that the aim of the study was to evaluate the efficacy of 2 intraoral devices for OSA therapy by comparing 2 appliances. With ethics committee approval, patient blinding was achieved by concealing the less effective nature of the sham device (31).

Interventions

At baseline, patients underwent overnight in-lab polysomnography (PSG), PAT, clinic BP measurement, and 24-hour ambulatory BP monitoring (ABPM), followed by a 6-week MAD acclimatization period, during which the mandible was incrementally advanced by 1-mm steps every 1 or 2 weeks until symptom relief or until adverse effects prevented further advancement. This acclimatization period was performed in order to optimize MAD adaptation and therapeutic efficacy during the subsequent randomized trial (31). Patients were then submitted to a one-week washout period, after which they were allocated to receive 2 months of treatment with either effective MAD or the sham device. Clinical assessment, PSG with effective MAD or sham device, PAT, clinic BP and ABPM were performed after the 2-month treatment period. 

Outcomes  

The primary outcome was the change in RHI assessed by PAT (EndoPAT®, Itamar Medical Ltd., Caesarea, Israel) between baseline and after 2 months of effective MAD or sham device. All participating centers followed the same procedure and investigators assessing PAT were blinded to the patient’s study arm.

Secondary outcome measures included changes in PSG data, BP, clinical symptoms of OSA, treatment side effects and compliance. Overnight PSG were analyzed manually according to recommended criteria ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(32)
. The recorded clinic BP was the average of 3 consecutive readings over a 5-minute period after resting for at least 5 minutes in the sitting position. ABPM was performed using Diasys Intégra II® (NovacoR, Rueil Malmaison, France). Excessive daytime sleepiness was evaluated at baseline and at 2-month follow-up by the ESS (5). Outcome of OSA symptoms, global treatment satisfaction, and reported side effects were assessed at 2-month follow-up using specific questionnaires (30). Reported compliance was assessed by means of a diary and objective compliance was measured by an embedded microsensor thermometer, safety and reliability of which have been previously validated (TheraMon®, IFT Handels- und Entwicklungsgesellschaft GmbH, Handelsagentur Gschladt, Hargelsberg, Austria) ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(33)
.

Additional details on methods are provided in the online supplement. 

Sample size and statistical analysis

Based on previous studies using PAT in OSA ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(22, 34)
, we assumed that the RHI would increase by 0.20 with MAD versus 0 with the sham device with a standard deviation (SD) of 0.40. In order to detect a difference of 0.20 in RHI between groups with a 0.80 power at a 0.05 type I error, the sample size in each group was 64 patients plus 11 patients for potential patients lost to follow-up, i.e. 75 patients per group. Continuous variables were described as mean (SD) or mean (95% confidence interval [CI]) for variables with a normal distribution and as median (interquartile range [IQR]) for variables with a non-normal distribution. Normality of distribution was assessed using the Kolmogorov–Smirnov test. Normal variables were analyzed using an unpaired t-test for intergroup difference and a paired t-test for intragroup difference. Linear regression analysis was used to adjust for baseline values and potential covariates. Non-normal variables were analyzed using the Mann-Whitney test for intergroup difference and the rank-signed Wilcoxon test for intragroup difference. The Chi-square test and Fisher’s exact test were used for categorical variables, as appropriate. The correlation between continuous variables was assessed by Pearson’s correlation coefficient. All randomized patients were included in the intention-to-treat (ITT) analysis. A sensitivity analysis using multiple imputation to impute missing data for the primary outcome was performed (35). All reported p-values were two-sided. A p-value less than or equal to 0.05 was considered to indicate statistical significance. All analyses were performed using STATA® version 13.1 software (STATA Corp., College Station, TX, USA). 
Results

A flow diagram depicting the recruitment and randomization pathway is shown in Figure 2. Between March 2011 and November 2014, 167 patients were screened and 150 were deemed eligible and randomly assigned (75 to the effective MAD group and 75 to the sham device group). In the effective MAD group, mean mandibular advancement was 7.9 (1.5) mm, corresponding to an average of 106% of maximum voluntary advancement. The baseline characteristics of all randomized patients are summarized in Table 1. Only gender was significantly different between the 2 groups, with a higher proportion of women in the effective MAD group (p=0.02). In the effective MAD group, 11 patients dropped out of the study and 3 had inadequate PAT data. In the sham device group, 10 patients dropped out of the study and 3 had inadequate PAT data. BMI did not change during the study period in either of the two groups. After 2 months of effective MAD, a complete response (AHI reduced by ≥50% to less than 5) was obtained in 9.7% patients. A partial response (AHI reduced by ≥50% to but ≥ 5) was observed in 45.3% of patients. Forty-five percent of patients were poor responders with less than 50% reduction in AHI (median AHI reduction = 30%).

Primary outcome  

In the ITT analysis, RHI decreased by 0.03 in the effective MAD group (p=0.95) and by 0.13 (p=0.13) in the sham device group. After adjustment for baseline values, age, gender, BMI, AHI, and smoking habits, the difference in RHI outcome between effective MAD and sham device was not statistically significant (adjusted intergroup difference: 0.15 [95%CI, -0.08; 0.38]; p=0.20). In the overall population, change in RHI from baseline to follow-up was not correlated with either change in AHI (r=-0.08; p=0.41) or change in 3% oxygen desaturation index (3%ODI) (r=-0.04; p=0.64). In a post hoc analysis, we used the median value of baseline RHI (=2.1) to classify patients into low and high RHI groups. In the low RHI group, a significant improvement in RHI was observed with both effective MAD (p=0.004) and sham device (p=0.03) with no significant adjusted intergroup difference between the 2 treatments. Further post hoc analyses showed no significant interaction between intergroup differences in RHI outcome and gender (0.54 [95%CI, -0.67; 1.74] in women versus 0.12 [95%CI, -0.17; 0.41] in men; p=0.37) or BMI (0.21 [95%CI, -0.15; 0.56] in patients with BMI≥27 kg/m2 [mean BMI=29.5 (2.1) kg/m2, n=70] versus 0.10 [95%CI, -0.35; 0.54] in patients with BMI<27 kg/m2; p=0.70). No significant intergroup differences in RHI outcome were observed when the analysis was restricted to complete and partial responders to effective MAD (0.20 [95%CI, -0.12; 0.52]; p=0.22), and to patients with objective compliance ≥6h/night on effective MAD (0.19 [95%CI, -0.10; 0.48]; p=0.21).  

Secondary outcomes

After adjustment for baseline values, age, gender, BMI and AHI, effective MAD was superior to sham device in reducing AHI (p<0.001), apnea index (p<0.001), 3%ODI (p<0.001) and micro-arousal index (p=0.008) (Table 3). With an adjusted intergroup difference of -1.0 (95%CI -2.3 to 0.3), effective MAD was not superior to sham device for reducing ESS.

The prevalence of patients with previously diagnosed and treated hypertension was relatively low (20.7%) with no significant difference between effective MAD and sham device groups. Due to technical failures and limited device availability, ABPM measures were available in only 97 patients (n=48 effective MAD, n=49 sham device). Two months of MAD therapy was not associated with any significant change in clinic or ambulatory BP values compared to the sham device (Table 3). 

As shown in Table 4, effective MAD was associated with significant improvement of snoring, fatigue and sleepiness complaints compared to sham device (p<0.001). The global treatment satisfaction was also markedly higher in the effective MAD group than in the sham device group (p<0.001). The mean side effects score was not significantly different between the two groups.

Compliance data are presented in Table 4. Due to technical defects in transmitting microsensor data to the TheraMon® reading station, objective compliance data were available for only 105 patients (52 with MAD and 53 with sham device). The mean objective use rate was 6.6 (1.4) h/night in the MAD group vs 5.6 (2.3) h/night in the sham device group (p=0.006). The percentage of compliant users was 96.1% in the effective MAD group versus 73.6% in the sham device group (p=0.001). Reported and objective compliances were strongly correlated in the effective MAD group (R2=0.24; p=0.002), but not in the sham device group (R2=0.06; p=0.15) (See Figure E1 in the online supplement).  

Discussion

This randomized sham-controlled multicenter trial showed that 2 months of effective MAD therapy with a high level of compliance had no effect on endothelial function in patients with severe OSA and no overt CV disease. Moreover, BP outcomes did not differ between the effective MAD and the sham device groups. Effective MAD was more effective than the sham device to improve OSA severity and related symptoms.

There is growing evidence that OSA directly affects the vascular endothelium by promoting inflammation and oxidative stress, while decreasing nitric oxide availability and repair capacity (4). Endothelial dysfunction is considered to be one of the intermediate mechanisms that potentially contribute to the increased risk of CV disease in OSA (4). 

Very few studies have evaluated whether effective MAD therapy of OSA may improve endothelial function ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(34, 36)
. An observational study in 16 OSA subjects reported a significant improvement of endothelial function measured by PAT after 3 months of MAD therapy ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(34)
. A crossover trial in 12 patients with OSA reported an equivalent improvement of microvascular endothelial function after 2 months of CPAP versus MAD therapy (36). Several hypotheses can be proposed to explain our negative findings for RHI outcome. Previous studies have reported higher response rates on MAD despite similar degrees of mandibular advancement, but these studies included a majority of mild-to-moderate OSA patients ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(7, 37)
 or excluded MAD non-responders during the titration procedure (30). The hypothesis of an insufficient reduction in AHI is not supported by the fact that changes in RHI were not correlated with changes in either AHI or 3%ODI and that post hoc analysis restricted to effective MAD responders showed no intergroup differences in RHI outcome. Furthermore, 2 recent randomized studies reported no impact of CPAP therapy on RHI despite suppression of apneic events by CPAP ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(27, 29)
. It cannot be formally excluded that a 2-month intervention was not sufficiently long to detect an improvement of RHI. A previous study reported a significant increase in RHI after 3 months of MAD therapy in 16 subjects with OSA ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(34)
, but this was an uncontrolled study with no sham device group. A randomized trial in type 2 diabetes, a frequent comorbid condition in OSA, demonstrated improvement of RHI after only 4 weeks of dietary intervention ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(38)
. In the present study, we assessed endothelial function by PAT in the arterioles, whereas several previous studies have reported that CPAP improves endothelial function of large conductance arteries as assessed by FMD (28). Although discordant results have been reported concerning the correlation between PAT and FMD ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(17-19)
, there is strong evidence that PAT is a reliable and reproducible technique to accurately characterize endothelial function in multicenter studies ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(11-15, 39)
. A recent review (11) suggested that microvascular function might be more relevant in subjects without overt CV disease and may be an earlier indicator of CV risk than macrovascular function assessed by FMD. From a technical viewpoint, PAT offers the advantages of being less prone to operator error than FMD (20). 

Only a few randomized, controlled trials have evaluated the impact of MAD on BP in patients with OSA. In a randomized crossover trial including 61 patients diagnosed with OSA of whom 39% were on antihypertensive medication, MAD therapy for 4 weeks was associated with a significant reduction in mean 24h diastolic BP, awake-systolic BP and -diastolic BP when compared to the sham device (31). However, in a subsequent study from the same group, neither CPAP nor MAD improved BP in 108 patients with moderate-to-severe OSA ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(7)
. Our negative findings on BP outcomes should not be generalized to all OSA patients, as our study population presented several baseline characteristics that have been associated with lower BP reduction in response to OSA therapy, including a low prevalence of hypertension, low baseline BP values and mild daytime sleepiness (40). Further randomized trials are required to determine whether MAD therapy improves BP in patients with OSA and uncontrolled or resistant hypertension. 

In line with a recent randomized clinical trial ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(37)
, we observed improvements in ESS with both effective MAD and sham device, but changes in ESS did not significantly differ between the 2 groups. However, our study clearly demonstrates the beneficial impact of effective MAD on OSA severity and related symptoms. Since all patients underwent a 6-week MAD acclimatization period, it can be hypothesized that some participants would have detected a difference in mandibular advancement when randomized to the sham device, which may have influenced improvement of symptoms. However, our findings are in accordance with previous sham-controlled trials demonstrating that MAD therapy improves the symptoms of OSA (41).  

To the best of our knowledge, this is the first randomized trial of MAD therapy with objective compliance measurement. The mean objective compliance with effective MAD (6.6 h/night) was reasonably high and similar to that reported in a recent observational study using the same microsensor ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(33)
. In this study, a mean objective compliance of 6.7 h/night corresponded to ≈90% of reported sleep duration. Interestingly, we found that reported and objective compliance were highly correlated in the effective MAD group but not in the sham device group, which emphasizes the importance of objective compliance measurement in sham-controlled trials of MAD therapy.

Although this was a randomized trial, significant differences were observed for the proportion of women in the effective MAD (21.4%) and sham device (7.2%) groups. Previous studies have reported an interaction between gender and OSA on endothelial function assessed by FMD or PAT ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(24, 42)
, suggesting a higher vulnerability of the vascular endothelium to the adverse effects of OSA in women. However, despite a higher proportion of women in the effective MAD group, we found no significant impact on RHI. Furthermore, our post hoc analysis showed no interaction between intergroup differences in RHI outcome and gender. One of the strengths of this study is that we included a relatively small proportion of patients with obesity and metabolic disorders and no patients with overt CV disease, allowing us to address the impact of OSA without confounders. Previous data have shown that the negative association between OSA and FMD was only observed in subjects with metabolic syndrome ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(43)
. Most studies included in a recent review on CPAP therapy and endothelial function included obese patients with a mean BMI between 29 and 37 kg/m2 (28). It can be hypothesized that RHI was not sufficiently sensitive to detect changes in endothelial function directly due to OSA. However, two recent studies demonstrated that OSA is associated with low RHI values, independently of BMI and visceral fat ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(21, 26)
. Furthermore, our post hoc analysis showed no interaction between intergroup differences in RHI outcome and BMI.  Recent data have shown that CPAP therapy alone in obese patients with OSA had remarkably small effects on BP, systemic inflammation and metabolic dysfunction ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(44)
. Considering that endothelial dysfunction is an early determinant of vascular damage that precedes clinically overt vascular disease, patients with overt CV disease were excluded from the present study and from most previous studies evaluating the impact of CPAP on endothelial function ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(45-47)
. Recent studies have shown that OSA treatment does not improve CV outcomes in patients with OSA and overt CV disease ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 

(48, 49)
. The exclusion of patients with overt CV disease probably contributed to the fact that our patients had a mean baseline value of RHI within the normal range despite the presence of severe OSA (22), which may have been associated with a floor effect of the intervention. Although our post hoc analysis showed no intergroup differences in RHI outcome in patients with low baseline RHI, further studies are required to determine whether MAD therapy for OSA can improve endothelial function in patients with overt CV disease and metabolic disorders, who exhibit more severe endothelial dysfunction at baseline. 

Conclusion

In moderately sleepy patients with severe OSA, MAD therapy reduced sleep-disordered breathing and OSA-related symptoms with no effect on endothelial function and blood pressure despite high treatment compliance.
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Figure legends: 

Figure 1: The effective mandibular advancement device (AMO®, Orthosom, Beaucouzé, France) used in the study. Full-coverage acrylic appliances designed to fit onto the upper and lower dental arches are connected by acrylic plates of various sizes allowing mandibular advancement adjustment. The microsensor thermometer (TheraMon®, IFT Handels- und Entwicklungsgesellschaft GmbH, Handelsagentur Gschladt, Hargelsberg, Austria) was sealed into the upper arch of the device. The sham device consisted of the upper appliance alone. 

Figure 2: Flow diagram showing trial allocation.

Abbreviations: MAD, mandibular advancement device; ITT, intention-to-treat; PAT, peripheral arterial tonometry

Table 1: Baseline characteristics of all randomized patients

	
	All patients
	Effective MAD
	Sham device
	p value

	N
	150
	75
	75
	-

	Age, years
	53.8 (10.2)
	54.8 (9.9)
	52.9 (10.5)
	0.27

	BMI, kg/m2
	27.0 (3.2)
	26.9 (2.9)
	27.0 (3.5)
	0.85

	Women, %
	14.4
	21.4
	7.2
	0.02

	Hypertension*, %
	20.7
	22.4
	19.1
	0.64

	Diabetes, %
	5.1
	2.9
	7.3
	0.44

	Dyslipidemia, %
	11.7
	13.0
	10.3
	0.62

	Current smoker, %
	17.4
	10.8
	23.9
	0.05

	Epworth sleepiness score
	9.3 (4.2)
	9.4 (4.1)
	9.2 (4.3)
	0.82

	VAS for snoring intensity
	8.0 [6.6-9.0]
	8.0 [6.8-9.0]
	8.0 [6.5-9.0]
	0.93

	Apnea-hypopnea index, n
	41.0 [35.0-53.0]
	40.0 [34.0-50.5]
	47.0 [36.0-58.0]
	0.06

	3% oxygen desaturation index, n
	31.9 (17.8)
	29.2 (17.6)
	34.6 (17.6)
	0.07

	Reactive hyperemia index
	2.15 (0.61)
	2.13 (0.60)
	2.17 (0.63)
	0.69

	Clinic systolic BP, mmHg
	125.7 (14.4)
	125.7 (13.8)
	125.7 (15.1)
	1.00

	Clinic diastolic BP, mmHg
	77.7 (10.9)
	76.5 (11.9)
	78.9 (9.7)
	0.20


Data are expressed as mean (standard deviation), median [interquartile range] or percentages

Abbreviations: BMI, body mass index; VAS, 0-10 visual analog scale; BP, blood pressure.

* Only patients previously diagnosed as hypertensive and taking antihypertensive medication were considered to have hypertension.

Table 2: Effects of effective mandibular advancement device (MAD) vs sham device on peripheral endothelial function assessed by reactive hyperemia index (RHI)

	
	Effective MAD
	Sham device
	Adjusted intergroup differences*

	
	Baseline
	Follow-up 
	Baseline 
	Follow-up 
	Mean (95%CI) 

	Overall population
	2.13 (0.60)
	2.10 (0.63)
	2.17 (0.63)
	2.04 (0.59)
	0.15 (-0.08; 0.38)

	Low RHI † population 
	1.65 (0.24)
	1.93 (0.53) ‡
	1.64 (0.25)
	1.88 (0.57) §
	0.05 (-0.27; 0.37)


Data are expressed as mean (standard deviation) or mean (95% confidence interval [CI]) 
Abbreviations: ITT, intention-to-treat

*Adjusted for baseline value, age, sex, BMI, AHI, and smoking habits

† patients with baseline RHI<2.1; n=70

‡ p<0.01 versus baseline

§ p<0.05 versus baseline
Table 3: Effects of effective mandibular advancement device (MAD) vs sham device on sleep variables 

	
	Effective MAD
	Sham device
	Adjusted intergroup differences *

Mean (95%CI)

	
	Baseline
	Follow-up
	Baseline
	Follow-up
	

	ESS
	9.4 (4.1)
	6.8(3.8) †
	9.4 (4.1)
	8.3 (4.0) ‡
	-1.0 (-2.3;0.3)

	AHI, n
	40.0      [34.0-50.5]
	18.5       [11.5-26.0] †
	40.0    [34.0-50.5]
	38.0         [23.0-51.0] †
	-16.6                   (-22.5; -10.7) ll

	AI, n
	8.5          [4.5-18.0]
	1.0           [0.0-5.0] †
	8.5        [4.5-18.0]
	7.0              [2.0-19.0] ‡
	-8.8                   (-13.6; -4.0) ll

	3% ODI, n
	29.2 (17.6)
	15.6 (11.4) †
	29.2 (17.6)
	27.4 (17.2) ‡
	-10.8                    (-16.2; -5.4) ll

	TST, min
	401.5 (68.6)
	396.5 (64.2)
	401.5 (68.6)
	378.2 (67.2)
	8.2                     (-15.5; 31.8)

	N1 sleep, min
	36.8 (32.6)
	29.4 (24.4)
	36.8 (32.6)
	26.5 (22.1)
	0.5 (-6.3; 7.3)

	N2 sleep, min
	209.1 (68.5)
	199.0 (49.7)
	209.1 (68.5)
	202.9 (58.6)
	-4.2 

(-23.7; 15.2)

	N3 sleep, min
	69.5 (45.5)
	80.1 (40.5)
	69.5 (45.5)
	69.0 (40.8)
	11.3 

(-1.9; 24.4)

	REM, min
	82.5 (31.7)
	88.7 (29.7)
	82.5 (31.7)
	77.3 (35.1) §
	2.6 (-8.6; 13.8)

	MAI, n
	32.8 (16.6)
	24.0 (11.5) †
	32.8 (16.6)
	31.7 (15.8) §
	-7.0

 (-12.1; -1.8) ** 


Data are expressed as mean (standard deviation), median [interquartile range] or mean (95% confidence interval [CI]) 
Abbreviations: ESS, Epworth sleepiness score; AHI, apnea-hypopnea index; AI, apnea index; ODI, oxygen desaturation index, oxygen; TST, total sleep time; REM, rapid eye movement sleep; MAI, micro-arousal index.

 * Adjusted for baseline value, age, sex, BMI and AHI

† p<0.001 versus baseline; ‡ p<0.01 versus baseline; § p<0.05 versus baseline

ll p<0.001; ** p<0.01
Table 4: Effects of effective mandibular advancement device (MAD) vs sham device on blood pressure (BP, mmHg) 

	
	Effective MAD
	Sham device
	Adjusted intergroup differences*  Mean (95%CI)

	
	Baseline, 
	Follow-up,


	Baseline,


	Follow-up,


	

	Office BP, mmHg 
	
	
	
	
	

	    SBP
	125.7 (13.8)
	126.3 (16.2)
	125.7 (15.1)
	125.3 (14.8)
	2.1 (-2.9; 7.0)

	    DBP
	76.5 (11.9)
	76.3 (13.0)
	78.9 (9.7)
	77.9 (10.7)
	0.4 (-4.0; 4.8)

	ABPM, mmHg † 
	
	
	
	
	

	    Diurnal       MBP
	98.1 (10.1)
	97.9 (8.6)
	99.3 (10.0)
	98.4 (10.7)
	1.7 (-1.5; 4.8)

	    Nocturnal MBP
	86.4 (11.2)
	87.7 (11.5)
	88.0 (10.1)
	86.0 (10.9)
	1.6 (-2.0; 5.2)

	    Diurnal SBP
	130.4 (13.1)
	130.5 (13.5)
	132.1 (15.8)
	130.9 (14.4)
	3.0 (-1.3; 7.3)

	    Nocturnal SBP
	116.1 (13.9)
	118.1 (15.1)
	118.1 (15.0)
	115.6 (13.7)
	4.2 (-0.5; 8.9)

	    Diurnal DBP
	83.5 (9.5)
	83.7 (8.0)
	85.4 (9.2)
	84.6 (9.3)
	1.2 (-1.5; 4.0)

	    Nocturnal DBP
	71.8 (9.8)
	73.1 (10.0)
	74.0 (8.6)
	71.9 (10.2)
	1.3 (-2.0; 4.6)


Data are expressed as mean (standard deviation) or mean (95% confidence interval [CI])

Abbreviations: MBP, mean BP; SBP, systolic BP; DBP, diastolic BP; ABPM, ambulatory blood pressure measurement. 
*Adjusted for baseline value, AHI, age, sex, BMI and medical history of hypertension for BP

† n=97
Table 5: Symptoms of obstructive sleep apnea (OSA), global treatment satisfaction and perceived side effects after two months with effective mandibular advancement device (MAD) versus sham device

	
	Effective MAD 
	Sham device
	p value

	Snoring
	
	
	

	Markedly reduced, %
	57.9
	17.9
	< 0.001

	Reduced, %
	24.6
	30.4
	

	Unchanged, %
	5.3
	33.9
	

	Increased, %
	1.7
	14.3
	

	Not applicable, %
	10.5
	3.6
	

	Fatigue 
	
	
	

	Markedly reduced, %
	25.0
	3.6
	< 0.001

	Reduced, %
	53.6
	32.1
	

	Unchanged, %
	19.6
	48.2
	

	Increased, %
	0.0
	14.3
	

	Not applicable, %
	1.8
	1.8
	

	Sleepiness
	
	
	

	Markedly reduced, %
	30.4
	9.1
	0.001

	Reduced, %
	35.7
	29.1
	

	Unchanged, %
	26.8
	50.9
	

	Increased, %
	0.0
	9.1
	

	Not applicable, %
	 7.1
	1.8
	

	Global treatment satisfaction * 
	8 [7-9)
	5 [2-7]
	< 0.001

	Mean side-effects score †
	2 (1-4]
	2 [0-3]
	0.14


Data are expressed as percentages

* Global treatment satisfaction was assessed using a 0–10 visual analog scale

† patients were asked to give a score from 0 to 3 (0, absent; 1, mild; 2, moderate; 3, severe) regarding six common side-effects of oral appliance therapy (jaw pain, tooth pain, muscle stiffness, dry mouth, hypersalivation and occlusal change). A mean side-effects score from 0 to 18 was then calculated(30). 

Table 6: Treatment compliance with effective mandibular advancement device (MAD) versus sham device in 105 patients for whom objective compliance measurement data were available

	
	MAD        (n=52)
	Sham device (n=53)
	P value

	Objective compliance
	
	
	

	Use rate, h/night
	6.6 (1.4)
	5.6 (2.3)
	0.006

	Compliant users *, % 
	96.1
	73.6
	0.001

	Self-reported compliance
	
	
	

	Use rate, h/night
	7.3 (0.9)
	6.8 (1.1)
	0.03

	Compliant users *, % 
	100.0
	97.4
	0.46


* Use rate ≥ 4h/day

Data are expressed as mean (standard deviation) or percentages.
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