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Abstract
Mandibular advancement device (MAD) is an alternative therapeutic option for CPAP to treat obstructive sleep apnea (OSA). 
While MAD showed the better adherence, patients with over moderate OSA have been treated more frequently with CPAP 
despite increasing positive evidence on the cardiovascular outcome with MAD, even in severe patients. Thus, more informa-
tion is needed regarding the cardiovascular and symptomatic outcome of MAD treatment objectively compared to CPAP. 
Forty-five supine-dependent OSA patients (apnea–hypopnea index 20–40/h) were randomized to either CPAP or MAD and 
treated for 8 weeks and switched to another for 8 weeks. The primary endpoint was improvement in the endothelial function, 
indexed by the flow-mediated dilatation (FMD), and the secondary endpoint was the sleep-time blood pressure (BP). The 
duration of MAD use was evaluated objectively by an implanted adherence monitor. Treatment efficacy was also evaluated 
by home sleep monitor and a questionnaire about the symptoms. The adherence was not significantly different (CPAP vs. 
MAD: 274.5 ± 108.9 min/night vs. 314.8 ± 127.0 min/night, p = 0.095). FMD and sleep-time mean BP were not markedly 
changed from the baseline with either approach (CPAP vs. MAD: FMD, + 0.47% ± 3.1% vs. + 0.85% ± 2.6%, p = 0.64; BP, 
− 1.5 ± 5.7 mmHg vs. − 1.2 ± 7.5 mmHg, p = 0.48), although sleepiness, nocturia, and sleep-related parameters were simi-
larly improved and more patients preferred MAD. As MAD and CPAP showed similar effects on cardiovascular outcome 
and symptomatic relief even with a comparable length of usage, we might expect MAD as an alternative treatment option 
for CPAP in this range of OSA group.
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Introduction

Obstructive sleep apnea (OSA) is characterized by the 
recurrent collapses of upper airway, worsening of the sleep 
quality and inducing excessive daytime sleepiness [1]. Fur-
thermore, hypoxia, negative intrathoracic pressure, and the 
frequent arousal caused by OSA activate the sympathetic 
nervous system and deteriorate the endothelial function, 
eventually leading to elevation of the nocturnal as well as 
daytime blood pressure (BP) and atherosclerotic changes 
in the cerebral, cardiac, and systemic arteries [2–4]. OSA, 
therefore, constitutes a strong risk of hypertension, coronary 
artery disease, heart failure, and cerebrovascular disease [5, 
6]. A recent population-based report indicated surprisingly 
high prevalence (49.7% of men and 23.4% of women) of 
OSA with an apnea–hypopnea index (AHI) over 15/h in 
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the general population, suggesting that OSA might have a 
greater impact on general healthcare than previously esti-
mated [7].

For over 30 years, continuous positive airway pressure 
(CPAP) has been the first-line therapeutic option for treat-
ing moderate to severe OSA, improving the subjective 
symptoms and preventing the new onset of hypertension, 
cardiovascular and cerebrovascular diseases and eventually 
reducing the rate of all-cause mortality [8]. A mandibular 
advancement device (MAD) is an alternative and well-
established device for treating OSA that keeps the lower 
jaw at an advanced position to prevent the upper airway 
from collapsing, and its effectiveness in improving OSA 
has been reported in patients with a wide range of severity, 
especially in those with supine-dependent OSA, a low body 
mass index, a female sex, or a relatively young age [9–12]. 
While CPAP can effectively treat even very severe OSA 
patients and numerous studies have shown its efficacy for 
improving the symptomatic and cardiovascular outcomes, 
MAD has been used more in those with mild to moderate 
symptoms or in patients for whom CPAP therapy failed for 
various reasons. However, since recent studies have reported 
the promising efficacy of MAD even in severe OSA patients, 
the recent guidelines for MAD do not restrict its use to only 
patients with mild to moderate symptoms [11, 13–16]. 
Furthermore, the acceptance and adherence to MAD have 
been repeatedly reported to be better than those with CPAP, 
which is an advantage of MAD. However, a problem in such 
studies is that the adherence was mainly assessed with a 
self-reported time of use. Some recent studies have used an 
implantable adherence monitor to evaluate the duration of 
use precisely [13, 17]. Expanding the therapeutic options 
among patients with moderate to severe OSA will, therefore, 
require evidence that MAD and CPAP are similarly effective 
in improving the vascular function or reducing the blood 
pressure (BP) in patients who are suitable for MAD therapy, 
with objectively precise adherence.

To this end, we evaluated the changes in symptoms, 
sleep-related parameters, and major cardiovascular system 
indices, such as the endothelial function and sleep-time BP, 
after crossover treatment with both CPAP and a MAD using 
precise adherence monitoring in moderate to severe OSA 
patients, particularly those in whom MAD was expected 
to be comparably effective with CPAP, such as those with 
supine-dependent OSA.

Methods

Study design and participants

This study was an open label, prospective, randomized, 
crossover trial to test the non-inferiority of MAD to CPAP 

in improving cardiovascular markers. Eligible participants 
were those over 20 years of age who had been diagnosed 
with OSA with an overall apnea–hypopnea index (AHI) of 
20–40/h and supine dependency (defined as the AHI in the 
supine position being more than twice that in other posi-
tions, according to the definition of Joosten et al.) based 
on overnight polysomnography (PSG) at Kyushu University 
Hospital or Saiseikai Futsukaichi Hospital [18].

The reason why we selected 20–40/h for the severity 
of our patients was that though we would like to prove the 
cardiovascular effectiveness of MAD among those with 
as severe as possible OSA patient group, MAD treatment 
would not be ethically allowed in more severe patients 
because CPAP treatment had been established as effective 
treatment in this range of patients.

Other inclusion criteria were as follows: two or more 
symptoms of OSA among nighttime dyspnea, fragmented 
sleep, non-restorative sleep, and excessive daytime sleepi-
ness (EDS).

We excluded patients with a history of OSA treatment, 
those who needed or wanted immediate treatment for OSA, 
those with central sleep apnea (central apnea index > 5/h), 
those with insomnia and hypersomnia from diseases other 
than OSA such as psychophysiological insomnia, primary 
hypersomnia, narcolepsy, recurrent hypersomnia, or idio-
pathic hypersomnia, those with chronic obstructive pulmo-
nary disease or psychological diseases, those contraindicated 
for MAD use due to problems of the teeth or jaw, those 
with symptomatic coronary artery disease or a history of 
cerebrovascular disease, those on hemodialysis, and those 
deemed inappropriate for this study such as patients who 
are difficult to visit regularly or who were judged as not to 
be cooperative to this study by the attending doctors (S.A, 
M.N, H.T). Suitable patients in both facilities were referred 
to the outpatient clinic at the Sleep Apnea Center of Kyushu 
University Hospital from August 2014 to September 2016.

This study was approved by ethics committee of Kyushu 
University Hospital, and written informed consent was 
obtained from all participants. This trial was registered as 
UMIN000014723.

Sleep studies and analyses

Patients who visited each hospital with OSA-related symp-
toms underwent PSG (Neurofax, Nihon Kohden, Tokyo, 
Japan; or Alice 5, Philips-Respironics, Murrysville, PA, 
USA) with electroencephalogram, electro-oculogram, 
submental electromyogram, thoracic and abdominal res-
piratory effort, airflow (nasal-oral thermocouple and nasal 
pressure), pulse oximetry and postures in each hospital. The 
recorded data were scored by registered PSG technicians, 
and respiratory events were defined using the 2007 Ameri-
can Association of Sleep Medicine guidelines [19]. In brief, 
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an apneic event was defined as any reduction in nasal–oral 
thermistor ≥ 90% for over 10 s, and a hypopneic event was 
defined as any reduction in nasal pressure ≥ 50% for over 
10 s associated with arousal or desaturation ≥ 3%. The AHI 
and 3% oxygen desaturation index (3%ODI) were defined as 
the hourly number of apneic and hypopneic events and the 
hourly number of desaturation ≥ 3% events, respectively. We 
also calculated the cumulative oxygen desaturation using the 
time desaturation summation index (TDS) = (100% − aver-
aged arterial oxygen saturation during sleep) × total sleep-
time hours; which we had defined for representing the cumu-
lative hypoxic insult during whole sleeping time judged from 
self-reports of activity and sensors that recorded the body 
movement and illuminance  (Actiwatch®; Phillips Respiron-
ics, Murrysville, PA, USA) [3].

At the end of CPAP and MAD treatment, we evaluated 
the severity of OSA using a home sleep apnea monitor (LS-
120S; Fukuda Lifetec, Tokyo, Japan) equipped with an  SpO2 
sensor, a nasal flow sensor, and an abdominal movement 
sensor. We obtained the respiratory event index (REI), which 
is the total number of apneic and hypopneic events per hour 
of recording time, the 3% ODI, the minimum  SpO2, and 
the mean  SpO2. We analyzed these parameters only during 
sleep by judgement using self-report as same as when TDS 
was calculated.

Ambulatory blood pressure measurement (ABPM)

When the patients were invited to participate in the study 
according to the results of their PSG testing and consented to 
participate, the office BP and heart rate were measured twice 
and averaged, and the ambulatory BP was measured using 
a FB-270 (Fukuda Denshi, Tokyo, Japan) every 30 min 
between 6 a.m. and 9 p.m. and every 60 min otherwise. The 
ABPM was also obtained after the end of treatment with 
CPAP and MAD. Whether a patient was awake or asleep 
was determined by self-reporting.

Measurement of the endothelial function using 
flow‑mediated vasodilatation (FMD)

The forearm endothelial function was evaluated based on 
the FMD response according to the recommendations using 
a cross-sectional ultrasound probe in the forearm (UNEX 
EFR; UNEX, Nagoya, Japan) [20]. FMD was defined as the 
% change in the arterial diameter after arterial occlusion 
for 5 min. We used the FMD method to assess the endothe-
lial function because we have used this method to analyze 
the endothelial function in our previous studies, and FMD 
measurement had showed little variation among observers 
or institutes, since the analysis is performed using a soft-
ware program [21]. The FMD were obtained before the 

randomization and after the end of each treatment with 
CPAP and MAD.

Subjective symptoms and others

Responses to a questionnaire for evaluating EDS were 
obtained using the Japanese version of the Epworth Sleepi-
ness Scale (JESS) (Table 1) [22]. Blood samples were drawn 
to determine the cardiovascular risk factors. The subjective 
symptoms, including nocturia and comfort, were obtained 
using an original questionnaire at the beginning and end of 
the first study (Table 5). The patients’ preference for devices 
was also inquired about at the end of all therapeutic regi-
mens (Table 4). 

Treatment with CPAP and MAD

For CPAP, we used a Sleepmate S9 (Resmed, San Diego, 
CA, USA) or REMstar Pro System One 60 series (Phillips 
Respironics, Murrysville, PA, USA) in automatic pressure 
mode initially set between 4 and 12 cmH2O by referring 
the analysis of the pressure in our institute with a humidi-
fier when needed. We raised the maximum pressure up to 
15 cmH2O in 5 patients at the end of the 4 weeks treatment 
according to the results of the pressure analysis during this 
period. As a MAD, we used a  Somnodent® (Somnomed 
Inc., Sydney, Australia) with a recordable temperature sen-
sor  (Dentitrac®; Braebon Ltd., Ontario, Canada) to objec-
tively record the time of use [23]. MADs were custom-made 
products for each patient and titrated with consideration of 
patient’s comfort and the results of the  SpO2 monitoring.

A dentist at Kyushu University Hospital (HT) took the 
impression and bite registration of the patients and sent it to 
a central laboratory where all the MAD of the manufacturer 
in Japan were made. The maximal advancement was set as 
75% of maximum and vertical opening was decided as mini-
mum of each patient before sending the lab. After the MAD 
being sent back to our institute, the patient was asked about 
the comfortability of jaw and, if there is not any problem, 
the patient start to use it. It took about four weeks as titrated 
period and jaw positions were titrated in reference to the 
patient’s comfort and the data of  SpO2 monitoring which 
performed two weeks after starting of treatment at home. 
We finally evaluated the effects of MAD at the end of the 
MAD-treated period (7–9 weeks after treatment) by a home 
sleep apnea monitor.

Procedures

Participants were randomly assigned to either of two groups 
using computer-generated blocked randomization: CPAP 
first and then switched to MAD (CPAP-MAD group) or the 
opposite order (MAD–CPAP group) (Fig. 1).
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After a test period of 4 (± 1) weeks of each device, we 
checked the time of use objectively using the adherence 
monitors equipped to both devices; this 4 (± 1) week period 
was not included in the later analysis. We defined a patient 
who used the device for > 4 h/night for more than 70% of the 
treatment period as a “well-adherent user” for the device. 
After another 4 weeks of treatment (after 7–9 weeks of treat-
ment in total with each device), we evaluated the objective 
time of use of each device, sleepiness, office BP, ambulatory 
BP, severity of OSA, and subjective symptoms.

Endpoints

The primary endpoint was the change in FMD after treat-
ment. The secondary endpoint was the change in the mean 
sleep-time BP and the correlations between FMD and the 

sleep-related parameters (3% ODI, minimum  SpO2, mean 
 SpO2, and TDS).

Statistical analyses

To prove the non-inferiority of the MAD, we hypothesized 
that the change in FMD would be 4% with a standard devia-
tion of 1% for differences in the rate of change, a 2-sided 5% 
significance level, and a power of 80%. We also hypothesized 
the non-inferiority margin to be 1% [24]. With these assump-
tions and an expected dropout rate of 10%, we considered a 
sample size of nearly 40 participants to be necessary.

Among the 45 patients who were enrolled in the study, we 
could not evaluate the adherence of MAD of 4 patients due 
to possible mechanical problem of sensor and one patient 
due to intolerance for treatment with CPAP and analyzed 
the results of 40 patients (Fig. 1). We then analyzed 17 

Table 1  Baseline characteristics

Values are mean ± standard deviation or percentile
JESS Japanese version of Epworth sleepiness scale, FMD flow-mediated dilatation, AHI apnea–hypopnea 
index, BUN blood urea nitrogen, CRP C-reacted protein, BNP brain natriuretic peptide, HDL cholesterol 
high-density lipoprotein cholesterol, LDL cholesterol low-density lipoprotein cholesterol

Baseline (n = 40) CPAP–MAD 
group (n = 22)

MAD–CPAP 
group (n = 18)

p value (CPAP-MAD 
group vs. MAD–CPAP 
group)

Age 54.9 ± 12.2 52.8 ± 12.3 57.6 ± 11.8 0.19
Male/female 30/10 17/5 13/5 0.73
Height (cm) 166.3 ± 7.2 166.9 ± 8.0 165.5 ± 6.2 0.5
Weight (kg) 73.0 ± 13.4 73.6 ± 15.0 72.2 ± 11.7 0.87
Body mass index 26.3 ± 3.7 26.3 ± 3.5 26.4 ± 4.1 0.79
Systolic BP (mmHg) 128.4 ± 13.2 128.6 ± 13.2 128.0 ± 13.6 0.9
Diastolic BP (mmHg) 82.5 ± 9.2 83.2 ± 9.1 81.6 ± 9.4 0.59
Heart rate (/min) 69.5 ± 9.8 71.0 ± 9.1 67.6 ± 10.6 0.06
JESS 8.5 ± 5.7 8.1 ± 5.9 9.0 ± 5.7 0.65
FMD (%) 3.9 ± 1.9 4.1 ± 1.9 3.7 ± 2.0 0.71
AHI (/h) 28.6 ± 5.5 28.5 ± 5.0 28.6 ± 6.1 0.91
Arousal Index (/h) 32.9 ± 11.8 33.1 ± 11.1 32.7 ± 13.0 0.96
Smoker (%) 25 10 33.3 0.07
Hypertension (%) 37.5 31.8 44.4 0.51
Diabetes (%) 8.1 4.5 11.1 0.43
Heart disease (%) 21 9.1 27.8 0.12
BUN (mg/dL) 13.6 ± 2.9 14.2 ± 3.4 12.9 ± 2.0 0.46
Creatinine (mg/dL) 0.82 ± 0.16 0.85 ± 0.17 0.79 ± 0.15 0.51
Uric acid (mg/dL) 5.9 ± 1.2 6.2 ± 1.2 5.5 ± 0.94 0.06
CRP (mg/dL) 0.07 ± 0.06 0.08 ± 0.08 0.05 ± 0.04 0.15
BNP (IU/L) 16.8 ± 21.2 11.9 ± 8.5 22.9 ± 29.5 0.57
HDL cholesterol (mg/dL) 52.7 ± 12.3 52.2 ± 12.4 53.2 ± 12.5 0.8
Total cholesterol (mg/dL) 197.0 ± 28.2 202.3 ± 30.9 190.4 ± 23.4 0.34
Triglyceride (mg/dL) 143.0 ± 87.1 166.7 ± 102.7 114.1 ± 52.4 0.1
LDL cholesterol (mg/dL) 119.0 ± 26.0 122.0 ± 28.0 115.3 ± 23.4 0.46
Glucose (mg/dL) 99.6 ± 13.3 96.4 ± 8.3 103.6 ± 17.0 0.26
HbA1c (%) 5.9 ± 0.5 5.8 ± 0.3 6.1 ± 0.6 0.16
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“well-adherent users” as described above (10 patients in 
the CPAP-MAD arm and 7 in the MAD–CPAP arm) for a 
sub-analysis.

Statistical analyses were performed using the JMP 12 
software program (SAS Institute Inc., Cary, NC, USA). The 
data are presented as the mean ± standard deviation. A com-
parison between groups was performed using Wilcoxon’s 
test, the χ2 test, and the Steel–Dwass test. p < 0.05 was con-
sidered statistically significant.

Results

Among the 108 eligible participants, 63 were excluded for 
various reasons (Fig. 1). Of the remaining 45 participants, 
23 were allocated to the CPAP–MAD group and 22 to the 

MAD–CPAP group, and 40 participants completed treat-
ments using both devices. Their baseline characteristics are 
shown in Table 1.

On‑treatment analysis

Endpoints

Compared with the initial value, FMD showed no significant 
changes after each therapy (CPAP vs. MAD: + 0.47% ± 3.1% 
vs. + 0.85% ± 2.6%, p = 0.64). This result was within the 
margin of non-inferiority. The changes in the mean sleep-
time BP after each therapy were also not significant and 
comparable (CPAP vs. MAD: −  1.5 ± 5.7  mmHg vs. 
− 1.2 ± 7.5 mmHg, p = 0.48). There was no significant cor-
relation between the changes in the FMD and sleep-related 

Fig. 1  Flowchart regarding 
participant recruitment and 
evaluations (on-treatment)
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parameters (3% ODI, minimum  SpO2, mean  SpO2, or TDS) 
at the end of each therapy.

Effects of treatments on symptoms, other BP 
parameters, sleep‑related parameters, and usage 
time (Table 2)

Daytime sleepiness evaluated using JESS was significantly 
and comparatively improved, and the frequency of nocturia 
changed favorably after each therapy (baseline vs. CPAP 
vs. MAD: 1.4 ± 1.2 vs. 0.71 ± 0.93 vs. 0.78 ± 0.94 times 
per night). All sleep-related parameters (3%ODI, minimum 
 SpO2, mean  SpO2, and TDS) were significantly improved 
by both therapies, and the severity of OSA measured by the 
REI after treatment remained low (REI < 10/h) with both 
treatments, although CPAP was able to reduce the number 
of apneic or hypopneic events (CPAP vs. MAD 4.5 ± 4.9 
vs. 8.9 ± 7.7, p = 0.001), the mean  SpO2, and the TDS more 
effectively than the MAD. The MAD tended to be used 
longer than CPAP (CPAP vs. MAD: 274.5 ± 108.9 min 
vs. 314.8 ± 127.0 min, p = 0.095), but the rate of using 
each device > 4  h/night was similar (CPAP vs. MAD: 

62.7% ± 29.3% vs. 70.8% ± 27.4%, p = 0.14). No BP param-
eters were significantly changed by either therapy.

We also analyzed the time in the supine position while 
asleep and the proportion of time spent in the supine position 
at the end of each therapy. These values were comparable at 
the end of each therapy (time in the supine position while 
asleep each night: CPAP vs. MAD 159.7 ± 119.9 min vs. 
186.5 ± 115.8 min, p = 0.29, the proportion of times spent 
in the supine position at the end of each therapy: CPAP vs. 
MAD 43.4% ± 30.8% vs. 45.0% ± 25.9%, p = 0.61).

Analysis in “well‑adherent users” (Table 3)

We conducted a sub-analysis in only “well-adherent users”, 
excluding 13 of 23 participants in the CPAP–MAD arm and 
15 of 22 participants in the MAD–CPAP arm. Even in this 
analysis, the changes in FMD remained insignificant after 
each therapy, and there were no correlations between FMD 
and any sleep-related parameters, such as the minimum 
 SpO2, mean  SpO2, and TDS. In addition, the BP parameters 
were also not significantly improved by either device. In 
contrast, the daytime sleepiness, 3% ODI, mean  SpO2, and 

Table 2  Changes in sleepiness, endothelial function, blood pressure, sleep parameters, and adherence (on-treatment analysis; N = 40)

Values are shown as mean ± standard deviation
BL baseline, JESS Japanese version of Epworth sleepiness scale, FMD flow-mediated dilatation, SBP systolic blood pressure, DBP diastolic 
blood pressure, HR heart rate, MBP mean blood pressure, REI respiratory event index, ODI oxygen desaturation index, TDS time desaturation 
summation index
*Indicates statistical significance

BL CPAP MAD p (BL vs CPAP) p (BL vs MAD) p (CPAP vs MAD)

JESS 8.5 ± 5.7 5.0 ± 3.6 4.9 ± 3.8 0.01* 0.008* 0.96
FMD 3.9 ± 1.9 4.4 ± 2.3 4.8 ± 2.4 0.74 0.23 0.67
24-h SBP (mmHg) 122.5 ± 12.0 122.1 ± 13.4 121.7 ± 12.4 0.91 0.91 0.99
24-h DBP (mmHg) 79.6 ± 9.1 78.2 ± 9.1 78.0 ± 9.7 0.71 0.58 1.00
24-h MBP (mmHg) 93.9 ± 9.3 92.9 ± 10.0 92.6 ± 10.1 0.86 0.76 0.99
24-h HR (bpm) 72.1 ± 8.4 70.9 ± 7.6 71.3 ± 9.3 0.86 0.88 0.99
Awake SBP (mmHg) 125.9 ± 12.1 125.8 ± 13.2 125.4 ± 13.7 0.97 0.89 0.99
Awake DBP (mmHg) 82.2 ± 9.3 80.9 ± 9.3 81.0 ± 10.2 0.7 0.78 0.99
Awake MBP (mmHg) 96.8 ± 9.5 95.9 ± 9.9 95.8 ± 10.8 0.87 0.8 0.99
Awake HR (bpm) 75.1 ± 9.2 72.5 ± 10.7 74.1 ± 10.0 0.74 0.84 0.99
Sleep SBP (mmHg) 112.1 ± 13.1 111.5 ± 15.3 112.2 ± 12.4 0.88 0.96 0.81
Sleep DBP (mmHg) 72.0 ± 10.3 70.0 ± 11.0 70.1 ± 11.0 0.63 0.71 0.99
Sleep MBP (mmHg) 85.4 ± 10.7 83.8 ± 11.9 84.1 ± 11.0 0.74 0.88 0.96
Sleep HR (bpm) 63.3 ± 8.9 63.1 ± 8.9 62.9 ± 9.1 0.99 0.87 0.99
REI (/h) 4.5 ± 4.9 8.9 ± 7.7 0.001*
3% ODI (%) 19.3 ± 6.3 5.5 ± 4.3 8.7 ± 6.8 < 0.0001* < 0.0001* 0.06
Min  SpO2 (%) 79.6 ± 8.0 88.0 ± 4.8 86.5 ± 5.6 <0.0001* < 0.0003* 0.43
Mean  SpO2 (%) 94.8 ± 1.3 97.6 ± 1.5 96.7 ± 1.7 < 0.0001* < 0.0001* 0.03*
TDS 38.5 ± 11.6 15.1 ± 9.7 20.8 ± 9.7 < 0.0001* < 0.0001* 0.02*
Mean duration of use (min) 274.5 ± 108.9 314.8 ± 127.0 0.095
Rate of use > 4 h per night (%) 62.7 ± 29.3 70.8 ± 27.4 0.15
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TDS were improved by both therapies from the baseline, 
and the severity of OSA measured by the REI after treat-
ment remained < 10/h. Nocturia was favorably affected by 
both treatments.

Similar to the results of the on-treatment analysis, the 
mean duration of device use per night for the MAD was 
longer than that for CPAP, but the rate of using each 
device > 4  h/night was comparable between the two 
therapies.

The treatment preference and the subjective 
impression of the treatment effects (Table 4 
and Table 5)

We compared the preference for devices in several aspects 
using a questionnaire as shown in Table 4. Ultimately, 
patients preferred the MAD to CPAP in all aspects. 
We also evaluated the subjective impression of the 

Table 3  Changes in sleepiness, endothelial function, blood pressure, sleep parameters, and adherence (in 17 well-adherent users)

Values are shown as mean ± standard deviation. Wilcoxon’s test. *Indicates statistical significance
BL baseline, JESS Japanese version of Epworth sleepiness scale, FMD flow-mediated dilatation, SBP systolic blood pressure, DBP diastolic 
blood pressure, HR heart rate, MBP mean blood pressure, REI respiratory events index, ODI oxygen desaturation index, TDS time desaturation 
summation index

BL CPAP MAD p (BL vs CPAP) p (BL vs MAD) p (CPAP 
vs MAD)

JESS 7.4 ± 4.2 4.1 ± 1.9 4.6 ± 4.4 0.04* 0.04* 0.94
FMD 4.1 ± 2.3 4.4 ± 2.3 4.8 ± 2.4 0.99 1.00 0.97
24-h SBP (mmHg) 125.8 ± 11.3 125.3 ± 14.7 124.1 ± 13.7 0.97 0.87 0.99
24-h DBP (mmHg) 79.8 ± 10.8 79.0 ± 10.4 78.8 ± 11.9 0.97 0.97 0.99
24-h MBP (mmHg) 95.2 ± 10.3 94.4 ± 11.1 93.9 ± 11.9 0.96 0.91 0.95
24-h HR (bpm) 69.0 ± 9.8 67.8 ± 8.4 69.2 ± 11.6 0.99 0.99 0.98
Awake SBP (mmHg) 129.0 ± 10.9 128.0 ± 14.6 127.7 ± 14.6 0.96 0.85 0.99
Awake DBP (mmHg) 81.8 ± 10.9 80.5 ± 10.3 81.7 ± 12.6 0.91 1.00 0.98
Awake MBP (mmHg) 97.5 ± 10.2 96.3 ± 10.9 97.1 ± 12.7 0.91 0.99 0.99
Awake HR (bpm) 71.8 ± 10.1 70.6 ± 8.9 71.8 ± 11.9 0.92 0.98 0.95
Sleep SBP (mmHg) 116.8 ± 13.3 116.7 ± 16.3 115.2 ± 14.3 0.98 0.98 0.99
Sleep DBP (mmHg) 74.8 ± 12.1 73.4 ± 12.2 72.1 ± 13.3 0.95 0.87 0.99
Sleep MBP (mmHg) 88.8 ± 12.0 87.8 ± 12.8 86.4 ± 13.0 0.91 0.75 0.99
Sleep HR (bpm) 60.8 ± 10.9 59.9 ± 9.5 61.4 ± 12.2 0.99 0.99 0.98
REI (/h) 5.2 ± 5.9 9.0 ± 9.8 0.06
3% ODI (%) 20.7 ± 7.0 5.9 ± 4.6 9.0 ± 8.2 < 0.0001* 0.0004* 0.33
Min  SpO2 (%) 81.1 ± 8.6 88.1 ± 4.8 86.9 ± 3.87 0.06 0.17 0.09
Mean  SpO2 (%) 94.6 ± 1.4 97.6 ± 0.9 96.8 ± 1.1 < 0.0001* 0.0004* 0.09
TDS 41.0 ± 12.3 16.3 ± 6.6 23.2 ± 8.9 < 0.0001* < 0.0003* 0.06
Mean duration of use (min) 348.1 ± 74.4 396.0 ± 92.1 0.06
Rate of using > 4 h per night (%) 85.0 ± 13.8 88.1 ± 15.0 0.12

Table 4  A comparison of the 
treatment preference between 
CPAP and MAD

*Indicates statistical significance

CPAP better (%) MAD better (%) p

Simplicity in setting and removal 12.9 87.1 < 0.0001*
Comfortability 18.5 81.5 0.0007*
Stability 7.4 92.6 < 0.0001*
Improvement of sleep quality 34.8 65.2 0.14
Time needed to get used to the device 31 69 0.04*
Simplicity of maintenance 20.6 79.4 0.0004*
Appearance of the device 3 97 < 0.0001*
Bedpartner’s acceptance 23.5 76.5 0.03*
Overall satisfaction 25.8 74.2 0.006*
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effectiveness of treatment with each device as shown in 
Table 5. Patients felt that all aspects of their disease were 
improved similarly by both therapies.

Discussion

In this randomized crossover study among moderate to 
severe supine-dependent OSA (AHI: 20–40/h) patients, we 
showed that (1) the endothelial function measured by FMD 
and the ambulatory sleep-time BP were unchanged by treat-
ment with either CPAP or MAD; (2) OSA-related param-
eters, such as the 3% ODI, minimum  SpO2, mean  SpO2, and 
TDS, were significantly improved, and the severity of OSA 
measured by the REI remained low after treatment with both 
therapies; (3) the subjective sleepiness measured by JESS 
was improved, and the average frequency of nocturia was 
reduced by both therapies; (4) the rate of using the device 
for > 4 h/night was comparable, but the objective time of use 
per night of the MAD tended to be longer than that of the 
CPAP; and (5) the patients preferred the MAD to CPAP in 
all aspects as a treatment device but were similarly satisfied 
with both therapies.

Regarding the treatment effect of CPAP for improv-
ing the endothelial function in sleep-disordered breathing 
patients, CPAP has shown constantly favorable effects [25, 
26]. In contrast, findings regarding the effect of a MAD on 
the endothelial function have been controversial. Although 
Itzhaki et al. and Lin et al. reported a positive effect of a 
MAD on the endothelial function, in a recent large-scale 
study comparing the effect of a MAD with that of a sham 
MAD, the endothelial function measured by peripheral arte-
rial tonometry (Endo PAT) was not improved by MAD [13, 
27, 28]. We chose another method (FMD) to evaluate the 
endothelial function that has been also widely used due to its 

established reliability. Under this slightly different measure-
ment condition, we also failed to note any significant benefi-
cial effect on the endothelial function after either CPAP or 
MAD treatment. One possible reason for this negative result 
might be the relatively low severity of OSA in our patients. 
The reason why we recruited the patients with 20–40/h of 
AHI was that we would like to examine the effectiveness of 
MAD on the symptoms and cardiovascular system among 
the patients who are moderate to marginally severe OSA 
patients and chose 30 ± 10/h of AHI. It would have been 
better if we could prove the cardiovascular effectiveness of 
MAD among more severe OSA patient group, but it was not 
allowed ethically when CPAP had been believed to be gold 
standard therapy in severe OSA patients.

Kallianos et  al. reported that the endothelial func-
tion measured by FMD improved from 3.13 ± 3.15 to 
5.40 ± 2.91% after treatment with CPAP for 3 months [29]. 
Considering their result and the already slightly impaired 
FMD (3.9% ± 1.9%) at baseline in our study, the effect of 
treatment by both devices in our study might have been hid-
den by a ceiling effect. As the endothelial function is known 
to be more deteriorated in patients with more severe OSA, 
a study conducted in patients with more severe OSA could 
have shown significant improvement in the FMD after treat-
ment with both devices [3, 29].

While many previous studies have reported a reduc-
tion in the BP, especially by CPAP, and a meta-analysis by 
Bratton revealed a reduction in the BP by both CPAP and 
MAD (CPAP: SBP/DBP − 2.5/2.0 mmHg, MAD: SBP/
DBP − 2.1/1.9 mmHg), we observed no significant reduc-
tion in the BP after OSA treatment with either device [30, 
31]. One reason for these discrepant findings may have been 
the differences in the OSA severity between the patient 
groups (mean baseline AHI in the previous BP meta-analy-
sis = 37.9 ± 14.4/h). Indeed, another meta-analysis suggested 
that the severity of OSA might affect the degree of BP reduc-
tion after CPAP [32]. Furthermore, another previous report 
found that the severity of hypertension before treatment was 
associated with the positive effect of BP reduction [33]. As 
we did not selectively recruit hypertensive patients, only 
37.5% of the participants had hypertension, and the aver-
age BP at baseline of our participants was already within 
the normal range. Here as well, a ceiling effect due to their 
successful medical treatment for hypertension might have 
resulted in our lack of an anti-hypertensive effect of OSA 
treatment. Further studies in patients with an higher BP or 
worse endothelial function may be needed to further evalu-
ate the effects of CPAP and MAD. And it also should be 
extremely important to evaluate the effectiveness for improv-
ing endothelial function and blood pressure in future study 
including more severe OSA patients.

In the present study, we recruited patients with supine 
dependency, since some previous studies have indicated that 

Table 5  The subjective impression of the treatment effects of each 
device

Each number indicates the proportion who felt their symptoms were 
improved or were satisfied with their symptoms after treatment (%)
EDS excessive daytime sleepiness

CPAP (%) MAD (%) p

EDS 91.2 93.9 0.67
Snoring 94.4 95.2 0.91
Unrefreshing sleep 82.9 79 0.67
Morning headache 69.2 83.3 0.41
Mouth dryness 48.3 70.8 0.09
Throat pain 64.3 85.7 0.18
Difficulty sleeping 61.1 66.7 0.76
Disturbed sleep 64.7 71.9 0.53
Nocturia 80 69 0.33
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a MAD can more reduce the AHI among supine-dependent 
patients and we intended to evaluate the effectiveness of 
a MAD in patients for whom we can expect an obvious 
improvement in OSA-related parameters [10, 12, 18]. How-
ever, this might have led to an unexpected bias toward the 
selection of leaner, younger, and ultimately healthier indi-
viduals, which may have unintentionally led to the negative 
results in showing the favorable effects on the FMD and BP.

The degree of hypoxemia has been recently considered 
to be more closely related to the progression of various car-
diovascular diseases than the AHI in OSA patients [34, 35]. 
We, therefore, tried to analyze the relationship between the 
parameters representing the degree of desaturation, such as 
the minimal  SpO2, mean  SpO2, or TDS (an index we devel-
oped to summate the hypoxic burden throughout the night), 
and the change in the BP or FMD [3]. Although the hypoxic 
parameters were significantly improved by both therapies, 
especially by CPAP, we noted no relationship between the 
improvement in the hypoxic parameters and the changes in 
the BP or FMD. This result may also be due to the rela-
tively low-severity desaturation among our patients. Further 
examinations including patients with more severe hypoxia 
may clarify the relationship between hypoxia and the BP or 
endothelial function.

While CPAP has been established as an effective treat-
ment for improving subjective symptoms, its efficacy in 
preventing cardiovascular disease is unclear [36]. McEvoy 
et al. evaluated the effectiveness of CPAP on the cardiovas-
cular system among patients with almost the same severity 
of OSA as in our study and reported a lack of effectiveness 
of CPAP for the secondary prevention of cardiovascular 
events [37]. Another meta-analysis on the effect of treat-
ment including CPAP for OSA and central sleep apnea also 
failed to show a positive impact for the prognostic improve-
ment [38]. However, as implied in the other studies in the 
meta-analysis, a larger-scale study including patients with 
more severe OSA in terms of desaturation and followed for a 
longer duration with higher objective adherence might yield 
different results.

The OSA-related parameters of 3% ODI, mean  SpO2, 
and minimum  SpO2 in our participants showed significant 
improvement, and the severity of OSA as measured by the 
REI remained low after treatment by both CPAP and the 
MAD. Although CPAP resulted in greater improvement in 
OSA-related parameters than the MAD, we believe that the 
improvement achieved with MAD might still be satisfactory, 
as this device reduced OSA-related parameters to the mild 
OSA range with only mild residual desaturation, and the 
sleepiness significantly improved to a degree similar to that 
achieved with CPAP in the present and previous studies [39].

The participants preferred MAD to CPAP in this study 
which was slightly different from the results in previous 
studies. The difference might have occurred due to the 

differences in various factors, such as the personality or 
economic situation of the attending patients [11, 40–42]. 
These results suggest that MAD might be used for a longer 
duration with higher adherence than CPAP, thereby restoring 
satisfactory sleep, even if not completely normal, leading to 
improvement of the subjective symptoms. However, as our 
study suggested, attention should be paid to the fact that 
subjective improvement might not guarantee cardiovascular 
improvement.

Nocturia is considered an important symptom of OSA, 
and the effectiveness of CPAP on relieving nocturia among 
patients with sleep-disordered breathing has been reported 
[43]. Although we had not precisely identified the comor-
bidities which might cause nocturia, such as benign prostate 
hypertrophy and overactive bladder in the questionnaire for 
our patients, we did confirm that MAD improved nocturia 
in our cases similar to the findings of a previous study on 
CPAP treatment.

The strength of the current study is that we used a MAD 
equipped with an implanted temperature monitor to objec-
tively record the duration of use and were thereby able to 
compare the efficacy of treatment precisely with CPAP. Sev-
eral previous reports comparing the adherence of CPAP and 
a MAD found that the adherence to a MAD tended to be 
better than that to CPAP, although the adherence to a MAD 
was evaluated based only on a questionnaire in many stud-
ies. As the adherence of MAD in this study was similar to 
the time reported in the previous literatures [11, 41, 44], we 
believe that our results would be applicable even for other 
type of MAD. To our knowledge, this is the first study to 
compare the outcome of treatment by CPAP and MAD using 
an objective adherence monitor.

In this study, we adopted a 4-week treatment period after 
a 3- to 5-week test use period. It might be rather short but we 
consider that our study period of 3–5 + 4 weeks was appro-
priate for affecting of cardiovascular system and for wash-
ing out the effect of the previous treatment as well, since 
previous studies evaluated the endothelial function after 
2–24 weeks treatment with CPAP or a MAD, and another 
study showed that the BP and heart rate as well as FMD 
began to deteriorate as early as two weeks after the removal 
of OSA treatment [2, 9, 26]. However, while we chose the 
treatment periods based on the findings of previous studies, 
this period might not have been completely sufficient to fully 
evaluate the effects of these devices on the FMD and BP in 
some patients.

Several limitations associated with the present study 
should be mentioned. First, we were unable to precisely 
compare the degree of OSA before and after each treat-
ment because we used polysomnography for the baseline 
evaluation and a home sleep apnea test for the evaluation 
after each treatment. However, although we used different 
devices at baseline and after the treatments, we used the 
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same devices at the end of each therapy, since the main 
purpose of this study was to compare the efficacy of each 
device. We, therefore, believe that our results are reliable 
in terms of the comparison of the influence of the devices. 
Although this might have affected the comparisons of the 
parameters to some extent, we believe that our results 
were never widely skewed for this reason, as the clini-
cal accuracy of home sleep apnea tests has been repeat-
edly shown [45, 46]. Second, our lack of observing any 
significant changes in this patient size might mean that 
the therapeutic effects of MAD and CPAP are practically 
identical. Although there were no significant effects on 
cardiovascular parameters, such as the FMD and BP, in 
our study, a larger study might be required to confirm our 
results. In this study, we did not set the washout period 
between the treatments because we considered the first 
four weeks of each treatment as test period would work 
as a washout period. However, there remains a possibility 
that carry-over effect of each treatment might have affected 
to the result of latter treatment due to the relatively short 
test period.

In conclusion, MAD and CPAP device used for objec-
tively similar durations of treatment showed similar effica-
cies in improving the subjective symptoms and OSA-related 
parameters in moderate to slightly severe OSA patients, 
although neither improved the cardiovascular parameters, 
such as the endothelial function nor ambulatory BP. We, 
therefore, feel that we can confidently recommend a MAD 
as an alternative treatment option for CPAP especially for 
improvement of subjective symptoms and QOL, as we do 
not have to expect favorable effects on cardiovascular param-
eters with either treatment modality in patients with this 
severity of OSA and more patients preferred MAD to CPAP 
in our study.
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