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Obstructive sleep apnea (OSA) is associated with increased cardiovascular morbidity and mortality. This
study systematically reviews the effects of oral appliance therapy (OAT) on a broad spectrum of car-
diovascular outcomes.

A literature search was performed up to December 31st 2016. Twenty-five relevant full-text articles
were retrieved. Sixteen articles were considered methodologically sufficient, including 11 randomized
controlled trials.

Pooled data of the RCTs showed significant reductions in daytime systolic and diastolic blood pressure
compared to baseline, but no significant reductions in heart rate, except for daytime heart rate when
compared to inactive/placebo OAT. OAT and continuous positive airway pressure (CPAP) were equally
effective in reducing blood pressure. Studies assessing the effect of OAT on heart rate variability, circu-
lating cardiovascular biomarkers, and endothelial function and arterial stiffness, generally involved small
numbers of patients, and were heterogeneous and inconclusive. Studies assessing the effect of OAT on
cardiac function showed no effects on echocardiographic outcomes. One observational study showed
that OAT was as effective as CPAP in reducing cardiovascular death.

It could be speculated that OAT may lead to a reduction in long-term cardiovascular morbidity and
mortality in OSA patients. However, further methodologically high quality, longitudinal studies are
warranted to address this key question.

© 2017 Elsevier Ltd. All rights reserved.

Introduction

airflow, causing intermittent hypoxia. This intermittent hypoxia is
believed to set off a chain of events, including activation of the

Obstructive sleep apnea (OSA) is a common (34% of men, 17% of
women) sleep-related breathing disorder in the general adult
population [1]. OSA is the result of repetitive collapse of the upper
airway, leading to flow limitation or complete cessation (apnea) in
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sympathetic nervous system, systemic inflammation [2], oxidative
stress [3], endothelial dysfunction [4], and eventually atheroscle-
rosis [5]. Ultimately, cardiovascular consequences of OSA may
include an increased risk of developing alterations in heart rate
(variability) [6], systemic hypertension [7—9], and cardiovascular
disease, such as myocardial infarction, cardiac arrhythmias, and
stroke [10—18].

Continuous positive airway pressure (CPAP) is an effective
treatment modality for moderate to severe OSA. Extensive litera-
ture on the effects of CPAP on cardiovascular outcomes shows that
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Abbreviations

ABPM  ambulatory blood pressure monitoring
CPAP continuous positive airway pressure
CcvC cutaneous vascular conductance

DBP diastolic blood pressure

ECG electrocardiography

HRV heart rate variability

NT-pro-BNP N-terminal pro-brain-type natriuretic peptide
OAT oral appliance therapy

ODI oxygen desaturation index

OSA obstructive sleep apnea

PSG polysomnography

PWV pulse wave velocity

RCT randomized controlled trial
RDI respiratory disturbance index
SBP systolic blood pressure

CPAP reduces systolic (SBP) and diastolic (DBP) blood pressure [19],
and has a positive effect on inflammation (e.g., reduction of C-
reactive protein and interleukin-6) [20], arterial stiffness [21,22],
and cardiovascular morbidity and mortality [23,24]. However, pa-
tients using CPAP occasionally report discomfort or intolerance,
potentially resulting in reduced therapeutic compliance and,
eventually, reduced effectiveness.

Oral appliance therapy (OAT), which improves upper airway
patency, is an effective alternative for CPAP in mild to moderate
OSA [25,26]. In some cases, OAT may be an effective treatment
in severe OSA as well [27,28]. Depending on the type of OAT
used, oral appliances are well accepted and rated as more
comfortable than CPAP, as reflected by higher therapeutic
compliance [29]. Despite a generally favorable outcome of OAT
in the treatment of OSA, comparative studies focusing on car-
diovascular outcomes, including studies comparing OAT to CPAP,
are relatively scarce [30].

To date, two systematic reviews on the effect of oral appliances
on blood pressure have been published [31,32]. Modest reductions
in blood pressure by OAT compared to baseline [31] and inactive
control therapies [32] were reported. However, systematic reviews
assessing a more complete spectrum of cardiovascular outcomes
are lacking. Therefore, this study aims to systematically review
current literature on the effects of OAT on a broader spectrum of
cardiovascular outcomes; these also include heart rate, heart rate
variability, endothelial function, arterial stiffness, circulating car-
diovascular biomarkers, cardiac function, and cardiovascular
death.

In clinical practice, oral appliances that advance the mandible in
a forward position, i.e., mandibular advancement devices, are used
most often. Therefore, the present study will exclusively focus on
this type of oral appliances.

Methods
Search strategy

A literature search using the databases of PubMed, Embase and
CINAHL, was performed up to December 31st 2016. The following
keywords were used in the search: (obstructive) sleep apnea (or
apnoea), sleep disordered breathing, SAHS, OSA, OSAS, OSAHS,
mandibular advancement, removable orthodontic appliances, or-
thodontic device(s), orthodontic appliance(s), mandibular

advancement, mandibular reposition(er/ing), dental device(s),
dental appliance(s), oral device(s), oral appliance(s), stroke, car-
diovascular disease(s), cardiovascular risk, hypertension, blood
pressure, vascular disease, heart disease, atrial fibrillation, coronary
artery disease, arterial stiffness, cerebrovascular accident, CVA,
transient ischaemic attack, and TIA. Only articles written in English
were selected. Papers evaluating a pediatric population (i.e., age
<18 y) were excluded from the search. A full overview of the spe-
cific searches per database is provided in Appendix 1. Reference list
search of relevant review articles and eligible studies was per-
formed to look for possible missing articles.

Inclusion criteria

Articles to be read in full were selected based on title and ab-
stract. Two independent reviewers (GEV and AH) assessed the
relevance and methodological quality of each full text article. Ab-
stracts were excluded. Full text articles had to meet all following
criteria: 1) studies concerning obstructive sleep apnea patients
with an apnea—hypopnea index (AHI) or respiratory disturbance
index (RDI) >5/h, 2) adult patients (>18 y of age), 3) intervention
with oral appliance alone, or oral appliance compared to another
treatment (placebo, CPAP, lifestyle intervention, surgery), 4) report
on at least one of the following cardiovascular outcomes in the
study: blood pressure, cardiovascular risk, cardiovascular death,
cerebrovascular accident, transient ischaemic attack, myocardial
infarction, cardiovascular disease(s), vascular disease, heart disease,
atrial fibrillation, coronary artery disease, arterial stiffness, endo-
thelial function, ventricular ejection fraction, echocardiography,
and cardiovascular related biochemical outcomes.

Methodological appraisal/quality assessment

After selecting the relevant full text articles, studies were indi-
vidually assessed for methodological quality by two independent
reviewers (GEV and AH) using the ‘quality of study tool’ developed
by Sindhu et al. [33]. The articles were rated on 53 weighted items
in 15 dimensions (i.e., control group, randomization, measurement
of outcomes, design, conclusions, intention-to-treat analysis, sta-
tistical analysis, adherence to protocol, blinding, research question,
follow-up, outcomes, reporting of findings, compliance, other var-
iables) [33]. A maximum sum score of 100 points could be achieved.
To decide whether a study was of sufficient methodological quality,
a preset threshold value of 47 points was set based on the meth-
odology of a previous systematic review on oral appliance therapy
[34]. In a consensus meeting, all articles and their scores were
discussed. In case of a disagreement (based on the sum score), on
whether a study was of sufficient methodological quality, the
specific item-scores were reassessed in a second meeting until
agreement was reached.

Meta-analysis for randomized controlled trials (RCTs)

Statistical analysis

For RCTs that were considered methodologically sufficient, it
was assessed whether the available data could be pooled for a
meta-analysis.

Data were obtained from the tables and text in the original
manuscripts. Standard error (of the mean) was converted into
standard deviation based on the number of participants in the
study. The mean difference with 95% confidence intervals was
calculated for each study.

Review Manager (RevMan version 5.3. Copenhagen, The Nordic
Cochrane Centre, The Cochrane Collaboration, 2014) was used to
produce forest plots. Due to variance in method of assessment and
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sample size, random effects models were used. Data were pooled
for RCTs addressing the same treatment groups (oral appliances vs.
inactive/placebo oral appliances and conservative measures (inac-
tive controls), and oral appliances vs. CPAP).

Heterogeneity among studies was assessed with the Chi?- and -
test. Avalue of I > 50% was considered to indicate a substantial level
of heterogeneity. Sensitivity analyses in meta-analysis consisted of
adding the studies with sufficient methodological quality to the
results of RCTs, and of deleting one study at a time to assess the
influence of a study on the overall result. Funnel plots were created
to check for the existence of publication bias. A p-value of 0.05 was
considered statistically significant for the overall effect size.

In summary, three categories were compiled based on method-
ological quality and study design: 1) insufficient methodological
quality, 2) sufficient methodological quality non-RCT, 3) sufficient
methodological quality RCT. Only studies of sufficient methodolog-
ical quality (second and third category) are outlined in the results.

Results

The PubMed, Embase and CINAHL searches yielded 138, 217, and
22 publications, respectively. After deleting duplicates, the search
resulted in a total of 271 unique publications. Twenty-seven articles
were considered relevant and selected for reading in full. Reference
list analysis rendered one additional article for consideration. Of
the 28 relevant articles, 27 full text articles were available. There
was agreement on 26 of the 27 articles concerning whether or not
the study fulfilled the inclusion criteria mentioned in the Methods
section. Consensus was reached on the remaining article after
critically reassessing the inclusion criteria. A total of three publi-
cations was excluded [25,35,36] and 25 relevant full text articles
were assessed (Fig. 1).

Initial agreement was reached on the methodological quality of
21 out of 25 articles. After consensus meetings, the reviewers
agreed on the methodological quality of all articles. Nine articles
were considered of low [37—45] and 16 articles of sufficient
[46—50] methodological quality, including 11 RCTs (n = 719 pa-
tients) [51—61] (Table 1 shows the study characteristics of articles
with sufficient methodological quality).

In the following sections, results are presented per outcome
measure; first for RCT studies, and second for non-RCT studies of
sufficient methodological quality. Forest plots are displayed for the
available data derived from RCTs.

Cardiovascular outcomes

Blood pressure

Sufficient methodological quality, RCI. Gotsopoulos et al. [51]
compared OAT with an inactive oral appliance (upper arch only)
and found significant reductions in mean 24-h and awake DBP,
measured with 24-h ABPM, with the active oral appliance compared
to the inactive oral appliance after 4 wk of usage (AHI > 10 events/h,
mean AHI 27 events/h, n = 67, 39% on anti-hypertensive medica-
tion). Both mean SBP and mean DBP were reduced during wake-
fulness, but not during sleep (wakefulness and sleep recorded with a
diary).

Barnes et al. [52] evaluated 24-h ambulatory blood pressure as a
secondary parameter in 110 patients with mild to moderate OSA
(5 < AHI < 30 events/h, mean AHI 21.3 events/h, 14.5% with hy-
pertension), of which 80 patients (mean AHI 21.5 events/h)
completed all three study arms (oral appliance, CPAP, placebo
tablet). Only OAT significantly reduced nighttime DBP after
3 mo compared to baseline, CPAP, and the placebo tablet. A sig-
nificant proportion of patients, defined as non-dippers, developed a
normal nocturnal dipping pattern with oral appliance therapy.

Lam et al. [53] randomized 101 patients (5 < AHI < 40 events/h,
mean AHI 214 events/h, 18.8% with hypertension) to one of three
treatment arms (oral appliance, n = 34, mean AHI 20.9 events/h;
CPAP, n = 34, mean AHI 23.8 events/h; conservative measures,
n =33, mean AHI 19.3 events/h). Office blood pressure was measured
in the morning and evening (mean of three measurements). After
10 wk, a significant reduction in morning DBP was seen in the oral
appliance and CPAP group compared to baseline. There was no dif-
ference in effect between both treatment groups.

Gauthier et al. [55] analyzed two types of oral appliances
(Silencer and Klearway) in 19 mild to moderate OSA patients
(5 < RDI < 30 events/h, mean RDI 10.7 events/h, 37.5% with hyper-
tension). Only for the Silencer (after a treatment period of 3 mo,
n = 16, mean baseline RDI 10.0 events/h, range 5—21) a significant
reduction in office DBP was observed. However, differences between
the Silencer and Klearway oral appliance were not significant.

Trzepizuretal. [56] (AHI > 15 events/h, median AHI 40.0 events/h,
n = 12, 42% on anti-hypertensive medication) did not find any
changes in blood pressure (measured with a finger monitor) after
2 mo with either oral appliance or CPAP therapy.

Andrén et al. [57] (AHI > 10 events/h, mean AHI 24) found a
significant reduction in 24-h mean SBP, measured with 24-
h ambulatory blood pressure monitoring (ABPM), exclusively in a
subgroup of hypertensive patients with AHI > 15 events/h at
baseline (n = 46) after 3 mo of active oral appliance treatment
compared to a control group using a sham oral appliance that did
not bring the mandible in a forward position (<0.5 mm).

Phillips et al. [58] (randomized group n = 126: AHI > 10 events/h,
mean AHI 25.6 events/h, range 10.2—68.8, 42% with hypertension)
assessed 24-h ambulatory blood pressure change in 108 OSA pa-
tients, who were subjected to 1 mo each of optimal oral appliance
and CPAP therapy. Only in the hypertensive subgroup (n = 45)
significant reductions in mean SBP and DBP (24-h SBP and DBP,
daytime DBP, nighttime SBP) were found with both oral appliance
and CPAP compared to baseline. No significant differences were
observed between both treatments.

Dal-Fabbro et al. [59] analyzed 24-h ambulatory blood pressure
change in 29 patients (AHI > 20 events/h, mean AHI 42.3 events/h,
31% with hypertension) with 1 mo each of OAT, placebo oral
appliance, and CPAP therapy. None of the blood pressure parame-
ters changed significantly with OAT. In the oral appliance group,
significantly more patients developed a DBP dipping pattern
compared to the CPAP group.

Sharples et al. [60] (n = 90, 5 < AHI < 30 events/h, mean AHI
13.8 events/h, range 2.9—27.7, 26% of patients being treated for
hypertension but no severe and/or unstable cardiovascular disease
at baseline) did not find a reduction in office blood pressure (mean
of three measurements) with any of the oral appliances (SleepPro
1™ (n = 77), SleepPro 2™ (n = 78), bespoke MAD (n = 74)) in mild
to moderate OSA after a 6 wk period, consisting of 2 wk acclima-
tization and 4 wk of treatment.

Glosetal. [61] (AHI > 5 events/h, mean AHI 28.5 events/h, range
10.8—83.6, n = 40) found no significant changes in office SBP after
12 wk with either oral appliance or CPAP therapy. Conversely, office
DBP did change significantly with both oral appliance and CPAP
therapy compared to baseline under spontaneous breathing and
breathing at a fixed rate of 6/min. There were no differences be-
tween the two treatment modalities.

Sufficient methodological quality, non-RCT. Saletu et al. [46]
assessed both the evening and morning blood pressure (type of
measure unknown) during an adaptation night, a night using a
placebo device, and a night using OAT (after 2—3 wk of use), in a
group consisting of seven snorers and 43 OSA patients
(AHI > 5 events/h, mean AHI 16.8 events/h). Morning DBP was
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Identified articles

PubMed search: n=138
Embase search: n=217
CINAHL search: n=22

Unique articles
(after deleting duplicates)
n=271

After screening title and abstract
n=27

— n =244 not fulfilling criteria based
on title and abstract

Full text articles
n=27

— n =1 only abstract available [35]
+ n = 1full text article after
reference list search [55]

Relevant full text articles
n=25

Methodological appraisal
Insufficient: n =9
Sufficient: n =16

— n = 1central sleep apnea [36]
— n = 1no cardiovascular outcome [25]

Considered for meta-analysis
n=11

—n = 5no randomized controlled trial

Fig. 1. Study selection procedure.

significantly lower following the oral appliance night compared to
the placebo night.

Gauthier et al. [47] compared the effect of two types of oral
appliances (Silencer and Klearway) in 14 mild to moderate OSA
patients (5 < RDI < 30 events/h, mean RDI 10.4 events/h) after a
long-term follow-up period of 40.9 mo. Thirteen patients were
normotensive and one patient was hypertensive at baseline. Both
SBP and DBP, measured with a sphygmomanometer, showed a
significant reduction compared to baseline.

Similarly, Lin et al. [49] did not find a significant reduction in
office blood pressure (mean of three measurements) in normoten-
sive, moderately severe to severe OSA patients (AHI > 20 events/h,
mean AHI 31.6 events/h) after a two month follow-up period.

Reduction in office SBP and DBP (mean of two measurements) in
mild to moderate OSA patients (5 < AHI < 30 events/h, mean AHI 22.9
events/h) without preexisting cardiovascular disease after 3 mo and
1y of oral appliance treatment did not reach significance [50].

Pooled RCT data showed a significant reduction with oral
appliance treatment compared to baseline in both daytime SBP

(Fig. 2A, mean change —1.81 mmHg [95% CI —3.58 to —0.03],
p = 0.05) and daytime DBP (Fig. 3A, mean change —2.21 mmHg
[95% CI —3.86 to —0.56], p = 0.009). The larger reduction in blood
pressure with OAT compared to inactive controls (inactive/placebo
oral appliance, conservative measures) did not reach significance
(mean change —1.55 mmHg [95% CI —3.92 to 0.82], p = 0.20, and
mean change —1.14 mmHg [95% CI —2.87 to 0.59], p = 0.20 for
systolic and diastolic blood pressure respectively, Figs. 2B and 3B).
Compared to CPAP therapy, OAT is equally effective in reducing
blood pressure (mean difference in change 0.05 mmHg [95%
Cl -3.06 to 3.16], p = 0.98, and mean difference in change
0.23 mmHg [95% CI —1.60 to 2.06], p = 0.81 for systolic and diastolic
blood pressure, respectively, Figs. 2C and 3C).

However, meta-analysis based on 24-h ABPM and nighttime
data did not show any significant reductions between baseline and
follow-up values (Appendix 2).

Inclusion of the studies with sufficient methodological quality
[46,47,49,50] in the meta-analyses of daytime SBP and DBP had no
influence on the overall effect (mean difference from baseline



Table 1

Overview of the study characteristics of articles with sufficient methodological quality.

Study Study  Study type Sample size Follow-up Mean Male Mean BMI Baseline Hypertension OA type Type of control Endpoints
quality (complete period age sex (kg/m?) AHI/RDI  (medication)
score with OA) (y) (%) (mean (%)
events/h)
Randomized controlled trials
Gotsopoulos 84 RCT 67 (61) 2x4wk 48 79 29.2 AHI > 10 39% Custom-made adjustable Control OA (upper 24 h ABPM
et al.,, 2004 Cross-over (27) bibloc appliance alone) n = 61 Heart rate
[51]
Barnesetal.,, 2004 73 RCT 110 (85) 3x3mo 464 79 31.0 AHI 5-30 15% Custom-made - CPAPn = 89 24 h ABPM
[52] Cross-over (80 completed (21.5) Medical Dental Sleep - Placebo tablet n =90 Pulmonary artery pressure
all three arms) Appliance, RJ. and VK. Bird, and left ventricular mass
Australia (echocardiography)
Lam et al, 2007 69 RCT 101 (34) 10 wk 457 78 274 AHI 5—40 19% Custom-made non-adjustable - CPAP n = 34 Clinical BP
[53] Parallel (21.4) Harvold type - Conservative (morning and evening,
measures n = 33 average of three readings)
Hoekema et al., 61 RCT 28 (12) 2—3 mo 49.7 89 333 AHI > 20 93% Custom-made adjustable CPAPn =13 Left ventricular structure
2008 [54] Parallel (52.2) bibloc and function
Thornton adjustable (echocardiography)
positioner (Airway NT-pro-BNP (venous blood
Management, Inc., Dallas, TX, samples)
USA)
Gauthier et al., 76 RCT 19 (16) 2x3mo 479 69 28.7 RDI 5-30 38% Silencer (Burnaby, British Klearway n = 16 Clinical BP (secondary)
2009 [55] Cross-over (10.0) Columbia)
Klearway (Ottawa, Ontario)
Trzepizur et al., 66 1: Prospective 15(12) 2x2mo  56* 92 29.4* AHI > 30 42% Custom-made adjustable Protocol 1: Endothelial function (laser
2009 [56] follow-up study (40%) bibloc (AMC™, Artech control group Doppler flowmetry)
2: RCT cross-over Medical, Pantin, France) (AHI < 15)n=9 Clinical BP (secondary)
Protocol 2:
CPAPn =12
Andrén et al., 78 RCT 72 (36) 3 mo 58 79 30 AHI > 10 89% Custom-made monobloc Control OA (<0.5 mm) 24 h ABPM
2013 [57] Parallel (24) n=36
Phillips et al., 76 RCT 126 (108) 2x1mo 495 81 295 AHI > 10 42% Somnodent (SomnoMed Ltd.,, CPAP n = 108 24 h ABPM
2013 [58] Cross-over (25.6) Sydney, Australia) Arterial stiffness
(secondary)
Dal-Fabbro et al, 66 RCT 39 (29) 3x1mo 470 83 284 AHI > 20 31% Custom-made - CPAPn =29 24 h ABPM
2014 [59] Cross-over (42.3) adjustable bibloc - Placebo OA n =29 Oxidative stress
Brazilian dental appliance Heart rate variability (ECG
of PSG)
Sharples et al., 73 RCT 90 (74) 6 wk 509 80 30.6* AHI 5-30 26% 1. self-moulded [SleepPro No treatment n = 76 Clinical BP
2014 [60] Cross-over (13.8) 1] (average of three readings)
2 .semibespoke [SleepPro
2TM]
3. fully bespoke [bMAD]
Glos et al,, 2016 58 RCT 48 (40) 2x12wk 495 83 283 AHI >5  unknown Custom-made adjustable CPAP n = 40 Heart rate variability
[61] Cross-over (28.5) bibloc Continuous blood pressure
Somnodent (SomnoMed Baroreceptor sensitivity
Europe AG, Zurich,
Switzerland)
Non randomized controlled trials
Saletu et al., 2007 51 Single blind 50 (50) 2—3 wk 59.7 74 NR AHI >5  unknown Adjustable bibloc (Intraoral none Clinical BP (secondary)
[46] placebo controlled (16.8) Snoring Therapy)
case series
Gauthier et al., 58 Longitudinal 14 (14) 40.9 mo 519 71 NR RDI5-30 7% Custom-made adjustable none Cardiac rhythm (secondary)
2011 [47] design (10.4) - Silencer (Burnaby, British Clinical BP with
Columbia) sphygmomanometer
- Klearway (Ottawa, Ontario) (secondary)

(continued on next page)
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Clinical BP (average of three
recordings) (secondary)
Arterial stiffness (PWV)

Nitric oxide levels (blood
Glucose metabolism

serum)

Inflammation (secondary)
Clinical BP (average of two
recordings) (secondary)

Endpoints
group Fatal cardiovascular events

177
group

(AHI < 5) n = 208
- CPAP group n
- Untreated

n=212
- Controls without OSA Endothelial function (FMD)

Type of control
- Control
n=15
- OA failure n = 11

none

Custom made adjustable
Silensor-sl Erkodent

Custom-made bibloc
Germany

Custom-made

Hypertension OA type
(medication)

(%)

(44.5%#)

(31.6)
AHI 5—30 unknown

AHI >30 51%
(22.9)

AHI/RDI
(mean
events/h)

AHI >20 0%

(kg/m?)
37.1#
283
28.1

sex
80
93

Mean Male Mean BMI Baseline
ge

50.8# 57#

q
50
51.2

Follow-up
period
Median

79 mo (IQR
76—88 mo)
2 mo

3 mo

1y

Sample size
(complete
with OA)
562 (72)
30(19)

18 (15)

Study type
Observational
cohort study
Observational
Prospective study

Study
quality
score
55

51

52

2013 [48]
[50]

[49]
Galic et al., 2016

Anandam et al.,
Lin et al., 2015

Study

Table 1 (continued )
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—1.92 mmHg [95% CI —3.47 to —0.38], p = 0.01 and —2.45 mmHg
[95% CI —3.93 to —0.97], p = 0.001 for SBP and DBP, respectively).
Sensitivity analyses showed a strong influence of the study by
Gotsopoulos [51] on daytime SBP. A small amount of asymmetry
exists in the funnel plot for DBP, but not for SBP (Appendix 2).

Heart rate

Heart rate
Sufficient methodological quality, RCT. Gotsopoulos et al. [51]
assessed the heart rate derived from the 24-h ABPM. Heart rate
during wakefulness was significantly lower after treatment with
the oral appliance compared to the inactive oral appliance (upper
arch only). However, there was no difference between the oral
appliance and the control therapy when asleep.

Dal-Fabbro et al. [59] found no changes in heart rate (24-
h ABPM) after 1 mo of oral appliance treatment compared to
baseline, placebo oral appliance, and CPAP.

pulse wave velocity; RCT = randomized

polysomnography; PWV

Sufficient methodological quality, non-RCT. Saletu et al. [46]
assessed both evening and morning pulse rates during an adapta-
tion night (without any device), a night using a placebo device, and
a night using OAT. The morning pulse rate was significantly lower
after the oral appliance night than after the placebo night.

Gauthier et al. [47] found that pulse rate significantly decreased
at follow-up (mean 40.9 mo) compared to baseline.

Galic et al. [50] assessed heart rate data before, and after 3 mo,
and 1 y of follow-up. There was no significant treatment effect
compared to baseline.

Pooled RCT data showed no significant reductions in heart rate
compared to baseline, inactive controls, and CPAP, except for mean
daytime heart rate when comparing OAT to inactive controls
(Fig. 4B, mean change —2.58 beats/min [95% CI —5.06 to —0.10],
p = 0.04). Sensitivity analyses showed a strong influence of the
study by Gotsopoulos [51] on daytime heart rate when comparing
OAT to an inactive oral appliance. Results based on 24-h ABPM and
nighttime data are shown in Appendix 2.

Including the studies with sufficient methodological quality
[46,47,50] in the meta-analysis of daytime heart rate (comparing
OAT with baseline) had no influence on the overall effect (mean
difference from baseline —1.66 mmHg [95% CI —3.68 to —0.36],
p =0.11).

obstructive sleep apnea syndrome; PSG

oral appliance; OSA =
controlled trial; RDI = respiratory disturbance index; RH-PAT = reactive hyperemia-peripheral arterial tonometry; TBARS = thiobarbituric acid reactive substances.

Heart rate variability (HRV)
Sufficient methodological quality, RCT. Dal-Fabbro et al. [59]
analyzed HRV in 29 patients using the electrocardiography (ECG)
signal derived from polysomnography (PSG). After 1 mo of optimal
therapy with each of the treatment modalities, total power at night
significantly decreased with oral appliance and CPAP compared to
the placebo oral appliance. The ‘high frequency’ (in power ms?/
frequency Hz) at night was significantly reduced for the CPAP group
only. Furthermore, a reduction in the index of sleep autonomic
variation was found exclusively for OAT compared to baseline.

Glos et al. [61] studied the effect of both 12 wk of oral appliance
and CPAP therapy on cardiac autonomic function during daytime
under four conditions of controlled breathing (spontaneous
breathing, 6, 12, and 15/min) using the ECG signal of PSG. R—R in-
terval, low frequency, and low/high frequency ratio values did not
change compared to baseline. The only significant improvement
was found for the high frequency component (power in ms?) under
the 12/min breathing protocol. There were no differences between
the two treatment modalities.

Meta-analysis on HRV was not possible due to a difference in the
units used for the outcome parameter (power ms?/frequency Hz vs.
power ms?).

N-terminal pro-brain-type natriuretic peptide; OA

data displayed for oral appliance group, NR = not reported.

interquartile range; NT-pro-BNP

median, #
Baseline age, gender, BMI, AHI/RDI and percentage hypertension are displayed (for the studies by Lam et al. [53], Andrén et al. [57] and Lin et al. [49], means were calculated based on the data from the randomized groups).

ABPM = ambulatory blood pressure measurement; AHI = apnea—hypopnea index; BP = blood pressure; CPAP = continuous positive airway pressure; ECG = electrocardiography; FMD = flow-mediated dilatation;

IQR

*
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Gotsopoulos et al., 2004 [51]  126.7 13.3 61 1316 11.7 61 15.9% -4.90 [-9.35, -0.45] 2004 -

Lam et al., 2007 [53] 1259 19.2 34 1271 152 34 4.6% -1.20 [-9.43, 7.03] 2007

Gauthier et al., 2009 [55] 123 9.6 19 127.3 122 19 6.4%  -4.30[-11.28, 2.68] 2009 - 1
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B Oral appliance Inactive control Mean Difference Mean Difference
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Andreén et al., 2013 [57] -2.3 105 36 -05 102 36 24.6% -1.80 [-6.58, 2.98] 2013 e
Dal-Fabbro et al., 2014 [59] 29 146 29 14 148 29 9.8% 1.50 [-6.07, 9.07] 2014

Sharples et al., 2014 [60] 28 14 74 -26 138 76 28.4% -0.20 [-4.65, 4.25] 2014
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Heterogeneity: Tau? = 0.00; Chiz = 1.73, df = 4 (P = 0.78); 1= 0% i 1 0 y ) 5 1=0

Test for overall effect: Z = 1.28 (P = 0.20) Favors oral appliance Favors inactive control

C Oral appliance CPAP Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Lam et al., 2007 [53] 1.2 17.2 34 49 14 34 15.4% 3.70 [-3.75, 11.15] 2007 jj'i
Phillips et al., 2013 [58] 0.2 114 108 0.8 114 108 58.8% -0.60 [-3.64, 2.44] 2013

Dal-Fabbro et al., 2014 [59] 29 146 29 0 135 29 16.2% 2.90 [-4.34, 10.14] 2014 -1
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Fig. 2. Mean change in daytime systolic blood pressure (mmHg). A. Oral appliance vs. baseline. B. Oral appliance vs. inactive controls. C. Oral appliance vs. CPAP. Note: CI = confidence interval; IV = inverse variance; SD = standard
deviation; Lam et al.: morning blood pressure was used, inactive control = conservative measures; Glos et al.: data for the spontaneous breathing protocol was used; Gotsopoulos et al.: per protocol analysis (efficacy) n = 61 was used;
Sharples et al.: the bespoke mandibular advancement device (bMAD) was used as primary oral appliance treatment, inactive control = no treatment; Gauthier et al.: the Silencer was used as primary oral appliance treatment.
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A Oral appliance Pre treatment Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Gotsopoulos et al., 2004 [51] 772 938 61 809 8.2 61 17.3% -3.70 [-6.91, -0.49] 2004 -
Lam et al., 2007 [53] 734 117 34 762 122 34 7.2% -2.80[-8.48, 2.88] 2007 —
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Heterogeneity: Tau? = 1.43; Chi? = 9.52, df =7 (P = 0.22); 1> = 26%
Test for overall effect: Z = 2.62 (P = 0.009)
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Oral appliance Pre treatment

B Oral appliance Inactive control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
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Andrén et al., 2013 [57] -25 86 36 -1.2 94 36 17.3% -1.30 [-5.46, 2.86] 2013 i
Dal-Fabbro et al., 2014 [59] 04 105 29 -03 103 29 104% 0.70 [-4.65, 6.05] 2014 -1
Sharples et al., 2014 [60] -0.9 10 74 12 92 76  31.6% 0.30 [-2.78, 3.38] 2014
Total (95% CI) 234 235 100.0% -1.14 [-2.87, 0.59]
Heterogeneity: Tau? = 0.00; Chi2 = 3.86, df = 4 (P = 0.43); I2= 0% X 1 0 + K 5 1=0
Test for overall effect: Z = 1.29 (P = 0.20) Favors oral appliance  Favors inactive control
C Oral appliance CPAP Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Lam et al., 2007 [53] -2.8 12 34 52 117 34 10.6% 2.40 [-3.23, 8.03] 2007 T_
Phillips et al., 2013 [58] -05 83 108 -02 83 108 68.6% -0.30 [-2.51, 1.91] 2013
Dal-Fabbro et al., 2014 [59] 04 105 29 -14 10 29 12.1% 1.80[-3.48, 7.08] 2014 I
Glos et al., 2016 [61] -8.8 155 40 -84 127 40 8.7% -0.40 [-6.61, 5.81] 2016 - 1
Total (95% CI) 211 211 100.0% 0.23 [-1.60, 2.06] ?

Heterogeneity: Tau? = 0.00; Chi? = 1.17, df = 3 (P = 0.76); I> = 0%
Test for overall effect: Z = 0.25 (P = 0.81)

10 5 5 10
Favors oral appliance Favors CPAP

Fig. 3. Mean change in daytime diastolic blood pressure (mmHg). A. Oral appliance vs. baseline. B. Oral appliance vs. inactive controls. C. Oral appliance vs. CPAP. Note:
CI = confidence interval; IV = inverse variance; SD = standard deviation; Lam et al.: morning blood pressure was used, inactive control = conservative measures; Glos et al.: data for
the spontaneous breathing protocol was used; Gotsopoulos et al.: per protocol analysis (efficacy) n = 61 was used; Sharples et al.: the bespoke mandibular advancement device
(bMAD) was used as primary oral appliance treatment, inactive control = no treatment; Gauthier et al.: the Silencer was used as primary oral appliance treatment.

Cardiac function

Sufficient methodological quality, RCT. Barnes et al. [52] used
transthoracic echocardiography to assess the effect of an oral
appliance, CPAP, and a placebo tablet on pulmonary artery pressure
(n = 35) and left ventricular mass (n = 89). None of the treatments
had a significant effect after 3 mo.

Hoekema et al. [54] also used echocardiography to image left
ventricular structures and function in 28 patients with moderate to
severe OSA (AHI > 20 events/h, mean AHI 52.2 events/h) without
cardiovascular disease. Neither OAT nor CPAP therapy had signifi-
cant effects on echocardiographic outcomes, including left ven-
tricular mass after 2—3 mo of follow-up.

Barnes et al. [52] did not provide follow-up data (actual
numbers) for left ventricular mass. Therefore, pooling data for OAT
and CPAP therapy with data from Hoekema et al. [54] was not
possible.

Circulating cardiovascular biomarkers

NT-pro-BNP

Sufficient methodological quality, RCT. Hoekema et al. [54] assessed
N-terminal pro-brain-type natriuretic peptide (NT-pro-BNP) levels
(pg/ml) after 2—3 mo of OAT. Median NT-pro-BNP levels with OAT
decreased significantly compared to CPAP therapy. The authors

stated that their results should be interpreted with caution due to
baseline differences between the oral appliance and CPAP groups.

Oxidative stress

Sufficient methodological quality, RCT. Dal-Fabbro et al. [59] found
no significant changes in most oxidative stress parameters (thio-
barbituric acid reactive substances, erythrocyte superoxide dis-
mutase activity, uric acid, homocysteine, folate, vitamins By and E)
after 1 mo of OAT (or CPAP treatment and placebo) in 29 patients
with an AHI > 20 events/h. Only erythrocyte catalase activity was
significantly lower, and vitamin Bg concentrations were signifi-
cantly higher after OAT compared to baseline. CPAP and placebo
oral appliance resulted in significantly increased levels of vitamins
C and Bg, compared to baseline. The more relevant comparisons
between the groups for erythrocyte catalase activity, vitamins C
and vitamin Bg were not provided.

Sufficient methodological quality, non-RCT. Lin et al. [49] found that
reduced serum levels of nitric oxide derivatives (NOy) restored to
normal after two months of successful OAT.

Inflammatory markers
Sufficient methodological quality, non-RCT. Galic et al. [50] found
that inflammatory markers (high sensitivity C-reactive protein, and
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A Oral appliance Pre treatment Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
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Heterogeneity: Tau? = 0.00; Chi>=0.03, df =1 (P = 0.87); I> = 0%
Test for overall effect: Z = 0.87 (P = 0.38)
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Fig. 4. Mean change in daytime heart rate (beats/min). A. Oral appliance vs. baseline. B. Oral appliance vs. inactive controls. C. Oral appliance vs. CPAP. Note: CI = confidence

interval; IV = inverse variance; SD = standard deviation.

fibrinogen) were reduced after 3 mo, and 1y of treatment with OAT
in mild to moderate OSA patients, with levels of fibrinogen showing
significant reductions.

Due to the heterogeneity of the outcome parameters in circu-
lating cardiovascular biomarkers, a meta-analysis was not possible.

Endothelial function and arterial stiffness

Endothelial function

Sufficient methodological quality, RCT. Trzepizur et al. [56]
measured microvascular endothelial function (cutaneous vascular
conductance (CVQ)) using laser doppler flowmetry combined with
acetylcholine and sodium nitroprusside iontophoresis in two
different protocols (protocol 1: 12 patients with OSA versus nine
controls, protocol 2: 12 OSA patients receiving oral appliance and
CPAP). A significantly higher peak CVC was found in the control
group (AHI < 15 events/h) than in the OSA group after acetylcholine
induced vasodilatation (protocol 1). Both oral appliance and CPAP
treatment resulted in a significant increase in acetylcholine
induced peak CVC, indicating improved endothelial function (pro-
tocol 2) after a treatment period of 2 mo.

Sufficient methodological quality, non-RCT. Lin et al. [49] compared
30 OSA patients with 15 healthy controls. Before treatment, endo-
thelial function, measured by endothelium-dependent flow-medi-
ated dilatation, was lower in OSA patients compared to healthy
controls. After two months of OAT, successful therapy (n = 19)
resulted in a significant improvement of endothelial function,
whereas this positive outcome was not seen in patients categorized
as treatment failures (n = 11). A comparison between groups was
not provided.

Arterial stiffness
Sufficient methodological quality, RCT. Phillips et al. [58] found sig-
nificant reductions in arterial stiffness (aortic augmentation index

measured with sphygmocor) after 1 mo of oral appliance and CPAP
therapy.

Sufficient methodological quality, non-RCT. Galic et al. [50]
assessed arterial stiffness using pulse wave velocity (PWV) in
15 mild to moderate OSA patients. PWV did not change after
3 mo, but decreased significantly after 1 y of oral appliance
treatment compared to baseline, indicating a reduction in arte-
rial stiffness.

Due to the heterogeneity of the outcome parameters and
paucity of studies assessing endothelial function and arterial stiff-
ness, a meta-analysis was not possible.

Cardiovascular events

Sufficient methodological quality, non-RCT. Just one study reported
on morbidity and cardiovascular mortality in OSA. Anandam
et al. [48] investigated 562 subjects with severe OSA (AHI > 30
events/h), who were offered CPAP initially and an oral appliance,
if non-compliant, after 3 mo (n = 461 were available for analysis;
CPAP group n = 177, mean AHI 44.8 events/h; OAT group n = 72,
mean AHI 44.5 events/h; untreated group n = 212, mean AHI
43.4 events/h), and compared this with a control group of 208
subjects (AHI < 5 events/h) for a median follow-up of 79 mo.
They concluded that an oral appliance is as effective as CPAP in
reducing cardiovascular death (hazard ratio 1.08 (95% CI:
0.55—1.74), p = 0.71). Furthermore, cumulative cardiovascular
death was significantly higher in untreated patients than in pa-
tients using an oral appliance (p = 0.047) or CPAP (p < 0.001).

Discussion

OSA is associated with increased cardiovascular morbidity and
mortality, with worse prognosis for patients with higher OSA
severity. Since systematic reviews that assess a complete spectrum
of cardiovascular outcomes, and not only blood pressure, are
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currently lacking, this study was performed to systematically re-
view the available literature on the effects of OAT on blood pressure,
heart rate, heart rate variability, endothelial function, arterial
stiffness, circulating cardiovascular biomarkers, cardiac function,
and cardiovascular death.

Blood pressure

Pooled data based on the RCTs included in our meta-analysis
showed a significant reduction in both daytime SBP (—1.8 mmHg,
p = 0.05) and daytime DBP (—2.2 mmHg, p = 0.009) compared to
baseline values. Oral appliances and CPAP resulted in equal re-
ductions in blood pressure. Inactive control therapy, including
inactive oral appliances, conservative measures (advice to attend a
weight control program when overweight), and placebo tablets
also had a small effect on blood pressure [51,53,57,59,60]. This
could explain why the slightly larger reduction in blood pressure
with OAT was not significantly different from that seen in the
inactive control group.

Nighttime SBP and DBP reductions during OAT were not sta-
tistically significant nor clinically relevant (mean differences
compared to baseline were —0.07 and —0.77 mmHg for SBP and
DBP, respectively; Appendix 2). The study by Hermida et al. [62],
performed in subjects who were normotensive, untreated essential
hypertensive, or resistant to treatment, but otherwise healthy,
showed a 17% reduction in cardiovascular disease risk for every
5 mmHg reduction in mean SBP during sleep (median follow-up of
5.6 y). In addition, mean blood pressure during sleep was found to
be the most significant prognostic marker of cardiovascular disease
morbidity and mortality [62,63]. Although small reductions in
blood pressure might therefore be clinically relevant, the re-
ductions found in our meta-analysis seem too small, and
completely lack any clinical relevance. Major differences between
the study by Hermida et al. [62] and the studies included in the
current meta-analysis are the follow-up period (5.6 y versus
1-3 mo), and the population studied, which might explain the
smaller reduction in blood pressure in our meta-analysis. Further-
more, all studies, except for Gotsopoulos et al. [51], in the present
meta-analysis using 24-h ABPM, defined the nighttime and day-
time period of the 24-h ABPM based on fixed clock hours, without
knowledge about actual sleep.

Compared to an earlier meta-analysis, the beneficial effect of
OAT on blood pressure outcomes was less evident. In the systematic
review by Iftikhar et al. [31], the application of oral appliances
resulted in a lowering of —2.7 mmHg, —2.8 mmHg, and —1.7 mmHg
for SBP, DBP, and nocturnal DBP, respectively, compared to baseline.
This effect was primarily due to the results of the included obser-
vational studies in the meta-analysis. On average, these observa-
tional studies showed larger blood pressure lowering effects than
RCTs, thereby influencing the total effect. Next to the possibility of a
placebo effect, this might partly be explained by the method of
blood pressure measurement used. Most observational studies
used office blood pressure measurements, whereas RCTs more
frequently used 24-h (or 20-h) ABPM. This explains the larger re-
ductions found by Iftikhar et al. [31] compared to the results
observed in the present meta-analysis.

Our analyses differed from those by Bratton et al. [32] in that we
based our blood pressure analyses on 24-h, daytime, and nighttime
measurements. Therefore, the study by Barnes et al. [52] was not
included in our daytime meta-analysis, as their manuscript only
provides 24-h mean SBP and DBP, and nighttime DBP. However, the
overall result did not change when including this study in the meta-
analysis of daytime SBP compared to inactive controls. The small
difference in overall outcome is probably the result of different
methods used for meta-analysis.

Although there is evidence that especially OSA patients with a
non-dipping pattern at night are at higher risk for cardiovascular
events [64], only a few studies assessed the relative reduction in
blood pressure during sleep (dipping versus non-dipping pattern)
resulting from OAT and CPAP therapy. This parameter of 24-h blood
pressure measurement could be of potential value in future
research.

Heart rate (variability)

Increased resting heart rates and reduced HRV may lead to
increased cardiovascular morbidity and mortality [65]. Reducing
heart rate and increasing HRV could therefore be beneficial for
patients. In the present systematic review, pooled data on the
RCTs showed that reductions in heart rate after OAT were larger
during daytime than during nighttime. However, this result was
based on only two RCTs, and only a significant reduction was
found for daytime heart rate when comparing OAT to inactive
controls; a result that was largely driven by the study of Gotso-
poulos et al. [51] (mean change —2.58 beats/min, p = 0.04).
Furthermore, in most subjects, despite having OSA, daytime heart
rates are higher than nocturnal heart rates. As heart rate reduction
usually is displayed in absolute values (beats/min), and not in
percentage reduction, daytime heart rate can show larger re-
ductions. The heart rate reductions with OAT were comparable to
those found with CPAP [66].

In addition, there are studies showing a reduced HRV in OSA
patients compared to controls without OSA [6,67,68]. Research on
the effect of OAT on HRV is limited. Only four studies [37,40], of
which two RCTs [59,61] analyzed the effect of OAT on HRV. Those
two RCTs showed some beneficial effects on different outcome
parameters. A closer look at the available literature suggests that
frequency domain parameters (such as low frequency divided by
high frequency, representing the ratio of sympathetic to para-
sympathetic activity) are more valuable to measure than time
domain parameters, as time domain parameters only provide
limited data on the function of the autonomic nervous system [6].
Thus, there appears to be some favorable effects, but data are too
limited and results are too heterogeneous to draw definitive
conclusions.

Cardiac function

Only two studies investigated the effect of OAT on cardiac
function. Both Hoekema et al. [54] and Barnes et al. [52] assessed
left ventricular mass and did not find any effect of oral appliance on
this heart function parameter after 3 mo of treatment. Literature on
the effect of CPAP therapy on right and left ventricular remodeling
and performance is also limited and inconclusive. Positive effects
found with CPAP were observed in studies with a follow-up of at
least 6 mo [69,70].

To date, there is a lack of good quality (RCT) data assessing the
effect of OAT on cardiac arrhythmias. This is a prominent finding,
as there is accumulating evidence recognizing the association
between OSA and cardiac arrhythmias, in particular atrial fibril-
lation [18]. Given the low incidence of atrial fibrillation in OSA,
long-term studies are needed to demonstrate relevant risk
reduction.

Circulating cardiovascular biomarkers

A few studies addressed the effect of OAT on circulating car-
diovascular biomarkers. Our search profile for this systematic re-
view did not include specific keywords for those markers, such as
‘inflammation’ or ‘metabolic’. Due to this limitation one study on
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inflammatory and hemostatic markers [71] was not included in this
systematic review. Regardless, even when taking this study into
account, there are only a few studies considering the effect of OAT
on circulating cardiovascular biomarkers; these studies are gener-
ally small and very heterogeneous with respect to their outcomes
[49,50,54,59]. Therefore, further research is needed to elucidate the
effects of OAT on circulating cardiovascular biomarkers and their
clinical relevance.

Endothelial function and arterial stiffness

More consistent results have been observed with regard to the
effects of oral appliances on arterial stiffness. Although meta-
analysis on endothelial function and arterial stiffness was not
possible, it appears that OAT improves these vascular measures.
Interestingly, a recent study [72], published after our literature
search (December 2016), showed that OAT reduced OSA severity
and related symptoms, but had no effect on endothelial function
and blood pressure, despite high treatment compliance, in
moderately sleepy patients with severe OSA. The evidence for CPAP
is more extensive as two meta-analyses have demonstrated
decreased arterial stiffness using this strategy [21,22].

Cardiovascular events

To date, only one study [48] assessed the effect of OAT on car-
diovascular events. Anandam et al. [48] concluded that an oral
appliance is as effective as CPAP in reducing cardiovascular death.
However, this was not an RCT and selection bias may have occurred.
A study directly comparing cardiovascular event rates is important,
but will probably require many patients and certainly long-term
follow-up.

The effect of CPAP on cardiovascular events and mortality has
been studied more extensively; two meta-analyses showed positive
effects of CPAP therapy [23,24]. Conversely, a recent RCT by McEvoy
et al. (SAVE study [73]) showed contradictory results in that CPAP
therapy did not prevent cardiovascular events. Relative low compli-
ance (mean usage of 3.3 h) could have prevented beneficial effects. As
suggested by a post hoc analysis by Barbé et al. [74], patients with
sufficient CPAP use, i.e., at least 4 h, may have lower incidence of
cardiovascular events than patients with low compliance.

General issues

ODI vs. AHI

There are some general issues to consider when evaluating the
effects of OAT on cardiovascular outcomes. There is debate about
whether the best respiratory parameter to be used is the AHI or
the oxygen desaturation index (ODI). Due to the formula of AHI,
every apnea and/or hypopnea contributes to the ‘weight’ of this
outcome measure to the same extent. Therefore, when consid-
ering cardiovascular outcomes, total duration of apneas and/or
hypopneas per minute, hour, or the amount of time spent under a
certain saturation threshold, might be a better measure of
outcome than AHI. ODI could potentially provide more predictive
information on cardiovascular effects in OSA patients, as the ODI
scores the events of reductions in blood oxygen levels irrespective
whether cessation in airflow is taking place. Intermittent hypoxia
is thought to evoke a chain of cardiovascular responses. For
example, data from the European sleep apnoea database (ESADA)
cohort showed that ODI, and not AHI, was an independent

predictor of prevalent hypertension [75]|. ODI can be further
classified based upon a >3% or >4% desaturation. A large retro-
spective study [76] assessed the relation between different ODI
cutoff values, BMI, and AHI and found that >3% ODI performed
best at predicting moderate and severe (AHI > 15 events/h) OSA
and was better than >4% ODI when examining non-obese sub-
jects. However, Punjabi et al. [77] demonstrated that hypopneas
and ODI defined based on a threshold of oxyhemoglobin desatu-
ration of at least 4% were associated with cardiovascular disease,
and that no association was found between cardiovascular disease
and hypopneas and ODI based on milder (i.e., 2 or 3%) desatura-
tions. In addition, the study by Tkacova et al. [75] showed that
using the >4% oxyhemoglobin desaturation cutoff value was more
predictive of arterial hypertension than the >3% desaturation
cutoff value. Therefore, when measuring cardiovascular end-
points, the >4% oxyhemoglobin desaturation cutoff value might
be better to use than the >3% desaturation cutoff value.

Compliance

Another issue is the compliance factor in OSA intervention
trials. Oral appliances are considered less effective than CPAP, but
are usually thought to be better tolerated, resulting in higher
compliance rates. Grote et al. [ 78] introduced the concept of ‘mean
disease alleviation’, which combines compliance and efficacy. We
did not perform a meta-regression analysis for possible con-
founding factors, such as compliance rates. It might be interesting
to assess the ‘mean disease alleviation’ in future research to
incorporate the effect of compliance in therapeutic efficacy. Un-
fortunately, OAT often lacks the technology to assess objective
daily compliance. Response effects can only be interpreted if
compliance data can be shown. Due to the lack of objective
compliance data in the OAT studies included, any interpretation of
being effective or not is preliminary and inconclusive. However
recently, compliance monitors have become available for OAT,
allowing direct comparison between objective OAT and CPAP
compliance in future studies.

Generalization of results

Furthermore, duration of the treatment period, the effect of
medication and e.g., blood pressure levels at baseline could have
influenced results as well. The follow-up periods used in the RTCs
discussed in this systematic review, were between 1 and 3 mo,
which may be too short to result in clinically relevant effects.
Required follow-up periods in order to measure any effect(s) on
specific cardiovascular outcomes are unknown. Studies assessing
effects at different time points during a long-term follow-up
period, for example 5—10 y, may shed some light on this topic.
Furthermore, some cardiovascular damage may be irreversible
and therefore, the time period between OSA onset and OSA
diagnosis may have a large effect on study outcomes. An impor-
tant finding is that most studies (observational and RCT) included
patients with hypertension or patients on anti-hypertensive
medication. Several studies found a significant reduction in
blood pressure with OAT exclusively in the hypertensive sub-
group [43,57,58]. Ideally, 24-h ABPM should be used for the
diagnosis of and treatment effects on hypertension instead of
office blood pressure [79]. However, as mentioned above, most
studies that found a significant reduction in blood pressure
assessed the office blood pressure, which may lead to an over-
estimation of the percentage of patients with hypertension at
baseline, due to the white coat effect. As OAT is expected to
reduce the activation of the sympathetic nervous system, thereby
reducing the white coat effect, a larger reduction of blood
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pressure could be expected at follow-up when office blood
pressure rather than 24-h ABPM is used.

A strength of this meta-analysis is the fact that only methodo-
logically sound RCTs were included, thereby excluding a substantial
amount of studies. When taking a close look at the results of the
insufficient methodological quality studies compared to the RCTSs, it
can be concluded that on average the observational studies of
insufficient methodological quality demonstrate larger effects.
When including those studies in the meta-analysis it could result in
an overestimation of the effect of OAT.

However, the field of oral appliance therapy (and this sys-
tematic review) faces the problem of generalizing conclusions
from small studies in a limited range of mild to moderately severe
OSA, to the complete spectrum of sleep-disordered breathing.
Studies assessing the effects of OAT are characterized by selection
bias. In many studies OAT is provided after CPAP failure.
Furthermore, OAT often is not a (primary) treatment option due to
dental criteria, patient preference, intolerance for intraoral ob-
jects, temporomandibular disorders, or local reimbursement cir-
cumstances. This results in a sample mixture including mild OSA,
but also more severe to very severe OSA. On the other hand, there
is a close association between OSA severity and cardiovascular
effects. Therefore, the way of sampling complicates in depth
conclusions and precludes to make final conclusions. Moreover, as
mentioned above, most studies included patients with arterial
hypertension and/or using anti-hypertensive medication. Again,
depending on the mixture of these types of patients in the study,
findings will be in favor of blood pressure lowering effects of OAT
or not.

Due to the heterogeneity of the outcome measures, the different
methods used to analyze those outcomes, and on top of that the
small number of studies on certain topics, meta-analyses could not
be performed for heart rate variability, cardiac function, circulating
cardiovascular biomarkers, and vascular outcomes. This may have
resulted in an incomplete overview of the data. Importantly, this
underscores the need for more well designed RCTs to evaluate the
effect of OAT on cardiovascular outcomes.

Conclusion

OAT has positive but minor effects on mean daytime SBP and
DBP. In some patients, OAT and CPAP can be equally effective in
reducing blood pressure. In addition, mean daytime heart rate
improves with OAT compared to inactive/placebo oral appli-
ances. Of note, this result was based on only two RCTs. Studies
assessing the effect of OAT on heart rate variability, circulating
cardiovascular biomarkers, and endothelial function and arterial
stiffness, generally involved small numbers of patients, and were
heterogeneous and inconclusive. Merely two studies assessed
the effect of OAT on cardiac function, neither showed effects on
echocardiographic outcomes. Only one observational study
assessed the effect of OAT on cardiovascular events and showed
that OAT was as effective as CPAP in reducing cardiovascular
death.

It could be speculated that OAT may lead to a reduction in (long-
term) cardiovascular morbidity and mortality in OSA patients.
However, scientific research in the field of OAT struggles with
generalizing conclusions due to selection bias, and small studies in
a limited range of OSA severity, combined with a close association
between OSA severity and cardiovascular effects.

The results of this review underscore the need for more well
designed RCTs to evaluate the effect of OAT on cardiovascular out-
comes in a larger range of OSA severity. Large databases are war-
ranted to be able to pool individual data and show effects in
different subgroups of OSA patients.

Practice points

1) There is a scarcity of good data on cardiovascular out-
comes in more severe OSA, which is remarkable given
the relatively abundant data on the clinical efficacy of
oral appliance therapy on many clinical domains in the
treatment of obstructive sleep apnea;

2) Oral appliance therapy has beneficial, but minor, effects
on daytime systolic and diastolic blood pressure
compared to baseline, and on daytime heart rate
compared to inactive therapies;

3) Studies assessing the effect of oral appliance therapy on
endothelial function and arterial stiffness, circulating
cardiovascular biomarkers, cardiac function, and heart
rate variability, generally involve small numbers of pa-
tients, and are heterogeneous and inconclusive;

4) To date, only a limited number of studies have been
conducted (both RCT and non-RCT) that assess more
burdensome and expensive measurements, such as
endothelial function and arterial stiffness, circulating
cardiovascular biomarkers, and cardiac function.

Research agenda

1) Future research should focus on the long-term effects
(e.g., 10 y) of oral appliance therapy on cardiovascular
outcomes, including morbidity and mortality;

2) More research directly comparing the effect(s) of
continuous positive airway pressure and oral appliance
therapy on these outcomes is needed.

Conflicts of interest

The authors do not have any conflicts of interest to disclose.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.smrv.2017.10.004.

References

[1] Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM. Increased
prevalence of sleep-disordered breathing in adults. Am ] Epidemiol 2013;177:
1006—14.

Nadeem R, Molnar ], Madbouly EM, Nida M, Aggarwal S, Sajid H, et al. Serum

inflammatory markers in obstructive sleep apnea: a meta-analysis. ] Clin

Sleep Med 2013;9:1003—12.

Eisele HJ, Markart P, Schulz R. Obstructive sleep apnea, oxidative stress, and

cardiovascular disease: evidence from human studies. Oxid Med Cell Longev

2015;2015:608438.

[4] Hoyos CM, Melehan KL, Liu PY, Grunstein RR, Phillips CL. Does obstructive
sleep apnea cause endothelial dysfunction? A critical review of the literature.
Sleep Med Rev 2015;20:15—26.

[5] Drager LF, Polotsky VY, Lorenzi-Filho G. Obstructive sleep apnea: an emerging
risk factor for atherosclerosis. Chest 2011;140:534—42.

2

[3

1 The most important references are denoted by an asterisk.


https://doi.org/10.1016/j.smrv.2017.10.004
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref1
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref1
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref1
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref1
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref2
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref2
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref2
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref2
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref3
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref3
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref3
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref4
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref4
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref4
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref4
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref5
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref5
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref5

[6] Kim YS, Kim SY, Park do Y, Wu HW, Hwang GS, Kim HJ. Clinical implication of

[7

(8

[9]
[10]

[11]

(12]

[13]

[14]

(15]

[16]
[17]
[18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

G.E. de Vries et al. / Sleep Medicine Reviews 40 (2018) 55—68 67

heart rate variability in obstructive sleep apnea syndrome patients.
] Craniofac Surg 2015;26:1592—5.

Pedrosa RP, Drager LF, Gonzaga CC, Sousa MG, de Paula LK, Amaro AC, et al.
Obstructive sleep apnea: the most common secondary cause of hypertension
associated with resistant hypertension. Hypertension 2011;58:811—7.

Marin JM, Agusti A, Villar I, Forner M, Nieto D, Carrizo SJ, et al. Association
between treated and untreated obstructive sleep apnea and risk of hyper-
tension. JAMA 2012;307:2169-76.

Floras JS. Hypertension and sleep apnea. Can ] Cardiol 2015;31:889—97.
Peker Y, Hedner J, Norum J, Kraiczi H, Carlson ]. Increased incidence of car-
diovascular disease in middle-aged men with obstructive sleep apnea: a 7-
year follow-up. Am ] Respir Crit Care Med 2002;166:159—65.

Bradley TD, Floras JS. Sleep apnea and heart failure: part I: obstructive sleep
apnea. Circulation 2003;107:1671-8.

Marin JM, Carrizo SJ, Vicente E, Agusti AG. Long-term cardiovascular out-
comes in men with obstructive sleep apnoea-hypopnoea with or without
treatment with continuous positive airway pressure: an observational study.
Lancet 2005;365:1046—53.

Yaggi HK, Concato ], Kernan WN, Lichtman JH, Brass LM, Mohsenin V.
Obstructive sleep apnea as a risk factor for stroke and death. N Engl ] Med
2005;353:2034—41.

Mehra R, Benjamin EJ, Shahar E, Gottlieb DJ, Nawabit R, Kirchner HL, et al.
Association of nocturnal arrhythmias with sleep-disordered breathing: the
Sleep Heart Health Study. Am ] Respir Crit Care Med 2006;173:910—6.
Somers VK, White DP, Amin R, Abraham WT, Costa F, Culebras A, et al. Sleep
apnea and cardiovascular disease: an American Heart Association/American
College of Cardiology Foundation Scientific Statement from the American
Heart Association Council for High Blood Pressure Research Professional
Education Committee, Council on Clinical Cardiology, Stroke Council, and
Council on Cardiovascular Nursing. In collaboration with the National Heart,
Lung, and Blood Institute National Center on Sleep Disorders Research (Na-
tional Institutes of Health). Circulation 2008;118:1080—111.

Bradley TD, Floras JS. Obstructive sleep apnoea and its cardiovascular con-
sequences. Lancet 2009;373:82—-93.

Kasai T, Floras JS, Bradley TD. Sleep apnea and cardiovascular disease: a
bidirectional relationship. Circulation 2012;126:1495—510.

Al-Falahi Z, Williamson ], Dimitri H. Atrial fibrillation and sleep apnoea: guilt
by association? Heart Lung Circ 2017;26:902—10.

Bazzano LA, Khan Z, Reynolds K, He ]. Effect of nocturnal nasal continuous
positive airway pressure on blood pressure in obstructive sleep apnea. Hy-
pertension 2007;50:417—23.

Baessler A, Nadeem R, Harvey M, Madbouly E, Younus A, Sajid H, et al.
Treatment for sleep apnea by continuous positive airway pressure improves
levels of inflammatory markers - a meta-analysis. J Inflamm (Lond)
2013;10(13). 9255—-10-13. eCollection 2013.

Vlachantoni IT, Dikaiakou E, Antonopoulos CN, Stefanadis C,
Daskalopoulou SS, Petridou ET. Effects of continuous positive airway pressure
(CPAP) treatment for obstructive sleep apnea in arterial stiffness: a meta-
analysis. Sleep Med Rev 2013;17:19—28.

Lin X, Chen G, Qi J, Chen X, Zhao J, Lin Q. Effect of continuous positive
airway pressure on arterial stiffness in patients with obstructive sleep
apnea and hypertension: a meta-analysis. Eur Arch Otorhinolaryngol
2016;273:4081-8.

Guo ], Sun 'Y, Xue LJ, Huang ZY, Wang YS, Zhang L, et al. Effect of CPAP therapy
on cardiovascular events and mortality in patients with obstructive sleep
apnea: a meta-analysis. Sleep Breath 2016;20:965—74.

FuY, Xia Y, Yi H, Xu H, Guan J, Yin S. Meta-analysis of all-cause and cardio-
vascular mortality in obstructive sleep apnea with or without continuous
positive airway pressure treatment. Sleep Breath 2017;21:181-9.

Hoekema A, Stegenga B, Wijkstra PJ, van der Hoeven JH, Meinesz AF, de
Bont LG. Obstructive sleep apnea therapy. ] Dent Res 2008;87:882—7.

Doff MH, Hoekema A, Wijkstra PJ, van der Hoeven JH, Huddleston Slater JJ, de
Bont LG, et al. Oral appliance versus continuous positive airway pressure in
obstructive sleep apnea syndrome: a 2-year follow-up. Sleep 2013;36:
1289-96.

Gjerde K, Lehmann S, Berge ME, Johansson AK, Johansson A. Oral appliance
treatment in moderate and severe obstructive sleep apnoea patients non-
adherent to CPAP. ] Oral Rehabil 2016;43:249—58.

Serra-Torres S, Bellot-Arcis C, Montiel-Company ]JM, Marco-Algarra J,
Almerich-Silla JM. Effectiveness of mandibular advancement appliances in
treating obstructive sleep apnea syndrome: a systematic review. Laryngo-
scope 2016;126:507—14.

Sutherland K, Vanderveken OM, Tsuda H, Marklund M, Gagnadoux F,
Kushida CA, et al. Oral appliance treatment for obstructive sleep apnea: an
update. ] Clin Sleep Med 2014;10:215—-27.

Van Haesendonck G, Dieltjens M, Kastoer C, Shivalkar B, Vrints C, Van De
Heyning CM, et al. Cardiovascular benefits of oral appliance therapy in
obstructive sleep apnea: a systematic review. ] Dent Sleep Med 2015;2:9—14.
Iftikhar IH, Hays ER, Iverson MA, Magalang U], Maas AK. Effect of oral ap-
pliances on blood pressure in obstructive sleep apnea: a systematic review
and meta-analysis. ] Clin Sleep Med 2013;9:165—74.

Bratton DJ, Gaisl T, Wons AM, Kohler M. CPAP vs mandibular advancement
devices and blood pressure in patients with obstructive sleep apnea: a sys-
tematic review and meta-analysis. JAMA 2015;314:2280—-93.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

*[51]

*[52]

[53]

[54]

[55]

[56]

571

*[58]

Sindhu F, Carpenter L, Seers K. Development of a tool to rate the quality
assessment of randomized controlled trials using a Delphi technique. ] Adv
Nurs 1997;25:1262-8.

Hoekema A, Stegenga B, de Bont LG. Efficacy and co-morbidity of oral ap-
pliances in the treatment of obstructive sleep apnea-hypopnea: a systematic
review. Crit Rev Oral Biol Med 2004;15:137—55.

Eskafi M. Sleep apnoea in patients with stable congestive heart failure an
intervention study with a mandibular advancement device. Swed Dent ]
Suppl 2004;168:1-56.

Eskafi M, Cline C, Nilner M, Israelsson B. Treatment of sleep apnea in
congestive heart failure with a dental device: the effect on brain natriuretic
peptide and quality of life. Sleep Breath 2006;10:90—7.

Shiomi T, Guilleminault C, Sasanabe R, Hirota I, Maekawa M, Kobayashi T.
Augmented very low frequency component of heart rate variability during
obstructive sleep apnea. Sleep 1996;19:370—7.

Yoshida K. Effect on blood pressure of oral appliance therapy for sleep apnea
syndrome. Int ] Prosthodont 2006;19:61—6.

Otsuka R, Ribeiro de Almeida F, Lowe AA, Linden W, Ryan F. The effect of oral
appliance therapy on blood pressure in patients with obstructive sleep ap-
nea. Sleep Breath 2006;10:29—36.

Coruzzi P, Gualerzi M, Bernkopf E, Brambilla L, Brambilla V, Broia V, et al.
Autonomic cardiac modulation in obstructive sleep apnea: effect of an oral
jaw-positioning appliance. Chest 2006;130:1362—8.

Itzhaki S, Dorchin H, Clark G, Lavie L, Lavie P, Pillar G. The effects of 1-year
treatment with a herbst mandibular advancement splint on obstructive
sleep apnea, oxidative stress, and endothelial function. Chest 2007;131:
740—-9.

Andren A, Sjoquist M, Tegelberg A. Effects on blood pressure after treatment
of obstructive sleep apnoea with a mandibular advancement appliance - a
three-year follow-up. ] Oral Rehabil 2009;36:719—25.

Lam B, Sam K, Lam JC, Lai AY, Lam CL, Ip MS. The efficacy of oral appliances in
the treatment of severe obstructive sleep apnea. Sleep Breath 2011;15:
195-201.

Yalamanchali S, Salapatas AM, Hwang MS, Pott TR, Lundgren ME, Joseph NJ,
et al. Impact of mandibular advancement devices on C-reactive protein
levels in patients with obstructive sleep apnea. Laryngoscope 2015;125:
1733—6.

Sekizuka H, Osada N, Akashi Y]. Effect of oral appliance therapy on blood
pressure in Japanese patients with obstructive sleep apnea. Clin Exp
Hypertens 2016;38:404—8.

Saletu A, Anderer P, Parapatics S, Matthai C, Matejka M, Saletu B. Effects of a
mandibular repositioning appliance on sleep structure, morning behavior
and clinical symptomatology in patients with snoring and sleep-disordered
breathing. Neuropsychobiology 2007;55:184—93.

Gauthier L, Laberge L, Beaudry M, Laforte M, Rompre PH, Lavigne GJ.
Mandibular advancement appliances remain effective in lowering respiratory
disturbance index for 2.5-4.5 years. Sleep Med 2011;12:844—9.

Anandam A, Patil M, Akinnusi M, Jaoude P, El-Solh AA. Cardiovascular mor-
tality in obstructive sleep apnoea treated with continuous positive airway
pressure or oral appliance: an observational study. Respirology 2013;18:
1184-90.

Lin CC, Wang HY, Chiu CH, Liaw SF. Effect of oral appliance on endothelial
function in sleep apnea. Clin Oral Investig 2015;19:437—44.

Galic T, Bozic ], Ivkovic N, Gunjaca G, Ticinovic TK, Dogas Z. Effects of
mandibular advancement device treatment on arterial stiffness and glucose
metabolism in patients with mild to moderate obstructive sleep apnea: a
prospective 1 year study. Sleep Breath 2016;20:69—77.

Gotsopoulos H, Kelly JJ, Cistulli PA. Oral appliance therapy reduces blood
pressure in obstructive sleep apnea: a randomized, controlled trial. Sleep
2004;27:934-41.

Barnes M, McEvoy RD, Banks S, Tarquinio N, Murray CG, Vowles N, et al.
Efficacy of positive airway pressure and oral appliance in mild to moderate
obstructive sleep apnea. Am ] Respir Crit Care Med 2004;170:656—64.

Lam B, Sam K, Mok WY, Cheung MT, Fong DY, Lam JC, et al. Randomised study
of three non-surgical treatments in mild to moderate obstructive sleep
apnoea. Thorax 2007;62:354—9.

Hoekema A, Voors AA, Wijkstra PJ, Stegenga B, van der Hoeven JH, Tol CG,
et al. Effects of oral appliances and CPAP on the left ventricle and natriuretic
peptides. Int ] Cardiol 2008;128:232—-9.

Gauthier L, Laberge L, Beaudry M, Laforte M, Rompre PH, Lavigne GJ. Efficacy
of two mandibular advancement appliances in the management of snoring
and mild-moderate sleep apnea: a cross-over randomized study. Sleep Med
2009;10:329-36.

Trzepizur W, Gagnadoux F, Abraham P, Rousseau P, Meslier N, Saumet J, et al.
Microvascular endothelial function in obstructive sleep apnea: impact of
continuous positive airway pressure and mandibular advancement. Sleep
Med 2009;10:746—52.

Andren A, Hedberg P, Walker-Engstrom ML, Wahlen P, Tegelberg A. Effects of
treatment with oral appliance on 24-h blood pressure in patients with
obstructive sleep apnea and hypertension: a randomized clinical trial. Sleep
Breath 2013;17:705—12.

Phillips CL, Grunstein RR, Darendeliler MA, Mihailidou AS, Srinivasan VK,
Yee BJ, et al. Health outcomes of continuous positive airway pressure versus
oral appliance treatment for obstructive sleep apnea: a randomized
controlled trial. Am ] Respir Crit Care Med 2013;187:879—87.


http://refhub.elsevier.com/S1087-0792(17)30136-3/sref6
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref6
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref6
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref6
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref7
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref7
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref7
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref7
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref8
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref8
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref8
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref8
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref9
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref9
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref10
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref10
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref10
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref10
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref11
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref11
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref11
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref12
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref12
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref12
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref12
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref12
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref13
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref13
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref13
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref13
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref14
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref14
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref14
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref14
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref15
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref16
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref16
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref16
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref17
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref17
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref17
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref18
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref18
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref18
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref19
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref19
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref19
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref19
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref20
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref20
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref20
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref20
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref20
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref21
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref21
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref21
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref21
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref21
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref22
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref22
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref22
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref22
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref22
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref23
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref23
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref23
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref23
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref24
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref24
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref24
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref24
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref25
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref25
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref25
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref26
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref26
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref26
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref26
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref26
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref27
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref27
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref27
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref27
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref28
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref28
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref28
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref28
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref28
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref29
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref29
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref29
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref29
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref30
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref30
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref30
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref30
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref31
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref31
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref31
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref31
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref32
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref32
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref32
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref32
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref33
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref33
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref33
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref33
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref34
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref34
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref34
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref34
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref35
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref35
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref35
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref35
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref36
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref36
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref36
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref36
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref37
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref37
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref37
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref37
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref38
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref38
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref38
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref39
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref39
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref39
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref39
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref40
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref40
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref40
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref40
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref41
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref41
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref41
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref41
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref41
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref42
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref42
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref42
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref42
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref43
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref43
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref43
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref43
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref44
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref44
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref44
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref44
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref44
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref45
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref45
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref45
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref45
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref46
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref46
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref46
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref46
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref46
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref47
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref47
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref47
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref47
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref48
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref48
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref48
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref48
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref48
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref49
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref49
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref49
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref50
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref50
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref50
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref50
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref50
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref51
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref51
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref51
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref51
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref52
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref52
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref52
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref52
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref53
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref53
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref53
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref53
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref54
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref54
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref54
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref54
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref55
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref55
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref55
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref55
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref55
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref56
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref56
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref56
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref56
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref56
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref57
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref57
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref57
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref57
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref57
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref58
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref58
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref58
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref58
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref58

68

*[59]

[60]

*[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

G.E. de Vries et al. / Sleep Medicine Reviews 40 (2018) 55—68

Dal-Fabbro C, Garbuio S, D'Almeida V, Cintra FD, Tufik S, Bittencourt L.
Mandibular advancement device and CPAP upon cardiovascular parameters
in OSA. Sleep Breath 2014;18:749—-59.

Sharples L, Glover M, Clutterbuck-James A, Bennett M, Jordan J, Chadwick R,
et al. The randomised, controlled, crossover trial of oral mandibular
advancement devices for obstructive sleep apnoea-hypopnoea [Chapter 2]
Health Technol Assess 2014;18:5—37.

Glos M, Penzel T, Schoebel C, Nitzsche GR, Zimmermann S, Rudolph C, et al.
Comparison of effects of OSA treatment by MAD and by CPAP on cardiac
autonomic function during daytime. Sleep Breath 2016;20:635—46.
Hermida RC, Ayala DE, Fernandez JR, Mojon A. Sleep-time blood pressure:
prognostic value and relevance as a therapeutic target for cardiovascular risk
reduction. Chronobiol Int 2013;30:68—86.

Hermida RC, Ayala DE, Smolensky MH, Fernandez JR, Mojon A, Portaluppi F.
Sleep-time blood pressure: unique sensitive prognostic marker of vascular
risk and therapeutic target for prevention. Sleep Med Rev 2017;33:17—-27.
Sasaki N, Ozono R, Edahiro Y, Ishii K, Seto A, Okita T, et al. Impact of non-
dipping on cardiovascular outcomes in patients with obstructive sleep ap-
nea syndrome. Clin Exp Hypertens 2015;37:449—53.

Palatini P. Heart rate and the cardiometabolic risk. Curr Hypertens Rep
2013;15:253-9.

Craig S, Pepperell JC, Kohler M, Crosthwaite N, Davies R], Stradling JR.
Continuous positive airway pressure treatment for obstructive sleep apnoea
reduces resting heart rate but does not affect dysrhythmias: a randomised
controlled trial. J Sleep Res 2009;18:329—36.

Aytemir K, Deniz A, Yavuz B, Ugur Demir A, Sahiner L, Ciftci O, et al. Increased
myocardial vulnerability and autonomic nervous system imbalance in
obstructive sleep apnea syndrome. Respir Med 2007;101:1277—-82.

Lado MJ, Mendez AJ, Rodriguez-Linares L, Otero A, Vila XA. Nocturnal evo-
lution of heart rate variability indices in sleep apnea. Comput Biol Med
2012;42:1179-85.

Cloward TV, Walker JM, Farney RJ, Anderson JL. Left ventricular hypertrophy
is a common echocardiographic abnormality in severe obstructive sleep
apnea and reverses with nasal continuous positive airway pressure. Chest
2003;124:594—-601.

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

Karamanzanis G, Panou F, Lazaros G, Oikonomou E, Nikolopoulos I,
Mihaelidou M, et al. Impact of continuous positive airway pressure treatment
on myocardial performance in patients with obstructive sleep apnea. A
conventional and tissue Doppler echocardiographic study. Sleep Breath
2015;19:343-50.

Nizankowska-Jedrzejczyk A, Almeida FR, Lowe AA, Kania A, Nastalek P,
Mejza F, et al. Modulation of inflammatory and hemostatic markers in
obstructive sleep apnea patients treated with mandibular advancement
splints: a parallel, controlled trial. ] Clin Sleep Med 2014;10:255—62.
Gagnadoux F, Pepin JL, Vielle B, Bironneau V, Chouet-Girard F, Launois S,
et al. Impact of mandibular advancement therapy on endothelial function
in severe obstructive sleep apnea. Am ] Respir Crit Care Med 2017;195:
1244-52.

McEvoy RD, Antic NA, Heeley E, Luo Y, Ou Q, Zhang X, et al. CPAP for pre-
vention of cardiovascular events in obstructive sleep apnea. N Engl ] Med
2016;375:919-31.

Barbe F, Duran-Cantolla ], Sanchez-de-la-Torre M, Martinez-Alonso M,
Carmona C, Barcelo A, et al. Effect of continuous positive airway pressure on
the incidence of hypertension and cardiovascular events in nonsleepy pa-
tients with obstructive sleep apnea: a randomized controlled trial. JAMA
2012;307:2161-8.

Tkacova R, McNicholas WT, Javorsky M, Fietze I, Sliwinski P, Parati G, et al.
Nocturnal intermittent hypoxia predicts prevalent hypertension in the
European Sleep Apnoea Database cohort study. Eur Respir ] 2014;44:
931-41.

Ling IT, James AL, Hillman DR. Interrelationships between body mass, oxygen
desaturation, and apnea-hypopnea indices in a sleep clinic population. Sleep
2012;35:89-96.

Punjabi NM, Newman AB, Young TB, Resnick HE, Sanders MH. Sleep-disor-
dered breathing and cardiovascular disease: an outcome-based definition of
hypopneas. Am ] Respir Crit Care Med 2008;177:1150—5.

Grote L, Hedner ], Grunstein R, Kraiczi H. Therapy with nCPAP: incomplete
elimination of sleep related breathing disorder. Eur Respir ] 2000;16:921—7.
Islam MS. Ambulatory blood pressure monitoring in the diagnosis and
treatment of hypertension. Adv Exp Med Biol 2017;956:109—16.


http://refhub.elsevier.com/S1087-0792(17)30136-3/sref59
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref59
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref59
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref59
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref60
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref60
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref60
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref60
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref60
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref61
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref61
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref61
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref61
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref62
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref62
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref62
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref62
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref63
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref63
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref63
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref63
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref64
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref64
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref64
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref64
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref65
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref65
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref65
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref66
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref66
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref66
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref66
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref66
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref67
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref67
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref67
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref67
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref68
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref68
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref68
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref68
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref69
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref69
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref69
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref69
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref69
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref70
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref70
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref70
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref70
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref70
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref70
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref71
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref71
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref71
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref71
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref71
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref72
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref72
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref72
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref72
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref72
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref73
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref73
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref73
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref73
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref74
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref74
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref74
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref74
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref74
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref74
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref75
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref75
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref75
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref75
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref75
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref76
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref76
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref76
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref76
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref77
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref77
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref77
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref77
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref78
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref78
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref78
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref79
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref79
http://refhub.elsevier.com/S1087-0792(17)30136-3/sref79

	Cardiovascular effects of oral appliance therapy in obstructive sleep apnea: A systematic review and meta-analysis
	Introduction
	Methods
	Search strategy
	Inclusion criteria
	Methodological appraisal/quality assessment
	Meta-analysis for randomized controlled trials (RCTs)
	Statistical analysis


	Results
	Cardiovascular outcomes
	Blood pressure
	Sufficient methodological quality, RCT
	Sufficient methodological quality, non-RCT


	Heart rate
	Heart rate
	Sufficient methodological quality, RCT
	Sufficient methodological quality, non-RCT

	Heart rate variability (HRV)
	Sufficient methodological quality, RCT

	Cardiac function
	Sufficient methodological quality, RCT


	Circulating cardiovascular biomarkers
	NT-pro-BNP
	Sufficient methodological quality, RCT

	Oxidative stress
	Sufficient methodological quality, RCT
	Sufficient methodological quality, non-RCT

	Inflammatory markers
	Sufficient methodological quality, non-RCT


	Endothelial function and arterial stiffness
	Endothelial function
	Sufficient methodological quality, RCT
	Sufficient methodological quality, non-RCT

	Arterial stiffness
	Sufficient methodological quality, RCT
	Sufficient methodological quality, non-RCT

	Cardiovascular events
	Sufficient methodological quality, non-RCT



	Discussion
	Blood pressure
	Heart rate (variability)
	Cardiac function
	Circulating cardiovascular biomarkers
	Endothelial function and arterial stiffness
	Cardiovascular events
	General issues
	ODI vs. AHI
	Compliance
	Generalization of results


	Conclusion
	Conflicts of interest
	Appendix A. Supplementary data
	References


