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Abstract

This study aims to review the long-term subjective and objective efficacy of mandibular
advancement devices (MAD) in the treatment of adult obstructive sleep apnea (OSA). Elec-
tronic databases such as PubMed, Embase, and Cochrane Library were searched. Ran-
domized controlled trials (RCTs) and non-randomized self-controlled trials with a treatment
duration of at least 1 year with MAD were included. The quality assessment and data extrac-
tion of the included studies were conducted in the meta-analysis. A total of 22 studies were
included in this study, of which 20 (546 patients) were included in the meta-analysis. All the
studies had some shortcomings, such as small sample sizes, unbalanced sex, and high
dropout rates. The results suggested that long-term treatment of MAD can significantly
reduce the Epworth sleepiness scale (ESS) by -3.99 (95%Cl -5.93 to -2.04, p<0.0001, 12 =
84%), and the apnea-hypopnea index (AHI) -16.77 (95%CI -20.80 to -12.74) events/h
(p<0.00001, I = 97%). The efficacy remained statistically different in the severity (AHI<30
or >30 events/h) and treatment duration (duration <5y or >5y) subgroups. Long-term use of
MAD could also significantly decrease blood pressure and improve the score of functional
outcomes of sleep questionnaire (FOSQ). Moderate evidence suggested that the subjective
and objective effect of MAD on adult OSA has long-term stability. Limited evidence suggests
long-term use of MAD might improve comorbidities and healthcare. In clinical practice, regu-
lar follow-up is recommended.

Introduction

Obstructive sleep apnea (OSA) is a complicated chronic condition, which has emerged as a
very relevant public health problem because of its high prevalence [1]. In addition to low qual-
ity of life, patients with OSA often suffer from unrefreshing sleep, daytime fatigue, memory
loss, and even long-term effects such as cardiovascular, metabolic, cognitive, and cancer-
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related alterations [2]. OSA is characterized by complete (apnea) or partial (hypopnea) cessa-
tion of airflow during sleep, causing oxygen desaturation and fragmentation of sleep [3]. Vari-
ous treatment options have been used to treat patients with OSA, including behavioral
modifications, such as weight loss and alcohol avoidance [4]; non-surgical interventions, such
as continuous positive airway pressure (CPAP) and oral appliances (OA); and surgeries, such
as uvulopalatopharyngoplasty (UPPP) and maxillomandibular advancement (MMA). Man-
dibular advancement devices, designed to advance the mandible, are the most commonly used
oral appliances [5], indicated for use in patients with mild to moderate OSA and those who do
not tolerate nor prefer CPAP by the American Academy of Sleep Medicine (AASM) [6].

Many randomized controlled trials (RCTs) with high-quality evidence have confirmed that
MAD can effectively reduce respiratory events during sleep, improving daytime sleepiness and
quality of life, whereas the efficacy varied among patients [7-18]. MADs act by shifting the
mandible forward, which could keep the mandible from backward rotation, widen the lateral
dimension of the upper airway, tension the soft palate and stabilize the hyoid bone during
sleep [19-21]; however, long-term use of MAD has been found to cause bite change, which
might influence the efficacy [22]. OSA requires lifelong treatment, and the long-term efficacy
of MAD on OSA is important for clinical decision-making. With the increasing number of rel-
evant research publications in recent years, this study intends to systematically summarize the
long-term (treatment time > 1 year) subjective and objective efficacy of MAD in the treatment
of adult OSA.

Materials and methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment checklist was followed in the study [23].

Inclusion criteria

The inclusion criteria were based on the elements of PICO (patient, intervention, comparison,
and outcome).

Population: Adult patients diagnosed with OSA.

Intervention: Mandibular advancement oral appliance treatment with a duration of at least
one year.

Comparison: Post- and pre-treatment self-controlled comparisons.

Outcome: Measurable outcomes of efficacy, including objective parameters (apnea-hypop-
nea index; oxygen desaturation index, ODI; the lowest oxygen desaturation, LSpO,, respira-
tory disturbance index, RD], etc), and subjective parameters (Epworth sleepiness scale, ESS;
Pittsburgh Sleep Quality Index, PSQ], etc).

Search strategy

The systematic literature search was conducted in electronic databases on 30 June 2023 using
pre-specified search terms, including PubMed (MEDLINE), EMBASE, and Cochrane Library,
with keywords such as (‘breathing, sleep disordered’ OR ‘obstructive sleep apnea’) and (‘man-
dibular advancement” OR ‘oral appliance’) and (‘efficacy’ AND ‘long term’). Manual searches
of the reference lists were completed for relevant studies.

Study selection

Two reviewers (M. Yu and Y.Y. Ma) independently screened the titles and abstracts for poten-
tial eligibility. Any discrepancies were resolved by discussing each other and consulting with a
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third reviewer (X.M. Gao). All the articles with retrieved full texts were read thoroughly. Con-
ference abstracts, reviews, personal opinions, books, and articles not written in English were
excluded.

Data extraction

Two reviewers independently extracted the data (M. Yu and Y.Y. Ma). Study-specific data
were collected, including the author, year, study design, the oral appliance’s design, subjects’
demographic characteristics, severity, treatment duration, and long-term efficacy. Outcomes
of both post- and pre-treatment were recorded. If the mean (M) and standard deviation (SD)
were not reported in the study, the estimated values were used in the meta-analysis [24, 25].

Quality assessment

The risk of bias in included studies was assessed according to the risk of bias assessment tool
for non-randomized studies (ROBANS) on six domains, including the selection of participants,
confounding variables, measurement of exposure, blinding of outcome assessments, incom-
plete outcome data, and selective outcome reporting [26]. The selection of participants was
rated high risk if the study was retrospective or patients were not consecutively recruited. The
confounding variables mainly focused on the sex, age, severity, and systematic diseases of the
participants. If the study lacks the time and frequency of the use of MAD, the measurement
exposure would be rated high risk. Two reviewers independently evaluated the quality of the
studies; a third reviewer (X.M. Gao) was consulted when there was disagreement.

Data synthesis

A meta-analysis was conducted if there were enough high-quality studies. The data synthesis
was performed using Review Manager 5.4 (The Cochrane Collaboration). The heterogeneity
among studies was represented by the I” index and the y* test. Meta-analysis was performed
with the fixed-effects model if I*<50%, otherwise the random-effects model would be imple-
mented. Subgroup analyses were performed based on the duration of MADs treatment and
initial severity. Funnel plots were used to assess the risk of publication bias.

Results
Search and study selection

Fig 1 illustrates the flowchart of the study selection process. A total of 502 articles were identi-
fied, 221 in PubMed, 212 in Embase, 69 in Cochrane Library, and two by manual search.
There were 369 articles remaining after duplications were removed. Irrelevant articles were
excluded after reading the title and abstract, and 23 articles were assessed with full text. Three
articles were excluded because part of the subjects’ treatment duration was less than a year.
Finally, there were two articles added to the study by additional sources. The characteristics of
the included studies are presented in Table 1. Most studies were before-after trials, and some
studies were prospective long-term studies of short-term RCTs [27-35]. The longest treatment
duration of MADs was more than 10 years [31, 36, 37]. Most studies included patients diag-
nosed with OSA, except the study conducted by de Godoy et al., which focused on the upper
airway resistance syndrome (UARS) [38] and was excluded from data synthesis.

The majority of participants are middle-aged men, and participants suffered from mixed
severity of OSA, from mild to severe, as defined by AHI. In all studies, there was polysomno-
graphic confirmation of OSA and post-treatment efficacy was evaluated with
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Fig 1. The flowchart of the study selection process.
https://doi.org/10.1371/journal.pone.0292832.g001

polysomnography (PSG) or home sleep apnea test (HSAT). The dropout rate varied greatly
across studies, ranging from 0% to 99%, with higher dropout rates in longer follow-up studies.

Quality assessment

The results of the quality analysis of included studies are shown in Fig 2A and 2B. The selec-
tion of participants was rated high risk in most studies due to the unbalanced sex composition.
The selective reporting bias was rated high in the study of Wilhelmsson et al. [27], due to the
lack of detailed pre- and post-treatment results.

Meta-analysis

The subjective efficacy represented by ESS and PSQI with long-term use of MAD in the treat-
ment of OSA is shown in Fig 3A and 3B, respectively. There was a significant effect in favor of
post-treatment in ESS, which decreased by -3.99 (95%CI -5.93 to -2.04, p<0.0001, I* = 84%),
whereas the change of PSQI score was not statistically different -0.59 (95%CI -1.70 to 0.52,
p=0.30).

The objective efficacy of the long-term use of MAD in treating respiratory events of OSA is
shown in Fig 4A to 4F. The pooled analysis generated a heterogenous but significant result in
AHI, with a decrease of -16.77 (95%CI -20.80 to -12.74) events/h (p<0.00001, I? = 97%). The
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Fig 3. The forest plot of the mean difference of subjective efficacy of mandibular advancement devices (MAD) on obstructive sleep apnea (OSA). (a)
Epworth sleepiness scale (ESS) and (b) Pittsburgh Sleep Quality Index (PSQI).

https://doi.org/10.1371/journal.pone.0292832.9003

efficacy remained statistically different in the severity (AHI<30 or >30 events/h) and treatment
duration (duration <5y or >5y) subgroups. As Fig 4C shows, the synthesized change of apnea
index (AI) was -6.87 events/h (95%CI -8.08 to -5.66, p<<0.00001, I = 59%). ODI decreased by
-16.93 events/h (95%CI -17.97 to -15.89, p<0.00001, I* = 96%), and the LSpO, increased by 7.77%
(95%CI 7.02% to 8.52%, p<0.00001, I* = 94%). The RDI synthesized with two studies showed a
significant decrease of -5.92 events/h (95%CI -6.65 to -5.19, p<<0.00001, 2= 0%).

Only a few studies reported treatment outcomes of sleep structures (Fig 5A and 5B). With
MAD fit, sleep efficiency showed an insignificant change of 1.05% (95%CI -1.93% to 4.02%,

p =0.49, I> = 77%). The arousal index decreased by -15.26/h (95%CI -18.97 to -11.55,
p<0.00001, I = 54%).

As for the treatment efficacy on comorbidities (Fig 6A to 6C), long-term use of MAD could
lower systolic blood pressure by -4.31 mmHg (95%CI -6.31 to -2.31, p<0.0001, I* = 0%) and dia-
stolic blood pressure by -7.75 mmHg (95%CI -14.57 to -0.93, p = 0.03, I = 59%). Functional abili-
ties to perform daily activities measured with the Functional outcomes of sleep questionnaire
(FOSQ) increased with long-term use of MAD by 3.16 (95%CI 2.62 to 3.70, p<<0.00001, I = 6%).

The synthesized treatment compliance between MAD and CPAP is shown in Fig 7. Drop-
out rates between these two treatment modalities were insignificant (OR = 0.88, 95%CI 0.52 to
147, p = 0.62, I” = 44%).

Risk of publication bias

The funnel plot of AHI in the treatment duration subgroup is illustrated in Fig 8. Studies with
treatment duration >5y were fewer than those with treatment duration <5y. The distribution
of studies was overall symmetrical.

Discussion

In this study, we conducted a systematic review and meta-analysis to determine the efficacy of
the long-term use of MAD for the treatment of adult OSA. A total of 22 studies were included
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Fig 4. The forest plot of the mean difference of objective efficacy of mandibular advancement devices (MAD) on
obstructive sleep apnea (OSA). (a) Apnea hypopnea index (AHI), sub-grouped by treatment duration, (b) Apnea
hypopnea index (AHI), sub-grouped by baseline severity, (c) Apnea index (AI), (d) Oxygen desaturation index (ODI),
(e) The lowest oxygen saturation (LSpO,), and (f) Respiratory disturbance index (RDI).

https://doi.org/10.1371/journal.pone.0292832.9004

in the systematic review, and the meta-analysis was conducted with 20 studies. The results of
the study suggested that the long-term effect of MAD in the treatment of OSA is reliable. Sub-
jective efficacy, represented by ESS, and objective parameters, such as AHI, ODI, and LSpO,,
both showed significant improvements with MAD. Limited evidence also suggested long-term
use of MAD could lower blood pressure and increase daily functional activities.

This study found that long-term wearing of MAD could improve AHI, which was not
affected by the baseline severity of OSA. The effect of MAD on subjective daytime sleepiness
measured using the ESS or PSQI followed a similar pattern but these instruments were less
sensitive to differences than AHI [49]. AHI, derived from polysomnography or HSAT, is the
most commonly used objective parameter to evaluate the treatment efficacy. The subgroup
analysis of the treatment duration of less than and greater than 5 years also suggested that the
improvement of MAD on AHI has long-term stability. However, there was high heterogeneity
across studies. Patients who suffer from severe OSA or require immediate treatment due to
comorbidities have often been excluded from the use of MAD as a therapeutic option. Further-
more, patients who completed long-term follow-up might exhibit a higher likelihood of posi-
tive response to the treatment, which might overestimate the efficacy of MAD. CPAP is
generally more effective than MAD in improving respiratory events. The pooled results of the
current study need to be verified with future studies with larger sample sizes and longer fol-
low-up periods.

The therapeutic effect of MAD depends on patients’ compliance. This study did not find
the dropout rates between MAD and CPAP to be significantly different. There is some evi-
dence of better compliance and patient preference in favor of MAD as compared to CPAP,
with the average wearing time of MAD 1.1 hours longer per night [39]. Objectively measured
compliance with a microsensor thermometer during MAD treatment suggested good compli-
ance, with 83% of patients using MADs for >4h/night at 1 year follow-up [50]. A meta-analysis
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Fig 5. The forest plot of the mean difference of sleep structures of mandibular advancement devices (MAD) on obstructive sleep apnea (OSA). (a) Sleep
efficiency and (b) Arousal index (ArI).

https://doi.org/10.1371/journal.pone.0292832.9005
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Fig 6. The forest plot of the mean difference of blood pressure and functional abilities of mandibular advancement devices (MAD) on obstructive sleep
apnea (OSA). (a) Systolic blood pressure, (b) Diastolic blood pressure, and (c) Functional outcomes of sleep questionnaire (FOSQ).

https://doi.org/10.1371/journal.pone.0292832.9006

found that discontinuing therapy from side effects was significantly lower due to the use of
MADs than CPAP [51]. Although there is some evidence that MAD may be better tolerated
than CPAP in the short term, the limited long-term data available suggest that adherence to
this less invasive intervention also decreases over time [49]. For patients with long-term MAD
treatment of OSA, regular follow-up is required. Short-term follow-up (generally 3 to 6
months) could relieve patients’ discomfort in an early stage to improve compliance. At the
same time, the objective efficacy of MAD could be evaluated to adjust the protrusion of MAD
accordingly. Long-term follow-up is generally recommended to be conducted once a year [6],
to examine the efficacy of MAD, patient’s compliance, dental health status, occlusion, and
temporomandibular joint.

This study found limited evidence that long-term use of MAD could improve blood pres-
sure and functional abilities. Previous studies found that there is good evidence that CPAP
improves daytime sleepiness, cognitive function, quality of life, and cardiovascular risk factors
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Fig 7. The forest plot of the dropout rates between mandibular advancement devices (MAD) and continuous positive airway pressure (CPAP).
https://doi.org/10.1371/journal.pone.0292832.9007
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Fig 8. The funnel plot for the data of apnea-hypopnea index (AHI).
https://doi.org/10.1371/journal.pone.0292832.9008

of patients with OSA [49]. Some studies found that the improvement of subjective and objec-
tive sleepiness, quality of life, and cognitive function produced by MADs was not inferior to
that reported with CPAP therapy in mild to moderate OSA [52, 53], whereas CPAP is more
effective in severe cases [49]. Systolic and diastolic 24-hour blood pressure were similar under
CPAP and MAD treatments as well [53, 54]. However, the effects of MADs on comorbidities,
quality of life, and road traffic accident risk were unable to be synthesized due to the small
number of studies and inconsistent methodology [55]. Larger and longer RCT's examining the
benefits of MAD treatment to cardiac, metabolic, neurocognitive healthcare, and medication
use are needed in the future. Treatment modalities should be re-evaluated for MAD-treated
patients when they develop recurrent symptoms, show substantial weight changes, or receive
diagnoses of comorbidities relevant to OSA [51].

Beneficial treatment effects may be reduced by treatment-related side effects, and most side
effects of MADs are dental-related [22], including the discomfort of teeth and temporoman-
dibular joint, sore orofacial muscle in short-term use, and occlusal changes in anterior teeth,
which increased with treatment duration. A custom-made and titratable appliance was recom-
mended over other types of appliances by the AASM [51], to achieve treatment efficacy in a
minimal mandibular protrusion, increasing comfort and efficacy and decreasing possible side
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effects [28]. With recently published studies with a follow-up period of more than 10 years [31,
36, 37], it might be beneficial to review the side effects of long-term MAD use.

There were several limitations to this study. First, due to ethical considerations, the study
design for the long-term efficacy of MAD is mainly self-controlled trials, and the quality of the
studies is medium. Second, the follow-up time of the original studies was long, and the drop-
out rate was high, resulting in a certain degree of bias in the results. Third, in almost all com-
parisons, there was significant heterogeneity across studies. Although some of this could be
explained by baseline severity, design, and treatment duration, unexplained heterogeneity
remains. Although this study used random-effects meta-analysis to provide unbiased and
robust estimates, further elucidation of the sources of heterogeneity would be useful.

Conclusion

Moderate evidence suggests that the subjective and objective effect of MAD on adult OSA has
long-term stability. Limited evidence suggests long-term use of MAD might improve comor-
bidities and healthcare. In clinical practice, regular follow-up is recommended.
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