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Abstract: Obstructive sleep apnea (OSA), a common sleep disorder disease, affects millions of people.
Without appropriate treatment, this disease can provoke several health-related risks including stroke
and sudden death. A variety of treatments have been introduced to relieve OSA. The main present
clinical treatments and undertaken research activities to improve the success rate of OSA were
covered in this paper. Additionally, guidelines on choosing a suitable treatment based on scientific
evidence and objective comparison were provided. This review paper specifically elaborated the
clinically offered managements as well as the research activities to better treat OSA. We analyzed
the methodology of each diagnostic and treatment method, the success rate, and the economic
burden on the world. This review paper provided an evidence-based comparison of each treatment
to guide patients and physicians, but there are some limitations that would affect the comparison
result. Future research should consider the consistent follow-up period and a sufficient number
of samples. With the development of implantable medical devices, hypoglossal nerve stimulation
systems will be designed to be smart and miniature and one of the potential upcoming research topics.
The transcutaneous electrical stimulation as a non-invasive potential treatment would be further
investigated in a clinical setting. Meanwhile, no treatment can cure OSA due to the complicated
etiology. To maximize the treatment success of OSA, a multidisciplinary and integrated management
would be considered in the future.

Keywords: obstructive sleep apnea; continuous positive airway pressure; oral appliance; weight loss;
OSA detection and treatment; hypoglossal nerve stimulation (HGNS); electrical stimulation

1. Introduction

Sleep apnea is a highly prevalent sleep disorder that is characterized as repeated
reduction or cessation of airflow because of upper airway resistance and pharyngeal col-
lapsibility during sleep [1,2]. Patients who suffer from apnea show various symptoms that
include excessive daytime sleepiness, loud snoring, sleep complaints (e.g., hypersomnia
and insomnia), nocturnal cerebral hypoxia, morning headache, and nocturia [3,4].

The earliest report of periodic breathing in sleep can be traced back to the mid-1850s
and the obstructed sleep apnea (OSA) was first reported in the 1870s [5]. However, we
began to have a deep understanding of the etiology and pathogenesis of apnea only from
the mid-1950s [6]. According to pathogenesis, sleep apnea can be classified as OSA, central
sleep apnea, and mixed apnea. OSA, the most common type, is an otorhinolaryngological
problem characterized by the recurring occlusion of the upper airway during sleep. Central
sleep apnea is a neurological problem caused by the ability of the neural function to
maintain the upper airway patency needed to relax during sleep. Mixed apnea is an
integration of central and obstructive apneas [7]. Neural apnea occurs less compared with
OSA. In this review paper, we focus on the treatments of obstructive sleep apnea.

OSA has a significant adverse influence on patients’ health-related quality of life that
increases morbidity and mortality and burdens social and psychological implications [8,9].
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There is a close association between untreated OSA and high risk for the incidence of
a series of hypertension, cardiovascular disease, metabolic disorders, and cognitive im-
pairment [10]. The increase of morning blood pressure is linear to the severity of OSA
regardless of age and Body mass index (BMI) [11]. Individuals with moderate-to-severe
OSA have a 2-fold increased risk of stroke [12]. OSA even has a potential association with
emerging pandemic as it may increase the death risk from COVID-19 [13].

The gold standard treatment of moderate-to-severe OSA patients is CPAP. However,
almost 50% of patients cannot tolerate this treatment in the long term. Other non-invasive
treatments such as using an Oral appliance (OA) and losing weight have been recom-
mended, but these alternatives still have a low success rate of apnea-hypopnea index
(AHI) less than 5. Surgical modification is suitable to select patients especially for those
who are unable to tolerate CPAP therapy [8]. Surgical approaches include MMA, uvu-
lopalatopharyngoplasty (UPPP), tonsillectomy (TE), and adenotonsillectomy (AT). MMA is
a complex surgical advancement by advancing the facial skeletal framework surgically to
enlarge the pharyngeal and hypopharyngeal airway dimensions [14]. UPPP procedure is a
palatopharyngeal surgery that consists of bilateral tonsillectomy and partial amputation of
the uvula [15]. Though each treatment can alleviate the symptoms to some extent, it has its
limitations and side effects.

Neural electrical stimulation has recently provided an alternative option, as it can
keep the upper airway open when stimulating the hypoglossal roots during the inspiration
phase [16]. Emerging neural electrical stimulation-based solutions aim to propose both the
portability of a high-performance device and viable long-term therapy [17–19].

The aim of this review paper is to identify practicable medical solutions to treat OSA,
review the common approaches and summarize their methodologies, illustrate the latest
research on treatments, and evaluate the corresponding success rates and limitations. The
remainder of this paper includes the analysis of the diagnoses and burden in Section 2.
In Section 3, we describe the available treatments and compare their advantages and
drawbacks. The final section concludes future research directions.

Methods

Google Scholar, PubMed, Web of Science, and IEEE explore databases were used to
search and find the prior-art publications focusing within the 2000–2021 window. The
materials for this review paper were found by keywords provided on the front page of this
paper. We mainly focus on the selection of randomized controlled trials, review, systematic
reviews, meta-analysis, and clinical trial journals written in English. Due to the large
quantity of papers, we mainly sorted out the main contributions published during the last
five years. Finally, 128 published articles were included in this review.

2. Diagnoses and Burden

OSA is characterized by recurrent cessations or reductions of airflow in the upper
airway during sleep. The oral pharayngeal region is the normal site of airway collapse.
The narrow upper airway is a common phenomenon which is caused by abnormal fat
deposition or abnormal cranial bony structures in most OSA subjects. These abnormalities
include shorter length of mandibular body, inferior positioning of hyoid bone, retrognathia,
longer soft palates, narrower hard palates, and wider uvulas [20,21]. Obesity is regarded
as the major risk factor for OSA. Besides obesity, the prevalence of OSA increases in the
elderly population [22].

OSA presents a tremendous threat to the global healthcare system affecting approxi-
mately one billion people worldwide (one-seventh of the world population) [23]. In 2015,
the cost of OSA diagnosis and treatment in the United States was more than 12.4 billion
dollars for 2.5 million patients, while the estimated cost for the 23.5 million undiagnosed
patients with OSA is 150 billion dollars [24]. In 2019, the number of OSA patients aged
30–69 years worldwide with AHI ≥ 5 was nearly 1 billion [24,25]. This huge number of
OSA patients will significantly increase the economic burden globally. Meanwhile, the large
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number of OSA patients could not be treated promptly because appropriate management
services remain unavailable [26].

For OSA diagnosis, polysomnography (PSG) is a standard laboratory-based test which
monitors the sleep and respiratory parameters overnight. Classic obstructive apnea is
accompanied by the absence of airflow, the presentence of arousal from polysomnogram,
and the decrease of oxygen saturation [27]. AHI is a main parameter for assessing the
severity of OSA that is derived from PSG results. AHI defines the number of apneas and
hypopneas per hour while asleep [28].

However, the AHI-based standard diagnostic is different in adults and children.
For adults, AHI ≥ 5 and <15 indicate mild OSA, AHI ≥ 15 and <30 moderate, and
AHI ≥ 30 severe [29]. However, an AHI above 1 means mild OSA among children [21].
In this review, the treatment success is defined as the reduction of the AHI index to less
than 5 or more than 50% reduction of AHI according to the American Academy of Sleep
Medicine [30].

Questionnaires are available to screen and assess OSA risk in the primary care setting
for the advantages of simple operation and low labor cost. Commonly used assessment
questionnaires for sleep disorders include: (1) Berlin questionnaire, which is an assessment
tool based on 10 questions about snoring behavior, daytime sleepiness or fatigue, and
presence of obesity or hypertension to identify the sleep apnea risk in the primary healthcare
settings [31]; (2) STOP-Bang questionnaire (SBQ) a screening for preoperative assessment,
eight dichotomous items (yes/no): snoring, tiredness, observed apnea, high blood pressure,
body mass index, age, neck circumference, and male gender) [32]; and (3) NoSAS is used
to assess by medical records reviews which include neck circumference, body mass index,
snoring, age and gender) [33], and Epworth sleepiness scale (ESS, the most widely used
questionnaire to assess daytime sleepiness, and low sensitivity for OSA [34]. To discriminate
the severity of OSA, NoSAS showed better performance than SBQ [35].

Home sleep apnea testing is increasingly widespread to be used for screening OSA.
It is an unattended portable monitor that needs no in-laboratory attendant. Individuals
can apply the monitor at home and follow the instructions of a technician via video. The
sensitivity of this test is slightly lower than PSG, but it saves much labor cost and brings
much convenience and comfort to the patients [36,37].

3. Treatment of OSA

As the number of patients with OSA continues to increase, a series of treatments has
been put forward. In this section, we review the most commonly used treatments and
elaborate on contemporary studies of invasive and non-invasive methods. Management of
OSA includes CPAP, oral appliance therapy, behavioral modification, surgical procedures,
as well as electrical stimulation.

3.1. CPAP

Multiple treatments are available depending on the severity and pathogenesis of OSA,
physicians’ suggestions, and patients’ preferences. The most widely used method for
treating OSA is CPAP. A CPAP system provides constant pressure to the airway through
a tube connected to a face mask or nasal mask. It provides a continuous flow of inspired
gases to keep airways firm and open and prevent collapse of airway during inspiration [38].
The therapeutic effect is related to the duration of CPAP treatment as well as the adherence
of the OSA patients. The minimal use of CPAP is recommended as 4 hours per day and
5 days per week according to acceptable adherence of clinical definition [39].

The use of CPAP could reduce the comorbidities of cardiovascular disease, hyperten-
sion, and diabetes while improving the quality of life [40]. It also reduces blood pressure for
patients with cardiovascular diseases and multiple cardiovascular risks in the middle-aged
population [41]. Quality of life encompasses health-related complaints, physical fitness,
psychological-social functioning, and emotional status [42]. Through CPAP treatment with
a duration of at least two weeks, which cannot alleviate the impaired psychological status,
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it helps to improve the physical symptoms [43]. The therapeutic effects of this treatment
on improving impaired cognitive performance of OSA’s patients is related to the duration
of CPAP [44].

The greater adherence to the CPAP treatment is reflected when participants show
higher improvement on sleepiness and quality of life [9]. Three-month treatment with CPAP
benefits blood pressure and metabolic syndrome of severe OSA in elderly patients [45].
Recent research outcomes have revealed that CPAP treatment is beneficial for visual sensi-
tivity and retinal thickness in OSA patients [46]. Except for those who need supplemental
oxygen, there is an improvement in the outcome of interstitial lung disease with the help of
CPAP regardless of OSA severity and adherence [47]. A 2020 data analysis of 55 moderate
to severe OSA patients who underwent nocturnal PSG indicated that there were improve-
ments in heart rate variability index after one night of CPAP therapy. It was suggested that
these improvements would reduce the incurrence risk of cardiovascular disease [48].

However, in the elderly population (higher than 65 years old), the benefit of CPAP
on sleepiness and health-related quality of life is obscure [49]. Although CPAP is expected
to be helpful for the prevention of cardiovascular events in OSA patients, current data
reveals that whether it improves cardiovascular events such as stroke and unstable angina
is unclear [50]. Even patients with OSA had been treated by CPAP for 12 or 24 weeks, the
glycated hemoglobin showed no improvement [51]. For stroke-affected OSA patients, there is
a significant improvement in the attention and executive function after CPAP improvement,
but no clear improvement in the neurocognitive function or quality of life [52].

The classical side effects of CPAP include nasal dripping, rhinitis, nasal discomfort,
and mucosal drying which may contribute to poor adherence. A retrospective study of
OSA patients who underwent CPAP therapy showed that CPAP compliers (>4 h/night)
accounted for 59.3% during 7 years follow-up [53]. The termination of CPAP is more likely
in females versus males, in patients who receive treatment in public versus personalized
management [54]. Improving CPAP adherence is necessary to maximize the efficiency of
CPAP management. Promising factors that are useful to improve patient’s self-efficacy of
CPAP adherence include cognitive behavioral therapy, motivational enhancement therapy
as well as education about the risk of OSA [39,55].

3.2. Oral Appliances

An OA is a mouth guard or retainer that can enlarge the upper airway and reduce
pharyngeal collapse by changing the position of the lower jaw into an anterior area. This
non-invasive and custom-fitted device lets the patient feel as comfortable as possible.
It is increasingly becoming an alternative treatment for OSA as it is more accepted by
patients compared with CPAP. Among various intraoral devices with different action
sites, mandibular advancement devices are the most commonly used for treatment of
OSA [56]. 92% of patients with OSA can benefit from OAs for improving the AHI index
and symptoms of OSA [57].

The treatment success of OAs in 425 OSA patients was 68% related to AHI scores
regardless of demographic and anthropometric factors [58]. The treatment success rate of
OAs has a strong relationship with the reposition distance of the lower jaw. The larger
distance of the lower jaw put forwards, the bigger reduction of AHI. But the advancement
higher than 50%, success rate did not obviously increase [59]. Among two mandibular
advancement device configurations: a one-piece (monobloc) or two-pieces (duobloc),
the monobloc showed a higher success rating of 82.1% than the duobloc (52.1%) from
metanalysis [60]. An adjustable OA has a higher success rate than a fixed one. People
that are younger, have a lower BMI, and suffer less severe diseases are more successfully
respond to this treatment [61]. Generally, custom-made devices provide better comfort
and efficacy than non-individualized OA devices in patients with OSA [62]. The mild-to-
moderate OSA patients have a greater chance of success compared with severe OSA [63].
Severe OSA patients are more likely to be recommended CPAP therapy in clinical. For
CPAP-failed patients with severe OSA, OAs are also successful for AHI reduction [64].
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Among patients with OSA, both CPAP and OA therapies were related to blood
pressure reduction with 4-week follow-up, but there is a lack of metanalysis to identify the
difference of blood pressure outcomes between these therapies [65]. To further evaluate
the outcome of blood pressure and endothelial function, research on individuals with mild
OSA has been done. After 1-year treatment of CPAP or OAs, even patients have successful
treatment, the improvement to blood pressure or arterial function did not explicit from the
newest paper [66].

A 2015 randomized-control-trial of 40 OSA patients who underwent mandibular
advancement devices and CPAP therapy revealed that both interventions had beneficial
changes in cardiac function including heart rate variability and blood pressure after 12-week
treatment [67]. Further meta-analysis for the OA therapy in cardiovascular effects showed
that therapy may be associated with long-term reduction in cardiovascular morbidity and
mortality in OSA patients, but this speculation needs large databases and high-quality
methodology to verify [68].

The most side-effects of long-term OA therapy are dental movement and skeletal
changes which will result in a decrease in overjet and overbite. The reciprocal forces on
teeth and jaw exerted by the OA device bring these mechanical side effects. At some point
in the future, patients may be disturbed by esthetics or chewing or biting problems [69].
Dental changes are severer than skeletal changes with long-term OA therapy in OSA
patients [70]. Minor temporary adverse effects include pain, excessive salivation problems,
mouth dryness, and discomfort. These temporary side effects will disappear after few
months generally. The risk of developing pain and structural impairments hampered the
long-term use of the OA device [71]. In recent years, a salivary biosensor was developed to
be potentially useful for monitorization of patients who wear an OA [72].

Even CPAP is more efficient to reduce AHI, OA therapy is more favorable in OSA
patients. Through 12 months monitoring 59 moderate OSA patients, the adherence of OA
in self-reported with questionnaire was higher than CPAP, but objective data revealed
that both therapies have comparable adherence [73]. Neither method showed significant
improvement in quality of life, cognitive, or functional outcomes in OSA patients through
metanalysis [74]. A positive airway pressure device combined with OA provided higher
treatment efficiency in reducing the severity of OSA compared with OA alone. Among
22 individuals with OSA, nine patients resolved the symptom in the AHI index (AHI <5)
with a positive airway pressure device combined with OA management [75]. A one-
year follow-up showed that mandibular advancement therapy was less cost-effective and
clinically effective in terms of AHI than CPAP in moderate patients [76].

3.3. Weight Loss

As noted above, obesity is a high risk for OSA and at least 70% individuals with morbid
obesity (BMI > 40 kg/m2) have OSA [77]. Increased fat deposits around the pharynx are
regarded as a key mechanism through which obesity results in OSA. Peripharyngeal fat
deposition can produce an extra-mechanical load that can prevent dilator muscles from
keeping the airway patency. Through weight loss, nasopharyngeal collapsibility can be
reduced, thereby increasing the capability of the upper airway. The pharyngeal fat pad area
may play a crucial role in the early stage in overweight patients with OSA. Weight reduction
through behavior intervention brings an improvement in obese OSA patients [78].

Patients who lose more weight and those with mild OSA initially are more likely to
be cured. Five to 10% weight loss shows an improvement of OSA severity. To achieve
significant improvement in OSA, minimal 7% to 10% weight loss should be recommended
clinically. In fact, weight loss of 25 to 30% makes the best performance for AHI reduc-
tion [79]. The methods to reduce weight include diet intervention, moderate physical
exercise, as well as bariatric surgery.

A random-controlled test among 702 participants with OSA investigated that both diet
intervention and exercise were associated with the reduction of AHI, only diet intervention
was significantly efficient in BMI reduction [80]. Adopting a strict low-calorie diet can



Sensors 2021, 21, 1784 6 of 18

reduce the mean BMI by 4.8 kg/m2 and the mean AHI by 14.3 [81]. Twelve-week high-
intensity interval training showed a positive effect on AHI and daytime sleepiness even
if there was no improvement in BMI. Through exercise intervention, AHI reduced by
7.5 ± 11.6, and sleepiness that was assessed by the Epworth scale questionnaire improved
from 10.0 ± 3.6 to 7.3 ± 3.7 [82]. A prospective multicenter trial among 132 OSA patients
showed that the prevalence of OSA decreased by 27% after bariatric surgery [83].

There are multiple connections among OSA, obesity, and disturbed glucose home-
ostasis. Treating each one is beneficial for the improvement of others [84]. Weight loss in
patients with type 2 diabetes has a positive effect in AHI reduction. Through an intensive
life intervention, the reduction of AHI was bigger by intensive life intervention than only
diabetes supports and education [85]. Weight loss by bariatric surgery in morbid obese
OSA patients had a beneficial effect on the reduction of adverse cardiovascular events [86].

Weight loss is efficient for alleviating the severity of OSA but is scant to cure. Through
bariatric surgery on patients with OSA, the mean BMI reduced from 51.0 kg/m2 to
32.1 kg/m2 and the mean AHI score reduced from 47.9 to 24.5. At 1 year follow-up,
71% of patients still had moderate or severe disease after weight loss treatment that re-
quired CPAP therapy and only 4% of patients had normalized OSA [87]. A promising
proportion (22%) of obese patients with nonsupine OSA was cure with AHI less than 5 via
weight loss [88]. Nevertheless, it is difficult to achieve and maintain weight loss by lifestyle
intervention as the adaptive physiologic neurohormonal changes in response to weight
reduction. A two-year program showed that there was around 30% drop-out [89]. The
cost of a weight loss program is complex, as it involves the employment of a dietician,
personal trainer, and physiotherapist as well as nurses. Developing a customized and
multidisciplinary weight management should be targeted in OSA patients with morbid
obese [90].

In addition to weight loss, regular breathing retraining activities such as singing and
playing wind instruments play a potential role in OSA treatment especially for mild OSA
patients [91].

3.4. Surgical Procedure

Although CPAP is regarded as a gold standard treatment for OSA patients, there is
low compliance of sticking to this device because of pathophysiological factors, especially
airway obstruction in the nose, palate, tonsil, uvula, tongue, and pharynx. Because of this,
upper airway surgery is an alternative for those with severe OSA. Figure 1 summarizes the
procedure for choosing a suitable surgery treatment. Before airway surgery, a complete
sleep history is recorded and a physical exam that includes neck circumstance, BMI, and
facial skeletal character is carried out. Then, a sleep specialist will assess the severity of
OSA using nocturnal PSG data. Other treatments in Figure 1 involve CPAP, OA, behavior
intervention, and pharmaceutical.

For mild OSA patients, non-invasive treatment is suggested as the first-line manage-
ment. Anti-inflammatory therapy showed good performance in normalization of pediatric
mild OSA with 62% treatment success after 12-week treatment [92]. CPAP or OA or
behavior intervention is useful for adult OSA [91,93].

For severe OSA patients, a lateral cephalometric radiograph combined with fiberoptic
nasopharyngoscopy is conducted to check whether the palate is redundant, oropharyngeal
airway is crowded, or skeletal structure is abnormal. Teeth marks on each side of the
tongue indicate macroglossia. From the facial skeletal character and lateral cephalometric
radiographs, the maxillomandibular deficiency can be identified. Adult OSA patients with
a nasal obstruction who have a nasal structure abnormality would have a septoplasty or
turbinectomy operation to enlarge the nasal airway. For normal nasal structure, CPAP or
OA can be used for the primary treatment.
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For severe OSA patients diagnosed with a long uvula and redundant soft palate,
UPPP is a common method to enlarge the retropalatal airway based on the advice of a
specialist. The UPPP post-operational results show that snoring, daytime sleepiness, and
the oxygen desaturation index improve to different degrees. As invasive management, the
UPPP procedure involves complications including velopharyngeal insufficiency, dysphagia,
post-operative bleeding, swallowing difficulty, and nasopharyngeal reflux fluid after the
operation. The success and response rate of UPPP with long-term longer than 34 months
was less effective than short-term between 3 months and 12 months (44.35% vs. 67.3%) [94].
A 6-month follow-up after UPPP surgery showed that there was a significant positive effect
in cardiac parameters [95]. To predict the treatment success after UPPP, Friedman stage I
based on tonsil size and palate position shows better performance over age, preoperative
AHI, and other physical parameters [96]. For OSA patients with unsuccessful UPPP surgery,
OA therapy is an effective alternative. Almost 50% of patients achieved a normal AHI index
that less than 5 and 73% of patients had a 50% reduction of AHI via OA management [97].
Compared with UPPP surgery alone, the combination of UPPP and tonsillectomy (TE)
showed a higher treatment success. In a controlled trial, almost all patients were satisfied
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with the outcome of UPPP and TE intervention and 65% of patients had been cured from
OSA after that needed no further treatment [98]. CPAP is not an efficient therapy for
OSA patients who had failed to respond to UPPP and TE management. Pointing to these
patients, upper airway stimulation would be an adjunct solution [99].

Maxillomandibular advancement (MMA), a classical efficient treatment for patients
with a maxillomandibular deficiency, has a 100% surgical success according to the scores of
AHI and respiratory disturbance index [100]. There are two methods of maxillomandibular
advancement: surgery and orthodontic device use. In this section, we categorize MMA as
a surgical treatment consisting of the surgical advancement of the distal segment, sagittal
ramous split osteotomy, and fixation appliance. Younger and healthier OSA patients
are more likely to be cured by MMA [101]. Lateral pharyngeal wall collapsibility was
improved after MMA surgery that was associated with treatment success. The mean
pharyngeal airway volume and pharyngeal airway space have been increased in OSA
patients after MMA intervention [102]. MMA is a highly invasive surgical procedure with
many complications including malocclusion, hemorrhage, local infection, facial numbness,
pain, swelling, tingling, chin stiffness, poor cosmetic result, and even postsurgical relapse
of advancement. Most patients can recover regular function within 2 to 10 weeks after
MMA surgery [103].

For OSA patients who have cardiac or pulmonary disease, the treatment should be
considered seriously. CPAP can be recommended as the primary treatment. For patients
who failed with CPAP, the conventional surgery including UPPP and MMA may be a good
option. But there are some criteria for conventional surgery, if the patients cannot meet the
criteria or refused to accept the complex surgery procedure, upper airway stimulation may
be an alternative [104].

For children with OSA, the primary treatment is adenotonsillectomy (AT) to address
adenotonsillar hypertrophy which is the most etiology of pediatric OSA [105]. However,
over half of children had residual OSA after adenotonsillectomy surgery. AT performed a
significant AHI reduction in pediatric OSA from 18.2 ± 21.4 to 4.1 ± 6.4 and 27.2% cured
after AT surgery with AHI less than 1 [106]. Children with higher BMI, severer OSA, and
craniofacial abnormality are more likely to persist OSA symptoms [107]. Improvement in
cognitive function has not been found with OSA children in a year after adenotonsillectomy
surgery [108]. CPAP, weight reduction, and OA are potentially useful for poor outcome AT
candidates. Moreover, new surgical procedures and techniques including mini-invasive
septoturbinoplasty and palatal suspension instead of excision are desirable [109]. To
improve long-term treatment success of pediatric OSA, a multi-discipline approach will be
preferred in future research [110].

3.5. Electrical Stimulation

In 1996, scientists found that pharyngeal collapse at the beginning of sleep is strongly
correlated with the loss of genioglossal muscle tone [111]. The genioglossal muscle, the
largest dilator muscle that maintains upper airway patency, can be contracted by the
electrical stimulation of the hypoglossal nerve to enlarge the upper airway and reduce
the AHI. The HGNS scheme used for OSA treatment dates back to 1997 [112]. Later,
Schwartz put forward that HGNS could reduce the AHI and frequency of respiratory
interruption as well as improve oxyhemoglobin saturation during sleep [113]. The system
mainly consists of three implantable parts: a respiratory sensing lead, stimuli generator,
and stimulating electrode. The respiratory sensing lead detects the pattern of breathing
by sensing the bio-impedance with the chest wall motion and transmits the information
to the stimuli generator. Then, the latter provides the electrical stimulation pulses to the
stimulating electrode that delivers this stimulation signal to the hypoglossal nerve. The
flowchart is summarized in Figure 2, where t is the average duration time of the practical
stimulation and n is the preset stimulation duration. The first step of the simulation process
is to predefine the initial state of the stimulation duration; here, we suppose the preset
stimulation duration is n0 (hours or minutes) and the practical stimulation starting time
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is 0. Then, the sensing task consists of monitoring the respiratory rhythm to assess whether
the patient is in the inspiration phase. If the patient is in the inspiration phase, the sensor
triggers the signal generator that delivers the electrical stimuli. Using the stimulating
electrode, the electrical stimuli are sent to the hypoglossal nerve. However, if the patient
is not in the inspiration phase, the sensor does not activate the signal generator and must
wait for the patient’s forthcoming inspiration phase.
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Figure 2. Hypoglossal nerve stimulation (HGNS) Procedure.

The cycle of one stimulating process takes T0 minutes, and n cycles make the practical
time t equal to n × T0. The stimulation process ends when the value of practical time t is no
less than the preset stimulation duration n0. However, there have been a series of technical
problems including sensing sensitivity, the failure of the stimulating electrode, and the
stimulating electrode lead being in contact with tissues, which all affect the development
of HGNS.

There are strict exclusion criteria before HGNS surgery including BMI > 32 kg/m2,
neuromuscular disease, obstructive pulmonary disease, severe hypertension, and cardio-
vascular disease. Participants also need to undergo in-laboratory screening tests including
PSG, drug-induced sedated endoscopy, and surgical consultant assessment [114]. In a
retrospective analysis, there was no device-device interactions between transvenous cardiac
implantable electronic device and implantable hypoglossal nerve upper airway stimulation
in the early experience [115]. HGNS showed a high surgical success rate of 76.9% with
ImThera device. After 12 months, there was still a high mean AHI reduction of 24.2. HGNS
showed high efficacy and safe performance in OSA patients not tolerating or showing
no response to CPAP therapy [116]. Statistically, the factors most affecting the improve-
ment of post-operational outcomes include the original AHI, patient age, and BMI. Higher
AHI, older, and lower BMI patients show a greater reduction in the AHI after HGNS
surgery [117].

A meta-analysis among 837 OSA patients (517 patients were treated by positive
airway pressure, 320 patients with upper airway stimulation implantation) showed that
positive airway pressure had more improvement in diastolic blood pressure compared
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with upper airway stimulation (3.7 mm Hg vs. 2.8 mm Hg). The adherence of upper
airway stimulation was better than positive airway pressure [118]. Outcome comparison of
HGNS and conventional surgery UPPP in OSA patients showed that mean AHI reduction
from 38.9 ± 12.5 to 4.5 ± 4.8 with HGNS and 40.3 ± 12.4 to 28.8 ± 25.4 with UPPP. HGNS
performed ability of normalizing AHI index (AHI < 5) in the majority of patients [119].
HGNS provides a potent option for severe OSA patients with dentofacial deformity who
refuse facial skeletal surgery [104].

Although non-serious adverse effects occur during the HGNS process, there exist
common adverse events included pain, tongue abrasion, device malfunction, abnormal
sensations, paresthesia, change in salivary flow, and lip weakness [120].

More recently, various electrical stimulation devices have been introduced for research
purposes. Common sponsors include Inspire Medical Systems Inc., Apnex Medical Inc.,
and ImThera Medical Inc. The overall constitution of these stimulators is the same. The
subtle difference is in the number of sensing electrode leads and their shapes [121]. The
newest ImThera Aura6000 system includes a rechargeable battery and a lower volume of
the stimulator. In addition, a tiny device, the Nyxoah system, is placed on the top of the
genioglossus muscle to stimulate the hypoglossal nerve to help cure OSA symptoms. The
implantable stimulator is a simple circuit powered by a coil that converts electromagnetic
energy from the external device into electrical energy; this reduces the overall volume of
the stimulator [122].

The transcutaneous electrical stimulation (TES) is another potential effect and safe
stimulation to treat patients with OSA. Two adhesive electrode patches were placed onto the
skin of the submental area which is halfway between the chin and the angle of the mental
region. With a little battery power, transcutaneous electrical stimulation was delivered
to the submental skin to activate the motor unit of the dilators of the upper airway by
stimulating the underlying nerve [123]. In a randomized, sham-controlled trial, the mean
AHI after one-night transcutaneous electrical stimulation was reduced by 9.1 from 28.1
while the sham stimulation had a modest reduction of AHI by 4.1 from 19.5 [124]. In a
paper [125] that compared the treatment effect of HGNS and TES on patients with OSA,
AHI reduced by 24.9 in HGNS intervention and TES reduced by 16.5 in TES treatment. TES
showed less treatment efficiency than HGNS, but it was much more cost-effective and had
almost no adverse events besides minor local skin irritation. TES had a similar stimulation
methodology with HGNS that it would be used for predicting the treatment success of
HGNS in patients with OSA before undergoing an invasive surgery [123]. Moreover, the
TES is a non-invasive therapy that avoids complex surgical procedures, and the proof-of-
concept outcome for patients with OSA is promising, even it has not been implemented
into clinical management yet. To apply TES in a clinical setting, patient selection is very
important that is highly related with the treatment failure. From [121], responders to TES
prior have the AHI less than 20 before this treatment.

It is worth noting that the vagus nerve stimulator as a treatment for drug-resistant
epileptic seizures associated with severe OSA. However, the vagus nerve stimulator is not
for treating OSA but inducing severe OSA [126].

4. Comparison of Each Treatment

Despite the scarcity of studies comparing OSA treatments, we extracted the results
from the main published contributions and compared cure rates. Table 1 shows the
comparison of success rates and limitations of different treatments. The treatment success
criteria are defined as AHI index to <5 or more than 50% reduction of AHI in adults with
OSA. For children with OSA, AHI less than 1 or reduction of AHI higher than 50% can be
regarded as treatment success.

Treatments can be classified as non-invasive and invasive. CPAP, OAs, and weight
loss are non-invasive methods. CPAP as the first-line OSA treatment showed a high
effective outcome with a 59.3% treatment success rate. The mean AHI had a significant
reduction with CPAP compliers by 32.9 from 48.6 in 7 years follow-up [53]. OA is always
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recommended as a secondary treatment in clinical and plays a more efficient role in less-
severe OSA patients. With a customized OSA device, patients showed high treatment
success. At some extent, the effect of OA can be comparable with CPAP. In a study of oral
appliances, 68% of patients with OSA experienced treatment success in 4 years follow-up.
Mean AHI reduced from 27.5 (before treatment) to 12 (after oral advancement device
intervention) [58].

Table 1. Success rate and limitations of the OSA treatments.

Limitation

Methods Non-Invasive Methods Invasive Methods

CPAP [53] OA [58] Weight Loss
[83] MMA [101] UPPP [94] UPPP+TE

[98] AT [106] HGNS [117]

Severity of OSA Mild-severe Mild-severe Mild-severe Severe Moderate-
severe

Moderate-
severe

Moderate-
severe Severe

Number of samples 463 425 132 29 212 31 578 584

Pre(mean) 48.6 ± 31.8 27.5 ± 16.3 27.6 ± 24.6 36.7 ± 14 (S) 39.9 ± 18.3 33.7 ± 14.6 18.2 ± 21.4 33.8 ± 15.5

Post(mean) 5.7 ± 8.4 12 ± 12.5 9.9 ± 11.2 4.7 ± 3.2 (S) 21.5 ± 15.6 15.4 ± 14.1 4.1 ± 6.4 11 ± 13.6

AHI < 5 or AHI
reduction > 50% 59.3% 68% 27% 27.6% 44.35% 64.5% 77.1%

AHI < 1 27.2%

Follow-up 7 years 4 years 1 year 12.5 ± 3.5 years ≥34 months 3 months Immediately 1 year

Efficiency +++++ +++ + +++++ +++ ++++ ++ +++++

Limitations Poor
adherence

Strict teeth
structure,
long-term

overjet and
overbite

Difficult to
achieve

weight loss
and maintain

Highly invasive and
complicated procedure,

side effects include
malocclusion,

hemorrhage, facial
numbness, etc.

Velopharyngeal
insufficiency,
dysphagia,

swallow
difficulty

Velopharyngeal
insufficiency,
dysphagia,

swallow
difficulty

Post-
operative
bleeding,
infection
of wound

High cost,
tongue

abrasion,
device

malfunction,
abnormal

sensations, etc.

CPAP, continuous positive airway pressure; OA, oral appliance; MMA, maxillomandibular advancement; UPPP, uvulopalatopharyngo-
plasty; AT, adenotonsillectomy; TE, tonsillectomy; OSA, obstructive sleep apnea; AHI, apnea-hypopnea index; HGNS, hypoglossal nerve
stimulation; Pre(mean) is the mean AHI value before treatment; Post(mean) is the mean AHI value after treatment. More ‘+’ sign means the
higher treatment outcome.

Comparing the effect and cost of CPAP and OA, CPAP was more cost-effective and
clinically effective in patients with moderate OSA [76]. The main side-effect of OA is
overjet and overbite after long-term management. Even weight loss management has a
positive effect on OSA patients, but the treatment success rate is only 27% after 1 year of
weight loss treatment [82]. Meanwhile, the maintenance of weight reduction is difficult,
and the cost of weight management is complex. The combination of CPAP and weight loss
is more useful for lowering blood pressure, insulin resistance, and lipid levels than any
single method [127].

For OSA patients with no response to CPAP or oral appliance, invasive surgery would
be a suitable option. Conventional UPPP and MMA showed great effective performance.
The success and response rate of UPPP in long term was less effective than short term.
MMA is a highly invasive procedure commonly used for treatment of maxillomandibular
deficiency. It has a series of side effects including malocclusion, hemorrhage, local infection,
etc. The treatment outcome of MMA also decreases with time. The study of 12.5 ± 3.5 years
follow-up after MMA intervention showed the mean AHI reduced from 36.7 to 4.7 in
success group and the treatment success rate was considerable with 27.6%. In this trial,
there was a failure group in which patients had not been treated successfully via MMA and
a success group in which patients had a good response to MMA surgery. Here we reviewed
the success group data and marked in (s) [101]. The long-term outcome of UPPP was
44.35% after longer 34 months follow-up analysis. The mean AHI reduced from 39.9 to 21.5
among 215 severe OSA patients [94]. UPPP combined with TE showed higher treatment
outcome than UPPP alone. The treatment success rate of 3 months after UPPP and TE was
64.5% [98]. From Table 1, we can easily observe that the AHI reduction after MMA was
more pronounced than UPPP and UPPP and TE even the observation time of post-MMA
was extremely long with 12.5 ± 3.5 years.
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For OSA patients with no response to UPPP surgery, OA therapy is an effective
option. After failure of UPPP management, almost 50% of patients achieved a normal
AHI index with OA [97]. For OSA patients who had failed to respond to UPPP and TE
intervention, upper airway stimulation would be a great solution as CPAP has no efficient
outcome [99]. HGNS, a relatively innovative method, displays the optimal therapeutic
effect with a treatment success rate of 76% [117]. Generally, those who fail to benefit from
UPPP surgery have a greater possibility of being unable to tolerate CPAP treatment [117].
The study showed HGNS had a better outcome in terms of more improvement after CPAP.
The treatment outcome of HGNS was better than UPPP related to AHI scores [119]. There
was a successful HGNS case in a severe OSA patient who had dentofacial deformity and
HGNS provides a potent option for patients who have no response to MMA [104]. Here,
we should explain that we did not show TES outcome here as the sample in clinical was
sparse, but it does not mean the TES would not be a good alternative treatment for patients
with OSA in the future.

For pediatric OSA, the primary treatment is AT even the treatment success is not high.
After AT, the mean AHI reduced from 18.2 to 4.1 among 578 OSA children, and 27.2% of
patients did not need to receive other treatment [106].

In terms of limitations, although CPAP is a mature treatment, around 50% of OSA
patients fail to adhere to its standard usage. The limitation of OAs is the requirement of a
good structure and need to be custom-fitted. From this perspective, weight management
seems to have slight limitations except maintenance difficulty. The common complication
of invasive treatment is pain, bleeding, and high infection susceptibility. Some patients
have other post-operative complications including a decline in neurosensory and muscle
soreness. Highly invasive MMA surgery has a higher risk of side effects than other OSA
surgery treatments.

This treatment comparison has some limitations because of the lack of uniformity of
different studies. The first is the different physical conditions of the OSA patients in each
study because the screening criteria differ. Differences in demographic structure (gender,
age, ethnic group, and region) are another important factor that influences the accuracy of
the results significantly. The sample size, which affects the cure rate, in each study is not
uniform. The cure rate of each treatment is also strongly related to the follow-up time. It is
difficult to ensure the consistency of the follow-up time in different studies. The outcome
of each treatment should consider not only the cure rate, but also other factors such as the
effect of blood pressure, quality of life, sleepiness, and cardiovascular event risk. Despite
these limitations, this comparison provides a guide for doctors and patients when choosing
an OSA treatment.

5. Conclusions

OSA is a serious, potentially health-threatening disease that troubles millions of people
each year. Clear guidelines from different studies and reports are lacking on how to decide
on a suitable treatment for patients with different OSA severity. The current gold standard
of OSA treatment is CPAP, as it can feed a positive air–oxygen mixture into the patient’s
airway through the nasal obstruction continuously. However, studies find that OA is
comparable with the CPAP method for non-severe OSA patients. CPAP combined with
OA performs better outcome than CPAP alone and OA alone. For OSA patients with
a higher BMI, weight loss is a long-term suggestion. The treatment efficiency of CPAP
combined with weight loss is better than CPAP alone. Among invasive treatments of OSA,
UPPP combined with TE has a higher cure rate than UPPP and MMA is a highly efficient
management. OA is an efficient treatment for patients who failed to respond to UPPP
intervention. However, UPPP, UPPP + TE, and MMA are irreversible interventions. HGNS,
an emerging technique, displays favorable outcomes with a 76% cure rate and provides a
strong alternative for those who did not respond to UPPP or MMA surgery.
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6. Future Research Directions

OSA is a life-threatening disease common worldwide. The sharp increase in the
number of OSA patients each year is placing enormous financial strain on governments. A
variety of OSA treatments has been put forward for relieving or curing the disease. How-
ever, research comparing these treatments is scarce. Therefore, developing a comprehensive
guideline for choosing a suitable treatment for individuals with different severities of OSA
is needed. To provide a comprehensive evidence-based comparison to guide patients and
doctors, future research should consider the following:

Before treatment, specific screening and cure rate criteria should be formulated.
The comparison of these treatments should extend to the reduction of the AHI, com-

plexity of the operation, cost, treatment time, and effect on physical function including
quality of life and neurocognition.

Samples should be sufficient to relieve or remove the factor of the demographic
structures of each part.

The preliminary research in this review paper shows that HGNS is a considerable
prospect because of its high cure rate; it also has lower operational complexity than other
surgical methods and does not need to remove redundant tissues. With the development
of implantable medical devices based on a wireless power source and data transmission
embedded in a smart electronic system in the human body for monitoring and treatment
purposes [128]. HGNS will become smarter and more efficient in the future.

Another electrical stimulation treatment TES should be further investigated in a
clinical setting as it can bring much more tolerance compared with HGNS and would be a
potential non-invasive alternative for patients with OSA in the future.

To achieve efficient OSA therapeutic success, a multidisciplinary and integrated
approach would be considered in the future study.
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Abbreviations

Abbreviation Description
AHI Apnea-hypopnea index
BMI Body mass index
CPAP Continuous positive airway pressure
OA Oral appliance
PSG Polysomnography
AT Adenotonsillectomy
UPPP Uvulopalatopharyngoplasty
MMA Maxillomandibular advancement
HGNS Hypoglossal nerve stimulation
TE Tonsillectomy
TES Transcutaneous electrical stimulation



Sensors 2021, 21, 1784 14 of 18

References
1. Cai, Y.; Goldberg, A.N.; Chang, J.L. The Nose and Nasal Breathing in Sleep Apnea. Otolaryngol. Clin. N. Am. 2020, 53, 385–395.

[CrossRef] [PubMed]
2. Memon, J.; Manganaro, S.N. Obstructive Sleep-disordered Breathing. In StatPearls; StatPearls Publishing Copyright © 2020;

StatPearls Publishing LLC.: Treasure Island, FL, USA, 2020.
3. Patel, S.R. Obstructive Sleep Apnea. Ann. Intern. Med. 2019, 171, Itc81–itc96. [CrossRef]
4. Javaheri, S.; Javaheri, S. Update on Persistent Excessive Daytime Sleepiness in OSA. Chest 2020, 158, 776–786. [CrossRef] [PubMed]
5. Lavie, P. Restless Nights: Understanding Snoring and Sleep Apnea; Yale University Press: London, UK, 2003.
6. Aserinsky, E.; Kleitman, N. Regularly Occurring Periods of Eye Motility, and Concomitant Phenomena, During Sleep. Science

1953, 118, 273–274. [CrossRef] [PubMed]
7. Dempsey, J.A. Central sleep apnea: Misunderstood and mistreated! F1000Research 2019, 8, 981. [CrossRef] [PubMed]
8. Chang, H.-P.; Chen, Y.-F.; Du, J.-K. Obstructive sleep apnea treatment in adults. Kaohsiung J. Med Sci. 2019, 36, 7–12. [CrossRef]
9. Lo Bue, A.; Salvaggio, A.; Iacono Isidoro, S.; Romano, S.; Insalaco, G. OSA and CPAP therapy: Effect of gender, somnolence, and

treatment adherence on health-related quality of life. Sleep Breath. 2019, 24, 533–540. [CrossRef]
10. Zhou, J.; Xia, S.; Li, T.; Liu, R. Association between obstructive sleep apnea syndrome and nocturia: A meta-analysis. Sleep Breath

2020, 24, 1293–1298. [CrossRef]
11. Han, S.-H.; Kim, H.J.; Lee, S.-A. The effect of high evening blood pressure on obstructive sleep apnea-related morning blood

pressure elevation: Does sex modify this interaction effect? Sleep Breath. 2019, 23, 1255–1263. [CrossRef]
12. Salman, L.A.; Shulman, R.; Cohen, J.B. Obstructive Sleep Apnea, Hypertension, and Cardiovascular Risk: Epidemiology,

Pathophysiology, and Management. Curr. Cardiol. Rep. 2020, 22, 1–9. [CrossRef]
13. Miller, M.A.; Cappuccio, F.P. A systematic review of COVID-19 and obstructive sleep apnoea. Sleep Med. Rev. 2021, 2021 55,

101382. [CrossRef]
14. Li, K.K. Maxillomandibular advancement for obstructive sleep apnea. J. Oral Maxillofac. Surg. 2011, 69, 687–694. [CrossRef]

[PubMed]
15. Lu, Y.-T.; Tai, S.-K.; Lee, T.-L. Pterygomandibular suspension suture: A simple modification of uvulopalatopharyngoplasty for

severe obstructive sleep apnea. Eur. Arch. Oto-Rhino-Laryngol. 2017, 275, 269–273. [CrossRef] [PubMed]
16. Schwartz, A.R.; Thut, D.C.; Russ, B.; Seelagy, M.; Yuan, X.; Brower, R.G.; Permutt, S.; Wise, R.A.; Smith, P.L. Effect of electrical

stimulation of the hypoglossal nerve on airflow mechanics in the isolated upper airway. Am. Rev. Respir. Dis. 1993, 147, 1144–1150.
[CrossRef] [PubMed]

17. Curado, T.F.; Oliven, A.; Sennes, L.U.; Polotsky, V.Y.; Eisele, D.; Schwartz, A.R. Neurostimulation Treatment of OSA. Chest 2018,
154, 1435–1447. [CrossRef] [PubMed]

18. Bolea, S.L.; Hoegh, T.B.; Persson, B.J.; Atkinson, R.E.; Hauschild, S.F.; Kaplan, P.M.; Kuhnley, B.D.; Jasperson, K.E.; Tesfayesus, W.;
Thorp, C.K. Obstructive Sleep Apnea Treatment Devices, Systems and Methods. Pattent Aplication. Pattent Application No.
US8744589B2, 3 June 2014.

19. Curado, T.F.; Fishbein, K.; Pho, H.; Brennick, M.; Dergacheva, O.; Sennes, L.U.; Pham, L.V.; Ladenheim, E.E.; Spencer, R.;
Mendelowitz, D.; et al. Chemogenetic stimulation of the hypoglossal neurons improves upper airway patency. Sci. Rep. 2017, 7,
44392. [CrossRef]

20. Dempsey, J.A.; Veasey, S.C.; Morgan, B.J.; O’Donnell, C.P. Pathophysiology of sleep apnea. Physiol. Rev. 2010, 90, 47–112.
[CrossRef]

21. Marcus, C.L.; Brooks, L.J.; Draper, K.A.; Gozal, D.; Halbower, A.C.; Jones, J.; Schechter, M.S.; Sheldon, S.H.; Spruyt, K.; Ward, S.D.;
et al. Diagnosis and management of childhood obstructive sleep apnea syndrome. Pediatrics 2012, 130, 576–584. [CrossRef]

22. Senaratna, C.V.; Perret, J.L.; Lodge, C.J.; Lowe, A.J.; Campbell, B.E.; Matheson, M.C.; Hamilton, G.S.; Dharmage, S.C. Prevalence
of obstructive sleep apnea in the general population: A systematic review. Sleep Med. Rev. 2017, 34, 70–81. [CrossRef]

23. Lyons, M.M.; Bhatt, N.Y.; Pack, A.I.; Magalang, U.J. Global burden of sleep-disordered breathing and its implications. Respirology
2020, 25, 690–702. [CrossRef]

24. Sullivan, F. Hidden Health Crisis Costing America Billions: Underdiagnosing and Undertreating Obstructive Sleep Apnea
Draining Healthcare System. 2016. Available online: https://aasm.org/resources/pdf/sleep-apnea-economic-crisis.pdf (accessed
on 20 October 2020).

25. Benjafield, A.V.; Ayas, N.T.; Eastwood, P.R.; Heinzer, R.; Ip, M.S.M.; Morrell, M.J.; Nunez, C.M.; Patel, S.R.; Penzel, T.; Pépin, J.-L.;
et al. Estimation of the global prevalence and burden of obstructive sleep apnoea: A literature-based analysis. Lancet Respir. Med.
2019, 7, 687–698. [CrossRef]

26. Donovan, L.M.; Shah, A.; Chai-Coetzer, C.L.; Barbé, F.; Ayas, N.T.; Kapur, V.K. Redesigning Care for OSA. Chest 2020, 157, 966–976.
[CrossRef] [PubMed]

27. Kapur, V.K.; Auckley, D.H.; Chowdhuri, S.; Kuhlmann, D.C.; Mehra, R.; Ramar, K.; Harrod, C.G. Clinical Practice Guideline for
Diagnostic Testing for Adult Obstructive Sleep Apnea: An American Academy of Sleep Medicine Clinical Practice Guideline. J.
Clin. Sleep Med. 2017, 13, 479–504. [CrossRef]

28. Gottlieb, D.J.; Punjabi, N.M. Diagnosis and Management of Obstructive Sleep Apnea: A Review. JAMA 2020, 323, 1389–1400.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.otc.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32192710
http://doi.org/10.7326/AITC201912030
http://doi.org/10.1016/j.chest.2020.02.036
http://www.ncbi.nlm.nih.gov/pubmed/32147246
http://doi.org/10.1126/science.118.3062.273
http://www.ncbi.nlm.nih.gov/pubmed/13089671
http://doi.org/10.12688/f1000research.18358.1
http://www.ncbi.nlm.nih.gov/pubmed/31297185
http://doi.org/10.1002/kjm2.12010
http://doi.org/10.1007/s11325-019-01895-3
http://doi.org/10.1007/s11325-019-01981-6
http://doi.org/10.1007/s11325-019-01869-5
http://doi.org/10.1007/s11886-020-1257-y
http://doi.org/10.1016/j.smrv.2020.101382
http://doi.org/10.1016/j.joms.2010.09.014
http://www.ncbi.nlm.nih.gov/pubmed/21185642
http://doi.org/10.1007/s00405-017-4773-7
http://www.ncbi.nlm.nih.gov/pubmed/29075982
http://doi.org/10.1164/ajrccm/147.5.1144
http://www.ncbi.nlm.nih.gov/pubmed/8484623
http://doi.org/10.1016/j.chest.2018.08.1070
http://www.ncbi.nlm.nih.gov/pubmed/30222959
http://doi.org/10.1038/srep44392
http://doi.org/10.1152/physrev.00043.2008
http://doi.org/10.1542/peds.2012-1671
http://doi.org/10.1016/j.smrv.2016.07.002
http://doi.org/10.1111/resp.13838
https://aasm.org/resources/pdf/sleep-apnea-economic-crisis.pdf
http://doi.org/10.1016/S2213-2600(19)30198-5
http://doi.org/10.1016/j.chest.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/31639334
http://doi.org/10.5664/jcsm.6506
http://doi.org/10.1001/jama.2020.3514
http://www.ncbi.nlm.nih.gov/pubmed/32286648


Sensors 2021, 21, 1784 15 of 18

29. Epstein, L.J.; Kristo, D.; Strollo, P.J.; Friedman, N.; Malhotra, A.; Patil, S.P.; Ramar, K.; Rogers, R.; Schwab, R.J.; Weaver, E.M.; et al.
Clinical guideline for the evaluation, management and long-term care of obstructive sleep apnea in adults. J. Clin. Sleep Med.
2009, 5, 263–276.

30. Watson, N.F.; Badr, M.S.; Belenky, G.; Bliwise, D.L.; Buxton, O.M.; Buysse, D.; Dinges, D.F.; Gangwisch, J.; Grandner, M.A.;
Kushida, C.; et al. Recommended Amount of Sleep for a Healthy Adult: A Joint Consensus Statement of the American Academy
of Sleep Medicine and Sleep Research Society. Sleep 2015, 38, 843–844. [CrossRef]

31. Tan, A.; Yin, J.D.; Tan, L.W.; van Dam, R.M.; Cheung, Y.Y.; Lee, C.H. Using the Berlin Questionnaire to Predict Obstructive Sleep
Apnea in the General Population. J. Clin. Sleep Med. 2017, 13, 427–432. [CrossRef] [PubMed]

32. Chung, F.; Abdullah, H.R.; Liao, P. STOP-Bang Questionnaire: A Practical Approach to Screen for Obstructive Sleep Apnea. Chest
2016, 149, 631–638. [CrossRef]

33. Marti-Soler, H.; Hirotsu, C.; Marques-Vidal, P.; Vollenweider, P.; Waeber, G.; Preisig, M.; Tafti, M.; Tufik, S.B.; Bittencourt, L.; Tufik,
S.; et al. The NoSAS score for screening of sleep-disordered breathing: A derivation and validation study. Lancet Respir. Med.
2016, 4, 742–748. [CrossRef]

34. Hurlston, A.; Foster, S.N.; Creamer, J.; Brock, M.S.; Matsangas, P.; Moore, B.A.; Mysliwiec, V. The Epworth Sleepiness Scale in
Service Members with Sleep Disorders. Mil. Med. 2019, 184, e701–e707. [CrossRef] [PubMed]

35. Rong, Y.; Wang, S.; Wang, H.; Wang, F.; Tang, J.; Kang, X.; Li, G.; Liu, Z. Validation of the NoSAS Score for the Screening of
Sleep-Disordered Breathing in a Sleep Clinic. Can. Respir. J. 2020, 2020, 1–6. [CrossRef]

36. Miller, J.N.; Schulz, P.; Pozehl, B.; Fiedler, D.; Fial, A.; Berger, A.M. Methodological strategies in using home sleep apnea testing in
research and practice. Sleep Breath 2017, 22, 569–577. [CrossRef]

37. Rosenberg, R.; Hirshkowitz, M.; Rapoport, D.M.; Kryger, M. The role of home sleep testing for evaluation of patients with
excessive daytime sleepiness: Focus on obstructive sleep apnea and narcolepsy. Sleep Med. 2019, 56, 80–89. [CrossRef]

38. Patil, S.P.; Ayappa, I.A.; Caples, S.M.; Kimoff, R.J.; Patel, S.R.; Harrod, C.G. Treatment of Adult Obstructive Sleep Apnea With
Positive Airway Pressure: An American Academy of Sleep Medicine Systematic Review, Meta-Analysis, and GRADE Assessment.
J. Clin. Sleep Med. 2019, 15, 301–334. [CrossRef]

39. Weaver, T.E. Novel Aspects of CPAP Treatment and Interventions to Improve CPAP Adherence. J. Clin. Med. 2019, 8, 2220.
[CrossRef] [PubMed]

40. Chaiard, J.; Weaver, T.E. Update on Research and Practices in Major Sleep Disorders: Part I. Obstructive Sleep Apnea Syndrome.
J. Nurs. Sch. 2019, 51, 500–508. [CrossRef]

41. Gottlieb, D.J.; Punjabi, N.M.; Mehra, R.; Patel, S.R.; Quan, S.F.; Babineau, D.C.; Tracy, R.P.; Rueschman, M.; Blumenthal, R.S.;
Lewis, E.F.; et al. CPAP versus oxygen in obstructive sleep apnea. N. Engl. J. Med. 2014, 370, 2276–2285. [CrossRef] [PubMed]

42. Panzini, R.G.; Mosqueiro, B.P.; Zimpel, R.R.; Bandeira, D.R.; Rocha, N.S.; Fleck, M.P. Quality-of-life and spirituality. Int. Rev.
Psychiatry 2017, 29, 263–282. [CrossRef] [PubMed]

43. Timkova, V.; Nagyova, I.; Reijneveld, S.A.; Tkacova, R.; van Dijk, J.P.; Bültmann, U. Quality of life of obstructive sleep apnoea
patients receiving continuous positive airway pressure treatment: A systematic review and meta-analysis. Hear. Lung 2020, 49,
10–24. [CrossRef]

44. Wang, G.; Goebel, J.R.; Li, C.; Hallman, H.G.; Gilford, T.M.; Li, W. Therapeutic effects of CPAP on cognitive impairments
associated with OSA. J. Neurol. 2019, 267, 2823–2828. [CrossRef]

45. Spannella, F.; Giulietti, F.; Di Pentima, C.; Lombardi, F.E.; Borioni, E.; Sarzani, R. Blood Pressure and Metabolic Changes After
3-Month CPAP Therapy in a Very Elderly Obese with Severe Obstructive Sleep Apnea: A Case Report and Review of the
Literature. High Blood Press. Cardiovasc. Prev. 2017, 24, 341–346. [CrossRef]

46. Lin, P.-W.; Lin, H.-C.; Friedman, M.; Chang, H.-W.; Salapatas, A.M.; Lin, M.-C.; Chen, Y.-C. Effects of CPAP for patients with OSA
on visual sensitivity and retinal thickness. Sleep Med. 2020, 67, 156–163. [CrossRef]

47. Adegunsoye, A.; Neborak, J.M.; Zhu, D.; Cantrill, B.; Garcia, N.; Oldham, J.M.; Noth, I.; Vij, R.; Kuzniar, T.J.; Bellam, S.K.; et al.
CPAP Adherence, Mortality, and Progression-Free Survival in Interstitial Lung Disease and OSA. Chest 2020, 158, 1701–1712.
[CrossRef] [PubMed]

48. Efazati, N.; Rahimi, B.; Mirdamadi, M.; Edalatifard, M.; Tavoosi, A. Changes in heart rate variability (HRV) in patients with
severe and moderate obstructive sleep apnea before and after acute CPAP therapy during nocturnal polysomnography. Sleep Sci.
2020, 13, 97–102.

49. Labarca, G.; Saavedra, D.; Dreyse, J.; Jorquera, J.; Barbe, F. Efficacy of CPAP for Improvements in Sleepiness, Cognition, Mood,
and Quality of Life in Elderly Patients With OSA: Systematic Review and Meta-analysis of Randomized Controlled Trials. Chest
2020, 158, 751–764. [CrossRef] [PubMed]

50. Labarca, G.; Dreyse, J.; Drake, L.; Jorquera, J.; Barbe, F. Efficacy of continuous positive airway pressure (CPAP) in the prevention of
cardiovascular events in patients with obstructive sleep apnea: Systematic review and meta-analysis. Sleep Med. Rev. 2020, 52, 101312.
[CrossRef] [PubMed]

51. Labarca, G.; Reyes, T.; Jorquera, J.; Dreyse, J.; Drake, L. CPAP in patients with obstructive sleep apnea and type 2 diabetes mellitus:
Systematic review and meta-analysis. Clin. Respir. J. 2018, 12, 2361–2368. [CrossRef]

52. Aaronson, J.A.; Hofman, W.F.; van Bennekom, C.A.; van Bezeij, T.; van den Aardweg, J.G.; Groet, E.; Kylstra, W.A.; Schmand, B.
Effects of Continuous Positive Airway Pressure on Cognitive and Functional Outcome of Stroke Patients with Obstructive Sleep
Apnea: A Randomized Controlled Trial. J. Clin. Sleep. Med. 2016, 12, 533–541. [CrossRef]

http://doi.org/10.5665/sleep.4716
http://doi.org/10.5664/jcsm.6496
http://www.ncbi.nlm.nih.gov/pubmed/27855742
http://doi.org/10.1378/chest.15-0903
http://doi.org/10.1016/S2213-2600(16)30075-3
http://doi.org/10.1093/milmed/usz066
http://www.ncbi.nlm.nih.gov/pubmed/30951176
http://doi.org/10.1155/2020/4936423
http://doi.org/10.1007/s11325-017-1593-3
http://doi.org/10.1016/j.sleep.2019.01.014
http://doi.org/10.5664/jcsm.7638
http://doi.org/10.3390/jcm8122220
http://www.ncbi.nlm.nih.gov/pubmed/31888148
http://doi.org/10.1111/jnu.12489
http://doi.org/10.1056/NEJMoa1306766
http://www.ncbi.nlm.nih.gov/pubmed/24918372
http://doi.org/10.1080/09540261.2017.1285553
http://www.ncbi.nlm.nih.gov/pubmed/28587554
http://doi.org/10.1016/j.hrtlng.2019.10.004
http://doi.org/10.1007/s00415-019-09381-2
http://doi.org/10.1007/s40292-017-0190-7
http://doi.org/10.1016/j.sleep.2019.10.019
http://doi.org/10.1016/j.chest.2020.04.067
http://www.ncbi.nlm.nih.gov/pubmed/32450237
http://doi.org/10.1016/j.chest.2020.03.049
http://www.ncbi.nlm.nih.gov/pubmed/32289311
http://doi.org/10.1016/j.smrv.2020.101312
http://www.ncbi.nlm.nih.gov/pubmed/32248026
http://doi.org/10.1111/crj.12915
http://doi.org/10.5664/jcsm.5684


Sensors 2021, 21, 1784 16 of 18

53. Al-Abri, M.A.; Al-Harmeli, A.; Al-Habsi, M.; Jaju, D. Acceptance and Compliance of Continuous Positive Airway Pressure in
Patients with Obstructive Sleep Apnea: Local Population Survey. Oman Med. J. 2020, 35, e198. [CrossRef] [PubMed]

54. Woehrle, H.; Arzt, M.; Graml, A.; Fietze, I.; Young, P.; Teschler, H.; Ficker, J.H. Predictors of positive airway pressure therapy
termination in the first year: Analysis of big data from a German homecare provider. BMC Pulm. Med. 2018, 18, 186. [CrossRef]
[PubMed]

55. Bakker, J.P.; Weaver, T.E.; Parthasarathy, S.; Aloia, M.S. Adherence to CPAP: What Should We Be Aiming For, and How Can We
Get There? Chest 2019, 155, 1272–1287. [CrossRef]

56. Zhang, M.; Liu, Y.; Liu, Y.; Yu, F.; Yan, S.; Chen, L.; Lv, C.; Lu, H. Effectiveness of oral appliances versus continuous positive
airway pressure in treatment of OSA patients: An updated meta-analysis. CRANIO® 2019, 37, 347–364. [CrossRef] [PubMed]

57. Ilea, A.; Timus, , D.; Höpken, J.; Andrei, V.; Băbt,an, A.M.; Petrescu, N.B.; Câmpian, R.S.; Bos, ca, A.B.; S, ovrea, A.S.; Negucioiu, M.;
et al. Oral appliance therapy in obstructive sleep apnea and snoring—Systematic review and new directions of development.
CRANIO® 2019, 1–12. [CrossRef]

58. Sutherland, K.; Takaya, H.; Qian, J.; Petocz, P.; Ng, A.T.; Cistulli, P.A. Oral Appliance Treatment Response and Polysomnographic
Phenotypes of Obstructive Sleep Apnea. J. Clin. Sleep Med. 2015, 11, 861–868. [CrossRef]

59. Bartolucci, M.L.; Bortolotti, F.; Raffaelli, E.; D’Antò, V.; Michelotti, A.; Bonetti, G.A. The effectiveness of different mandibular
advancement amounts in OSA patients: A systematic review and meta-regression analysis. Sleep Breath. 2016, 20, 911–919.
[CrossRef] [PubMed]

60. Bartolucci, M.L.; Bortolotti, F.; Corazza, G.; Parenti, S.I.; Paganelli, C.; Bonetti, G.A. Effectiveness of different mandibular
advancement device designs in obstructive sleep apnoea therapy: A systematic review of randomised controlled trials with
meta-analysis. J. Oral Rehabil. 2020. [CrossRef] [PubMed]

61. Lettieri, C.J.; Paolino, N.; Eliasson, A.H.; Shah, A.A.; Holley, A.B. Comparison of adjustable and fixed oral appliances for the
treatment of obstructive sleep apnea. J. Clin. Sleep Med. 2011, 7, 439–445. [CrossRef] [PubMed]

62. Chan, A.S.L.; Sutherland, K.; Cistulli, P.A. Mandibular advancement splints for the treatment of obstructive sleep apnea. Expert
Rev. Respir. Med. 2019, 14, 81–88. [CrossRef] [PubMed]

63. Edwards, B.A.; Andara, C.; Landry, S.; Sands, S.A.; Joosten, S.A.; Owens, R.L.; White, D.P.; Hamilton, G.S.; Wellman, A. Upper-
Airway Collapsibility and Loop Gain Predict the Response to Oral Appliance Therapy in Patients with Obstructive Sleep Apnea.
Am. J. Respir. Crit. Care Med. 2016, 194, 1413–1422. [CrossRef]

64. Haviv, Y.; Bachar, G.; Aframian, D.J.; Almoznino, G.; Michaeli, E.; Benoliel, R. A 2-year mean follow-up of oral appliance therapy
for severe obstructive sleep apnea: A cohort study. Oral Dis. 2014, 2014 21, 386–392. [CrossRef]

65. Bratton, D.J.; Gaisl, T.; Wons, A.M.; Kohler, M. CPAP vs Mandibular Advancement Devices and Blood Pressure in Patients With
Obstructive Sleep Apnea: A Systematic Review and Meta-analysis. JAMA 2015, 314, 2280–2293. [CrossRef] [PubMed]

66. Guimarães, T.M.; Poyares, D.; Oliveira, E.S.L.; Luz, G.; Coelho, G.; Dal Fabbro, C.; Tufik, S.; Bittencourt, L. The treatment of mild
OSA with CPAP or mandibular advancement device and the effect on blood pressure and endothelial function after one year of
treatment. J. Clin. Sleep Med. 2021, 17, 149–158. [CrossRef]

67. Glos, M.; Penzel, T.; Schoebel, C.; Nitzsche, G.-R.; Zimmermann, S.; Rudolph, C.; Blau, A.; Baumann, G.; Jost-Brinkmann, P.-G.;
Rautengarten, S.; et al. Comparison of effects of OSA treatment by MAD and by CPAP on cardiac autonomic function during
daytime. Sleep Breath. 2016, 20, 635–646. [CrossRef]

68. de Vries, G.E.; Wijkstra, P.J.; Houwerzijl, E.J.; Kerstjens, H.A.M.; Hoekema, A. Cardiovascular effects of oral appliance therapy in
obstructive sleep apnea: A systematic review and meta-analysis. Sleep Med. Rev. 2018, 40, 55–68. [CrossRef] [PubMed]

69. Perez, C.V.; de Leeuw, R.; Okeson, J.P.; Carlson, C.R.; Li, H.F.; Bush, H.M.; Falace, D.A. The incidence and prevalence of
temporomandibular disorders and posterior open bite in patients receiving mandibular advancement device therapy for
obstructive sleep apnea. Sleep Breath. 2013, 17, 323–332. [CrossRef] [PubMed]

70. Patel, S.; Rinchuse, D.; Zullo, T.; Wadhwa, R. Long-term dental and skeletal effects of mandibular advancement devices in adults
with obstructive sleep apnoea: A systematic review. Int. Orthod. 2019, 17, 3–11. [CrossRef] [PubMed]

71. Martins, O.F.M.; Chaves Junior, C.M.; Rossi, R.R.P.; Cunali, P.A.; Dal-Fabbro, C.; Bittencourt, L. Side effects of mandibular
advancement splints for the treatment of snoring and obstructive sleep apnea: A systematic review. Dental Press J. Orthod. 2018,
23, 45–54. [CrossRef] [PubMed]

72. Ciui, B.C.; Tertis, M.; Feurdean, C.N.; Ilea, A.; Sandulescu, R.; Wang, J.; Cristea, C. Cavitas electrochemical sensor toward detection
of N-epsilon (carboxymethyl)lysine in oral cavity. Sens. Actuators B-Chem. 2019, 281, 399–407. [CrossRef]

73. de Vries, G.E.; Hoekema, A.; Claessen, J.; Stellingsma, C.; Stegenga, B.; Kerstjens, H.A.M.; Wijkstra, P.J. Long-Term Objective
Adherence to Mandibular Advancement Device Therapy Versus Continuous Positive Airway Pressure in Patients With Moderate
Obstructive Sleep Apnea. J. Clin. Sleep Med. 2019, 15, 1655–1663. [CrossRef]

74. Schwartz, M.; Acosta, L.; Hung, Y.-L.; Padilla, M.; Enciso, R. Effects of CPAP and mandibular advancement device treatment in
obstructive sleep apnea patients: A systematic review and meta-analysis. Sleep Breath. 2018, 22, 555–568. [CrossRef]

75. Lai, V.; Tong, B.K.; Tran, C.; Ricciardiello, A.; Donegan, M.; Murray, N.P.; Carberry, J.C.; Eckert, D.J. Combination therapy with
mandibular advancement and expiratory positive airway pressure valves reduces obstructive sleep apnea severity. Sleep 2019, 42, zsz119.
[CrossRef] [PubMed]

http://doi.org/10.5001/omj.2020.94
http://www.ncbi.nlm.nih.gov/pubmed/33214912
http://doi.org/10.1186/s12890-018-0748-8
http://www.ncbi.nlm.nih.gov/pubmed/30518372
http://doi.org/10.1016/j.chest.2019.01.012
http://doi.org/10.1080/08869634.2018.1475278
http://www.ncbi.nlm.nih.gov/pubmed/29793390
http://doi.org/10.1080/08869634.2019.1673285
http://doi.org/10.5664/jcsm.4934
http://doi.org/10.1007/s11325-015-1307-7
http://www.ncbi.nlm.nih.gov/pubmed/26779903
http://doi.org/10.1111/joor.13077
http://www.ncbi.nlm.nih.gov/pubmed/32805753
http://doi.org/10.5664/JCSM.1300
http://www.ncbi.nlm.nih.gov/pubmed/22003337
http://doi.org/10.1080/17476348.2020.1686978
http://www.ncbi.nlm.nih.gov/pubmed/31663416
http://doi.org/10.1164/rccm.201601-0099OC
http://doi.org/10.1111/odi.12291
http://doi.org/10.1001/jama.2015.16303
http://www.ncbi.nlm.nih.gov/pubmed/26624827
http://doi.org/10.5664/jcsm.8822
http://doi.org/10.1007/s11325-015-1265-0
http://doi.org/10.1016/j.smrv.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29195726
http://doi.org/10.1007/s11325-012-0695-1
http://www.ncbi.nlm.nih.gov/pubmed/22477031
http://doi.org/10.1016/j.ortho.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30770329
http://doi.org/10.1590/2177-6709.23.4.045-054.oar
http://www.ncbi.nlm.nih.gov/pubmed/30304153
http://doi.org/10.1016/j.snb.2018.10.096
http://doi.org/10.5664/jcsm.8034
http://doi.org/10.1007/s11325-017-1590-6
http://doi.org/10.1093/sleep/zsz119
http://www.ncbi.nlm.nih.gov/pubmed/31180512


Sensors 2021, 21, 1784 17 of 18

76. de Vries, G.E.; Hoekema, A.; Vermeulen, K.M.; Claessen, J.; Jacobs, W.; van der Maten, J.; van der Hoeven, J.H.; Stegenga, B.;
Kerstjens, H.A.M.; Wijkstra, P.J. Clinical- and Cost-Effectiveness of a Mandibular Advancement Device Versus Continuous
Positive Airway Pressure in Moderate Obstructive Sleep Apnea. J. Clin. Sleep Med. 2019, 15, 1477–1485. [CrossRef] [PubMed]

77. Grewal, G.; Joshi, G.P. Obesity and Obstructive Sleep Apnea in the Ambulatory Patient. Anesthesiol. Clin. 2019, 37, 215–224.
[CrossRef] [PubMed]

78. Pahkala, R.; Seppä, J.; Ikonen, A.; Smirnov, G.; Tuomilehto, H. The impact of pharyngeal fat tissue on the pathogenesis of
obstructive sleep apnea. Sleep Breath. 2013, 18, 275–282. [CrossRef]

79. Tham, K.W.; Lee, P.C.; Lim, C.H. Weight Management in Obstructive Sleep Apnea: Medical and Surgical Options. Sleep Med. Clin.
2019, 14, 143–153. [CrossRef]

80. Edwards, B.A.; Bristow, C.; O’Driscoll, D.M.; Wong, A.M.; Ghazi, L.; Davidson, Z.E.; Young, A.; Truby, H.; Haines, T.P.; Hamilton,
G.S. Assessing the impact of diet, exercise and the combination of the two as a treatment for OSA: A systematic review and
meta-analysis. Respirology 2019, 24, 740–751. [CrossRef]

81. Anandam, A.; Akinnusi, M.; Kufel, T.; Porhomayon, J.; El-Solh, A.A. Effects of dietary weight loss on obstructive sleep apnea: A
meta-analysis. Sleep Breath. 227–234. [CrossRef]

82. Karlsen, T.; Nes, B.M.; Tjønna, A.E.; Engstrøm, M.; Støylen, A.; Steinshamn, S. High-intensity interval training improves
obstructive sleep apnoea. BMJ Open Sport Exerc. Med. 2017, 2. [CrossRef]

83. Peromaa-Haavisto, P.; Tuomilehto, H.; Kössi, J.; Virtanen, J.; Luostarinen, M.; Pihlajamäki, J.; Käkelä, P.; Victorzon, M. Obstructive
sleep apnea: The effect of bariatric surgery after 12 months. A prospective multicenter trial. Sleep Med. 2017, 35, 85–90. [CrossRef]

84. Pugliese, G.; Barrea, L.; Laudisio, D.; Salzano, C.; Aprano, S.; Colao, A.; Savastano, S.; Muscogiuri, G. Sleep Apnea, Obesity, and
Disturbed Glucose Homeostasis: Epidemiologic Evidence, Biologic Insights, and Therapeutic Strategies. Curr. Obes. Rep. 2020, 9,
30–38. [CrossRef] [PubMed]

85. Kuna, S.T.; Reboussin, D.M.; Borradaile, K.E.; Sanders, M.H.; Millman, R.P.; Zammit, G.; Newman, A.B.; Wadden, T.A.; Jakicic,
J.M.; Wing, R.R.; et al. Long-term effect of weight loss on obstructive sleep apnea severity in obese patients with type 2 diabetes.
Sleep 2013, 36, 641–649. [CrossRef]

86. Dalmar, A.; Singh, M.; Pandey, B.; Stoming, C.; Heis, Z.; Ammar, K.A.; Jan, M.F.; Choudhuri, I.; Chua, T.Y.; Sra, J.; et al. The
beneficial effect of weight reduction on adverse cardiovascular outcomes following bariatric surgery is attenuated in patients
with obstructive sleep apnea. Sleep 2018, 41, zsy028. [CrossRef] [PubMed]

87. Lettieri, C.J.; Eliasson, A.H.; Greenburg, D.L. Persistence of obstructive sleep apnea after surgical weight loss. J. Clin. Sleep Med.
2008, 4, 333–338. [CrossRef] [PubMed]

88. Joosten, S.A.; Khoo, J.K.; Edwards, B.A.; Landry, S.A.; Naughton, M.T.; Dixon, J.B.; Hamilton, G.S. Improvement in Obstructive
Sleep Apnea With Weight Loss is Dependent on Body Position During Sleep. Sleep 2017, 40, zsx047. [CrossRef]

89. Giebelhaus, V.; Strohl, K.P.; Lormes, W.; Lehmann, M.; Netzer, N. Physical Exercise as an Adjunct Therapy in Sleep Apnea-An
Open Trial. Sleep Breath. 2000, 4, 173–176. [PubMed]

90. Saunders, K.H.; Igel, L.I.; Tchang, B.G. Surgical and Nonsurgical Weight Loss for Patients with Obstructive Sleep Apnea.
Otolaryngol. Clin. N. Am. 2020, 53, 409–420. [CrossRef] [PubMed]

91. Courtney, R. Breathing retraining in sleep apnoea: A review of approaches and potential mechanisms. Sleep Breath. 2020, 24,
1315–1325. [CrossRef]

92. Kheirandish-Gozal, L.; Bhattacharjee, R.; Bandla, H.P.R.; Gozal, D. Antiinflammatory therapy outcomes for mild OSA in children.
Chest 2014, 146, 88–95. [CrossRef] [PubMed]

93. Francis, C.E.; Quinnell, T. Mandibular Advancement Devices for OSA: An Alternative to CPAP? Pulm. Ther. 2020, 1–12. [CrossRef]
94. He, M.; Yin, G.; Zhan, S.; Xu, J.; Cao, X.; Li, J.; Ye, J. Long-term Efficacy of Uvulopalatopharyngoplasty among Adult Patients with

Obstructive Sleep Apnea: A Systematic Review and Meta-analysis. Otolaryngol. Head Neck Surg. 2019, 161, 401–411. [CrossRef]
95. Zhan, X.; Li, L.; Wu, C.; Chitguppi, C.; Huntley, C.; Fang, F.; Wei, Y. Effect of uvulopalatopharyngoplasty (UPPP) on atherosclerosis

and cardiac functioning in obstructive sleep apnea patients. Acta Otolaryngol. 2019, 139, 793–797. [CrossRef] [PubMed]
96. Choi, J.H.; Cho, S.H.; Kim, S.N.; Suh, J.D.; Cho, J.H. Predicting Outcomes after Uvulopalatopharyngoplasty for Adult Obstructive

Sleep Apnea: A Meta-analysis. Otolaryngol. Head Neck Surg. 2016, 155, 904–913. [CrossRef]
97. Stanley, J.J.; Shelgikar, A.V.; Aronovich, S.; O’Brien, L.M. Efficacy of oral appliance therapy in patients following uvu-

lopalatopharyngoplasty failure. Laryngoscope 2019, 4, 269–273. [CrossRef]
98. Sommer, U.J.; Heiser, C.; Gahleitner, C.; Herr, R.M.; Hörmann, K.; Maurer, J.T.; Stuck, B.A. Tonsillectomy with Uvulopalatopharyn-

goplasty in Obstructive Sleep Apnea. Dtsch. Arztebl. Int. 2016, 113, 1–8. [CrossRef]
99. Hasselbacher, K.; Seitz, A.; Abrams, N.; Wollenberg, B.; Steffen, A. Complete concentric collapse at the soft palate in sleep

endoscopy: What change is possible after UPPP in patients with CPAP failure? Sleep Breath. 2018, 22, 933–938. [CrossRef]
100. John, C.R.; Gandhi, S.; Sakharia, A.R.; James, T.T. Maxillomandibular advancement is a successful treatment for obstructive sleep

apnoea: A systematic review and meta-analysis. Int. J. Oral Maxillofac. Surg. 2018, 47, 1561–1571. [CrossRef] [PubMed]
101. Vigneron, A.; Tamisier, R.; Orset, E.; Pepin, J.L.; Bettega, G. Maxillomandibular advancement for obstructive sleep apnea

syndrome treatment: Long-term results. J. Cranio-Maxillofac. Surg. 2017, 45, 183–191. [CrossRef]
102. Giralt-Hernando, M.; Valls-Ontañón, A.; Guijarro-Martínez, R.; Masià-Gridilla, J.; Hernández-Alfaro, F. Impact of surgical

maxillomandibular advancement upon pharyngeal airway volume and the apnoea-hypopnoea index in the treatment of
obstructive sleep apnoea: Systematic review and meta-analysis. BMJ Open Respir. Res. 2019, 6, e000402. [CrossRef] [PubMed]

http://doi.org/10.5664/jcsm.7980
http://www.ncbi.nlm.nih.gov/pubmed/31596213
http://doi.org/10.1016/j.anclin.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/31047125
http://doi.org/10.1007/s11325-013-0878-4
http://doi.org/10.1016/j.jsmc.2018.10.002
http://doi.org/10.1111/resp.13580
http://doi.org/10.1007/s11325-012-0677-3
http://doi.org/10.1136/bmjsem-2016-000155
http://doi.org/10.1016/j.sleep.2016.12.017
http://doi.org/10.1007/s13679-020-00369-y
http://www.ncbi.nlm.nih.gov/pubmed/31970714
http://doi.org/10.5665/sleep.2618
http://doi.org/10.1093/sleep/zsy028
http://www.ncbi.nlm.nih.gov/pubmed/29425382
http://doi.org/10.5664/jcsm.27233
http://www.ncbi.nlm.nih.gov/pubmed/18763424
http://doi.org/10.1093/sleep/zsx047
http://www.ncbi.nlm.nih.gov/pubmed/11894204
http://doi.org/10.1016/j.otc.2020.02.003
http://www.ncbi.nlm.nih.gov/pubmed/32334866
http://doi.org/10.1007/s11325-020-02013-4
http://doi.org/10.1378/chest.13-2288
http://www.ncbi.nlm.nih.gov/pubmed/24504096
http://doi.org/10.1007/s41030-020-00137-2
http://doi.org/10.1177/0194599819840356
http://doi.org/10.1080/00016489.2019.1633475
http://www.ncbi.nlm.nih.gov/pubmed/31268381
http://doi.org/10.1177/0194599816661481
http://doi.org/10.1002/lio2.256
http://doi.org/10.3238/arztebl.2016.0001
http://doi.org/10.1007/s11325-018-1657-z
http://doi.org/10.1016/j.ijom.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29871788
http://doi.org/10.1016/j.jcms.2016.12.001
http://doi.org/10.1136/bmjresp-2019-000402
http://www.ncbi.nlm.nih.gov/pubmed/31673361


Sensors 2021, 21, 1784 18 of 18

103. Zaghi, S.; Holty, J.E.; Certal, V.; Abdullatif, J.; Guilleminault, C.; Powell, N.B.; Riley, R.W.; Camacho, M. Maxillomandibular
Advancement for Treatment of Obstructive Sleep Apnea: A Meta-analysis. JAMA Otolaryngol. Head Neck Surg. 2016, 142, 58–66.
[CrossRef]

104. Hong, S.O.; Poomkonsarn, S.; Millesi, G.; Liu, S.Y.C. Upper airway stimulation as an alternative to maxillomandibular advance-
ment for obstructive sleep apnoea in a patient with dentofacial deformity: Case report with literature review. Int. J. Oral Maxillofac.
Surg. 2020, 49, 908–913. [CrossRef]

105. Huang, Y.S.; Guilleminault, C. Pediatric Obstructive Sleep Apnea: Where Do We Stand? Adv. Oto-Rhino-Laryngol. 2017, 80,
136–144. [CrossRef]

106. Bhattacharjee, R.; Kheirandish-Gozal, L.; Spruyt, K.; Mitchell, R.B.; Promchiarak, J.; Simakajornboon, N.; Kaditis, A.G.; Splaingard,
D.; Splaingard, M.; Brooks, L.J.; et al. Adenotonsillectomy outcomes in treatment of obstructive sleep apnea in children: A
multicenter retrospective study. Am. J. Respir. Crit. Care Med. 2010, 182, 676–683. [CrossRef]

107. Bluher, A.E.; Ishman, S.L.; Baldassari, C.M. Managing the Child with Persistent Sleep Apnea. Otolaryngol. Clin. N. Am. 2019, 52,
891–901. [CrossRef]

108. Waters, K.A.; Chawla, J.; Harris, M.A.; Heussler, H.; Black, R.J.; Cheng, A.T.; Lushington, K. Cognition After Early Tonsillectomy
for Mild OSA. Pediatrics 2020, 145, e20191450. [CrossRef]

109. Li, H.-Y.; Lee, L.-A.; Tsai, M.-S.; Chen, N.-H.; Chuang, L.-P.; Fang, T.-J.; Shen, S.-C.; Cheng, W.-N. How to manage continuous
positive airway pressure (CPAP) failure -hybrid surgery and integrated treatment. Auris Nasus Larynx 2020, 47, 335–342.
[CrossRef] [PubMed]

110. Rana, M.; August, J.; Levi, J.; Parsi, G.; Motro, M.; DeBassio, W. Alternative Approaches to Adenotonsillectomy and Continuous
Positive Airway Pressure (CPAP) for the Management of Pediatric Obstructive Sleep Apnea (OSA): A Review. Sleep Disord. 2020,
2020, 7987208. [CrossRef]

111. Mezzanotte, W.S.; Tangel, D.J.; White, D.P. Influence of sleep onset on upper-airway muscle activity in apnea patients versus
normal controls. Am. J. Respir. Crit. Care Med. 1996, 153, 1880–1887. [CrossRef] [PubMed]

112. Eisele, D.W.; Smith, P.L.; Alam, D.S.; Schwartz, A.R. Direct hypoglossal nerve stimulation in obstructive sleep apnea. Arch.
Otolaryngol. Head Neck Surg. 1997, 123, 57–61. [CrossRef] [PubMed]

113. Schwartz, A.R.; Bennett, M.L.; Smith, P.L.; De Backer, W.; Hedner, J.; Boudewyns, A.; Van de Heyning, P.; Ejnell, H.; Hochban, W.;
Knaack, L.; et al. Therapeutic electrical stimulation of the hypoglossal nerve in obstructive sleep apnea. Arch. Otolaryngol. Head
Neck Surg. 2001, 127, 1216–1223. [CrossRef] [PubMed]

114. Baptista, P.M.; Costantino, A.; Moffa, A.; Rinaldi, V.; Casale, M. Hypoglossal Nerve Stimulation in the Treatment of Obstructive
Sleep Apnea: Patient Selection and New Perspectives. Nat. Sci. Sleep 2020, 12, 151–159. [CrossRef]

115. Parikh, V.; Thaler, E.; Kato, M.; Gillespie, M.; Nguyen, S.; Withrow, K.; Calhoun, D.; Soose, R.; Stevens, D.; Stevens, S.; et al. Early
feasibility of hypoglossal nerve upper airway stimulator in patients with cardiac implantable electronic devices and continuous
positive airway pressure-intolerant severe obstructive sleep apnea. Hear. Rhythm. 2018, 15, 1165–1170. [CrossRef] [PubMed]

116. Costantino, A.; Rinaldi, V.; Moffa, A.; Luccarelli, V.; Bressi, F.; Cassano, M.; Casale, M.; Baptista, P. Hypoglossal nerve stimulation
long-term clinical outcomes: A systematic review and meta-analysis. Sleep Breath. 2019, 2019 24, 399–411. [CrossRef]

117. Kent, D.T.; Carden, K.A.; Wang, L.; Lindsell, C.J.; Ishman, S.L. Evaluation of Hypoglossal Nerve Stimulation Treatment in
Obstructive Sleep Apnea. JAMA Otolaryngol. Neck Surg. 2019, 145, 1044–1052. [CrossRef]

118. Walia, H.K.; Thompson, N.R.; Strohl, K.P.; Faulx, M.D.; Waters, T.; Kominsky, A.; Foldvary-Schaefer, N.; Mehra, R. Upper Airway
Stimulation vs Positive Airway Pressure Impact on BP and Sleepiness Symptoms in OSA. Chest 2020, 157, 173–183. [CrossRef] [PubMed]

119. Shah, J.; Russell, J.O.; Waters, T.; Kominsky, A.H.; Trask, D. Uvulopalatopharyngoplasty vs CN XII stimulation for treatment of
obstructive sleep apnea: A single institution experience. Am. J. Otolaryngol. 2018, 39, 266–270. [CrossRef] [PubMed]

120. Kompelli, A.R.; Ni, J.S.; Nguyen, S.A.; Lentsch, E.J.; Neskey, D.M.; Meyer, T.A. The outcomes of hypoglossal nerve stimulation in the
management of OSA: A systematic review and meta-analysis. World J. Otorhinolaryngol. Head Neck Surg. 2019, 5, 41–48. [CrossRef]

121. Pengo, M.F.; Steier, J. Emerging technology: Electrical stimulation in obstructive sleep apnoea. J. Thorac. Dis. 2015, 7, 1286–1297.
[PubMed]

122. Sommer, J.U.; Hormann, K. Innovative Surgery for Obstructive Sleep Apnea: Nerve Stimulator. Adv. Oto-Rhino-Laryngol. 2017, 80,
116–124. [CrossRef]

123. Byun, Y.J.; Yan, F.; Nguyen, S.A.; Lentsch, E.J. Transcutaneous Electrical Stimulation Therapy in Obstructive Sleep Apnea: A
Systematic Review and Meta-analysis. Otolaryngol. Neck Surg. 2020, 163, 645–653. [CrossRef]

124. Pengo, M.F.; Xiao, S.; Ratneswaran, C.; Reed, K.; Shah, N.; Chen, T.; Douiri, A.; Hart, N.; Luo, Y.; Rafferty, G.F.; et al. Randomised
sham-controlled trial of transcutaneous electrical stimulation in obstructive sleep apnoea. Thorax 2016, 71, 923–931. [CrossRef]

125. Ratneswaran, D.; Guni, A.; Pengo, M.F.; Al-Sherif, M.; He, B.; Cheng, M.C.; Steier, J.; Schwarz, E.I. Electrical stimulation as a
therapeutic approach in obstructive sleep apnea—A meta-analysis. Sleep Breath. 2020, 1–12. [CrossRef] [PubMed]

126. Oh, D.M.; Johnson, J.; Shah, B.; Bhat, S.; Nuoman, R.; Ming, X. Treatment of vagus nerve stimulator-induced sleep-disordered
breathing: A case series. Epilepsy Behav. Case Rep. 2019, 12, 100325. [CrossRef] [PubMed]

127. Chirinos, J.A.; Gurubhagavatula, I.; Teff, K.; Rader, D.J.; Wadden, T.A.; Townsend, R.; Foster, G.D.; Maislin, G.; Saif, H.; Broderick,
P.; et al. CPAP, weight loss, or both for obstructive sleep apnea. N. Engl. J. Med. 2014, 370, 2265–2275. [CrossRef] [PubMed]

128. Trigui, A.; Hached, S.; Ammari, A.C.; Savaria, Y.; Sawan, M. Maximizing Data Transmission Rate for Implantable Devices Over a
Single Inductive Link: Methodological Review. IEEE Rev. Biomed. Eng. 2018, 12, 72–87. [CrossRef]

http://doi.org/10.1001/jamaoto.2015.2678
http://doi.org/10.1016/j.ijom.2019.08.008
http://doi.org/10.1159/000470885
http://doi.org/10.1164/rccm.200912-1930OC
http://doi.org/10.1016/j.otc.2019.06.004
http://doi.org/10.1542/peds.2019-1450
http://doi.org/10.1016/j.anl.2020.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32386825
http://doi.org/10.1155/2020/7987208
http://doi.org/10.1164/ajrccm.153.6.8665050
http://www.ncbi.nlm.nih.gov/pubmed/8665050
http://doi.org/10.1001/archotol.1997.01900010067009
http://www.ncbi.nlm.nih.gov/pubmed/9006504
http://doi.org/10.1001/archotol.127.10.1216
http://www.ncbi.nlm.nih.gov/pubmed/11587602
http://doi.org/10.2147/NSS.S221542
http://doi.org/10.1016/j.hrthm.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29678782
http://doi.org/10.1007/s11325-019-01923-2
http://doi.org/10.1001/jamaoto.2019.2723
http://doi.org/10.1016/j.chest.2019.06.020
http://www.ncbi.nlm.nih.gov/pubmed/31299245
http://doi.org/10.1016/j.amjoto.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29540289
http://doi.org/10.1016/j.wjorl.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/26380757
http://doi.org/10.1159/000470880
http://doi.org/10.1177/0194599820917631
http://doi.org/10.1136/thoraxjnl-2016-208691
http://doi.org/10.1007/s11325-020-02069-2
http://www.ncbi.nlm.nih.gov/pubmed/32388780
http://doi.org/10.1016/j.ebr.2019.100325
http://www.ncbi.nlm.nih.gov/pubmed/31497754
http://doi.org/10.1056/NEJMoa1306187
http://www.ncbi.nlm.nih.gov/pubmed/24918371
http://doi.org/10.1109/RBME.2018.2873817

	Introduction 
	Diagnoses and Burden 
	Treatment of OSA 
	CPAP 
	Oral Appliances 
	Weight Loss 
	Surgical Procedure 
	Electrical Stimulation 

	Comparison of Each Treatment 
	Conclusions 
	Future Research Directions 
	References

