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Preface

Sleep apnea syndrome is a significant societal concern, affecting many patients. Despite its

long-standing presence, in-depth exploration of this disease only began in the 19th century.

Sleep apnea syndrome is a multidisciplinary issue, encompassing fields such as dentistry,

internal medicine, neurology, otorhinolaryngology, psychiatry, pulmonology, and psychology.

Treatment options include surgical and conservative approaches. Although the surgical aspect of

dealing with sleep apnea holds much promise, the current focus is placed on conservative medicine.

Both surgical and nonsurgical approaches face unresolved issues and questions. It is now evident

that there is no universal solution to this issue, which remains interdisciplinary, requiring mutual

cooperation from both disciplines.

The diagnosis and subsequent care of sleep apnea patients are unique. Its specificities are

determined by the anatomy and physiology of the respiratory tract and contemporary medicine’s

treatment options. Yet, the success of therapy largely depends on the patient’s cooperation.

Motivating and providing psychological support to patients is not solely the responsibility of medical

staff but also of their family members. For treatment to truly bring about change, the patient’s

personal health habits must be altered. Therefore, patient cooperation and lifestyle changes are crucial

for ensuring successful long-term treatment outcomes.

David Slouka and Milan Štengl

Editors
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Article

A Dietary and Lifestyle Intervention Improves Treatment
Adherence and Clinical Outcomes in Overweight and Obese
Patients with Obstructive Sleep Apnea: A Randomized,
Controlled Trial
Izolde Bouloukaki 1,2,*, Eleni Daskalaki 1, Eleni Mavroudi 2, Violeta Moniaki 2, Sophia E. Schiza 2

and Ioanna Tsiligianni 1

1 Department of Social Medicine, Faculty of Medicine, University of Crete, 71500 Heraklion, Greece;
elenianastasiadaskalaki@gmail.com (E.D.); pdkapa@yahoo.gr (I.T.)

2 Sleep Disorders Center, Department of Respiratory Medicine, Medical School, University of Crete,
71500 Heraklion, Greece; elenima23@hotmail.com (E.M.); vmoniaki@yahoo.gr (V.M.); schizas@uoc.gr (S.E.S.)

* Correspondence: izolthi@gmail.com; Tel.: +30-2810-394824

Abstract: The study’s objective was to assess the impact of Mediterranean diet/lifestyle interventions
for weight loss on positive airway pressure (PAP) adherence, body mass index (BMI), sleepiness,
and blood pressure measurements (BP) in patients with obstructive sleep apnea (OSA). We designed
a randomized, controlled trial, including overweight and obese patients with moderate to severe
OSA, randomized to standard care (SCG, n = 37) or a Mediterranean diet group (MDG, n = 37). The
SCG received healthy lifestyle advice, while the MDG underwent a 6-month behavioral intervention
aiming to enhance weight loss and adherence to a Mediterranean diet. PAP adherence, BMI, Epworth
Sleepiness Scale (ESS), and BP measurements were evaluated pre- and post-intervention. Post-
intervention PAP use was higher in the MDG compared to the SCG (6.1 vs. 5.4, p = 0.02). Diet/lifestyle
intervention was one of the most significant predictive factors for PAP adherence (OR = 5.458,
95% CI = 1.144–26.036, p = 0.03). The SCG demonstrated a rise in BMI, while the MDG displayed a
decline (0.41 vs. −0.75, p = 0.02). The MDG also demonstrated a substantial reduction in adjusted SBP
(−5.5 vs. 2.8, p = 0.014) and DBP (−4.0 vs. 2.5, p = 0.01). Ultimately, incorporating a dietary/lifestyle
intervention with standard care yields superior PAP adherence, BMI, and BP measurements in
contrast to standard care alone, emphasizing the advantages of dedicating more time and support
within the MDG.

Keywords: dietary intervention; obstructive sleep apnea; treatment adherence; sleepiness; obesity;
Mediterranean diet

1. Introduction

Obstructive sleep apnea (OSA) is a common and under-recognized public health
problem, associated with increased cardiovascular morbidity and mortality and significant
increases in health and social costs [1–4]. Obesity has long been acknowledged as one of the
most significant risk factors for OSA [5]. Furthermore, the prevalence of OSA increases with
adiposity and ranges between 50 and 80% for individuals who are classified as overweight
or obese [6].

OSA should be approached as a chronic disease that requires pathophysiological
and clinical phenotyping, objective diagnostic testing and individualized treatment plans
with positive airway pressure (PAP) as the first-line symptomatic treatment of choice.
PAP treatment in adherent patients with OSA yields several benefits, such as improved
daytime sleepiness, systemic blood pressure, quality of life, neurobehavioral performance,
and a decreased risk of motor vehicle accidents [7–9]. However, PAP acceptance and
compliance remain a challenging issue [10]. Therefore, it is crucial to implement strategies

Life 2023, 13, 1755. https://doi.org/10.3390/life13081755 https://www.mdpi.com/journal/life1
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for improving and sustaining adherence over time in these patients. These strategies should
go beyond the traditional mask adjustment and leak assessment, and further integrate the
involvement of multidisciplinary teams [11].

Given the strong association between obesity and OSA, lifestyle interventions have
emerged as complementary therapeutic choices. In line with this, the American Heart
Association recommends including weight-loss-focused lifestyle interventions alongside
conventional OSA treatment [2]. Lifestyle-induced weight loss has been extensively investi-
gated as a treatment approach to reverse OSA pathogenesis and is effective in improvement
in both OSA severity and OSA-related symptoms [12–14]. A combination of a 6-month
behavioral dietary/lifestyle modification program based on the Mediterranean pattern
and PAP therapy was found to effectively reduce weight, improve OSA severity, and
result in favorable anti-inflammatory, antioxidant, and cardiometabolic outcomes in OSA
patients [15–17]. While weight regain is expected in the long-term, these cardiometabolic
benefits appear to be sustainable even after six months following the intervention [18].

Besides improvements in OSA severity and cardiometabolic parameters, no evaluation
has been undertaken to determine the effect of diet/lifestyle interventions on objective
PAP adherence. Since adherence is one of the major determinants of PAP efficacy, we
hypothesized that expanding the scope of diet/lifestyle interventions beyond OSA sever-
ity and cardiometabolic parameters could enhance PAP adherence among these patients.
Therefore, the aim of our study was to explore the role of a 6-month diet/lifestyle interven-
tion on treatment adherence and clinical outcomes in patients with OSA. Specifically, we
evaluated the effects of a combination of PAP and weight-loss Mediterranean diet/lifestyle
intervention on improving PAP adherence (hours of device use), body mass index (BMI),
and daytime symptoms, mainly sleepiness and arterial blood pressure measurements, over
the effect of usual (standard) care alone.

2. Materials and Methods
2.1. Study Patients

We conducted a parallel, randomized, controlled, follow-up study of consecutive
patients who were admitted to the Sleep Disorders Center, Department of Respiratory
Medicine, University of Crete Medical School, between December 2021 and March 2022.
The inclusion criteria were (a) patients aged >18 years with newly diagnosed moder-
ate to severe OSA (apnea-hypopnea index (AHI) ≥ 15 events/h) through an attended
overnight polysomnography according to standard criteria, (b) overweight and obese
(BMI > 25 kg/m2), (c) eligible for PAP treatment with a follow-up in-laboratory PAP titra-
tion with full polysomnography to establish the appropriate PAP settings, (d) with adher-
ence data available in the 6 months after initiation of treatment, and (e) with an above-
elementary school education. The exclusion criteria were refusal to participate, patients
on PAP treatment, current participation in a weight loss program, central sleep apnea
syndromes, obesity hypoventilation syndrome, restrictive ventilator syndromes, severe
congestive heart failure, a history of life-threatening arrhythmias, severe cardiomyopathy,
long-term oxygen therapy, chronic kidney disease, family or personal history of mental
illness, drug or alcohol abuse, severe cognitive impairment, concurrent oncological dis-
eases, pregnancy or lactation, recent hospitalization for acute or chronic respiratory disease,
history of narcolepsy, or restless leg syndrome. All subjects provided written informed
consent and ethical approval was provided by the University of Crete Research Ethics
Committee (REC-UOC) (approval number: 158/29.11.2021). The trial was also registered
on ClinicalTrials.gov with Trial registry: ClinicalTrials.gov; No.: NCT05881824.

Individuals were assigned (1:1) following simple randomization procedures (comput-
erized random numbers) to a usual (standard) care group (SCG, n = 39) receiving usual
follow-up care or an intervention group—Mediterranean diet group (MDG, n = 37) with
follow-up care based on an additional behavioral intervention aiming at weight loss and
increasing adherence to the Mediterranean diet (Figure 1). Following randomization, se-
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quentially numbered envelopes that were opaque and sealed were utilized in the allocation
concealment process, prepared by an individual not involved in the trial.

Blinding the patients or care team was not feasible since all patients were informed
in the consent form that they would be randomized to either the MDG or SCG. Study
investigators and the statistician involved in data analysis were blinded to the intervention.

Patients were followed for 6 months.
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2.2. Data Collection

All patients underwent a detailed evaluation that included anthropometric parameters
including BMI, and medical and sleep history, and comorbidities including physician-
based diagnosis for depression, smoking history, and alcohol intake. Subjective daytime
sleepiness, reflected by the Epworth Sleepiness Scale (ESS), and the patient’s level of
depression reflected by Beck’s depression scale (BDI) were also recorded before PAP
initiation. ESS, PAP adherence (hours of device use), BMI, and arterial blood pressure
measurements were also evaluated pre- and post-intervention.

2.2.1. Epworth Sleepiness Scale (ESS)

The ESS is currently the most widely used subjective test of daytime sleepiness in
clinical practice [19]. A score of 10 or higher represents excessive daytime sleepiness.

2.2.2. Beck Depression Inventory (BDI)

This 21-item questionnaire is a widely used and well-validated self-reported inventory
of depressive symptoms [20]. The BDI measures the severity of depressive symptoms over
the preceding week. For each item, the respondent chooses one or more options rated
from 0 (absence of symptoms) to 3 (most severe level). Total scores range from 0 to 63
and represent the sum of the highest level endorsed on each item. Scores below 10 are
considered normal.

3
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2.3. Follow-Up—Usual (Standard) Care Group

All patients attended a PAP clinic before treatment initiation, where they were given
specific counseling and education on the proper use and maintenance of PAP and un-
derwent personalized, formal mask fitting by a specialized nurse. The total time for the
appointment in the PAP clinic was 20 min/patient. Once PAP was started, patients were
reviewed in the outpatient sleep clinic at 1-month and at 3-month intervals during the first
year, and every 6 months thereafter. During these appointments, a clinical assessment was
made, and patients were further encouraged to use the device. In addition, all patients re-
ceived oral healthy lifestyle advice and counseling on physical activity and sleep habits and
had the opportunity to discuss other health issues related to the condition, such as weight
reduction and smoking cessation. At each visit, the compliance data were downloaded
from the PAP device and reviewed by the PAP clinic nurse together with the patients. Any
concerns or questions, such as pressure sores, persistent air leakage, claustrophobia, nasal
congestion, and other side effects resulting from the nasal mask interface that might lead to
suboptimal compliance were addressed immediately by the PAP clinic nurse. Changes in
the PAP setting, nose/face mask, or circuit were made after consultation with the respon-
sible sleep physician if necessary. In every follow-up visit, residual symptoms, including
residual sleepiness, or change in patient’s overall health status were recorded by the sleep
nurse and sleep physician. This format adhered to a standardized approach according to
our PAP clinic’s procedures [21].

2.4. Follow-Up—Intervention Group

All patients in the intervention group attended individual weekly 60–90 min sessions
led by a dietitian in the first month and twice/month thereafter. In this group, all the
features described above for the standard group were included, plus additional visits in-
volving intensive dietitian-led behavioral intervention aiming at weight loss and increasing
adherence to the Mediterranean diet [22]. Dietary behavior was assessed through the Food
Frequency Questionnaire [23] and Mediterranean Diet Score [24] before PAP initiation. The
dietitian conducted a 24 h recall for the participant, aiming to gather data on his customary
dietary program, meal timings, preferred food quantities, and quality. At this point, ques-
tions were also posed regarding the consumption of water, alcohol, smoking, any allergies,
special preferences or aversions, and about physical activity. In addition, a comprehensive
approach was adopted by obtaining data on family, cultural, and professional background
in order to guide subsequent steps towards the maximum possible outcome.

Subsequently, the dietitian provided every participant in this group with a document
containing comprehensive suggestions for a nutritious diet, illustrating all food categories
and outlining the specific amounts for each, clarifying which options are healthier for
each group (e.g., lean dairy). The dietitian engaged in a dialogue with the participant
to gather further details or inquiries about the diet, following which the former devised
a personalized diet plan based on the latter’s requirements, inclinations, and unique
characteristics.

Accordingly, this intervention was adjusted to fulfill the specific needs of these patients.
Guidance in physical exercise, optimal sleep length, and sleep hygiene education were also
given. Ultimately, a personalized therapeutic diet plan was implemented in this group.

2.4.1. Food Frequency Questionnaire

The FFQ used in this study has previously been demonstrated to be reproducible and
relatively valid to assess practically all food groups, as well as macronutrients and energy
consumption [23]. It includes 75 items (foods and beverages commonly consumed in Greece
and dietary habits). The amounts of food consumed were expressed in grams or milliliters
or in other common measures, such as slice, tablespoon or cup, representing the standard
serving size. On a 6-point scale, participants were asked to report how frequently they
consumed each of the meals and beverages listed in the FFQ on average over the period of

4
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one month preceding the study period (never/rarely, 1–3 times/month, 1–2 times/week,
3–6 times/week, 1 time/day, or ≥2 times/day).

2.4.2. Mediterranean Diet Score

The Mediterranean Diet Score (MedDietScore) is a 14-item validated questionnaire
produced for each participant to assess their level of adherence to the Mediterranean Diet,
taking into consideration their consumption of food items from nine food groups, as well as
olive oil and alcoholic beverages [24]. Each of the 14 items is scored one or zero, depending
on whether participants adhere to each MedDiet component or not. The Mediterranean
Diet Score has a range of 0–55, with higher values indicating greater adherence to the
Mediterranean Diet.

2.5. PAP Adherence

PAP usage data included mask type (nasal or full face), number of nights on PAP,
average use per night (hours), air leakage, and air pressure delivered. The usage of PAP,
effective pressure, and residual AHI was monitored at 1, 6, 12 months after initiation, and
patients were contacted by a trained sleep nurse. Patients were also encouraged to contact
the telephone helpline during working hours. The humidification was defined based on
patients’ feedback and was adjusted during the follow-up if necessary. In order to optimize
PAP adherence unplanned visits were immediately arranged in case of low adherence to
PAP therapy. Regular PAP compliance was defined as using the therapy for an average
of 4 h a night for at least 70% of the nights [25]. However, in our study for optimal PAP
adherence we used the cut-off point of six hours of PAP use [21,26].

2.6. Statistical Analysis

A pilot study was conducted with 49 individuals to determine the sample size. With
the data obtained from the pilot study, the sample size was determined as at least 63 in-
dividuals, to obtain at least 80% power to detect a significant difference in the follow-up
mean hours of PAP use values between the MDG and the SCG, allowing for a type-I error
rate of 0.05.

Results are presented as mean ± standard deviation (SD) for continuous variables if
normally distributed and as median (25th–75th percentile) if not. Qualitative variables are
presented as absolute number (percentage). For comparisons between groups, a two-tailed
t-test for independent samples (for normally distributed data) or a Mann–Whitney U test
(for non-normally distributed data) was utilized for continuous variables and the chi-square
test for categorical variables. The analysis of covariance was used to test adjusted between-
group differences at the end of the 6-month intervention. All models were adjusted for
basic confounders, namely age and gender, baseline BMI, smoking status, questionnaires
scores, OSA severity indices, and co-morbidities. Analyses were additionally adjusted
for weight loss (expressed as BMI difference) to test the weight-loss independent impact
of the dietary/lifestyle intervention implemented on PAP adherence. Factors associated
with optimal adherence (use of the device ≥6 h) at the end of the 6 months’ follow-up
were analyzed with bivariate logistic regression after adjustment for various potential
basic explanatory confounders. We checked multicollinearity among the predictors using
collinearity statistics to ensure that collinearity between predictor variables was in the
acceptable range as indicated by the tolerance value variance inflation factor. Age was
considered continuously and categorically, as age groups of 18–59 and >60 years, BMI was
also considered continuously and categorically, as BMI groups of <30 and ≥30 kg/m2. For
the purpose of this analysis, the term cardiovascular disease (CVD) used, referred to any
of the following conditions: coronary disease, stroke, atrial fibrillation, and heart failure.
Results were considered significant when p values were <0.05. Data were analyzed using
SPSS software (version 25, SPSS Inc., Chicago, IL, USA).
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3. Results

Of 96 individuals with suspected OSA screened, 18 were non-eligible (mild OSA,
normal weight, presence of other chronic diseases, etc.), one declined participation, and
the remaining 76 were enrolled and randomized (SCG: 37, MDG: 39). After enrollment,
2 participants were excluded (lost to follow-up), leaving a final sample of 74 patients for
analysis (SCG: 37, MDG: 37).

3.1. Comparison of Baseline Characteristics between the SCG and the MDG

Participants’ socio-demographic and health status characteristics are outlined in Ta-
ble 1. Most of the participants were men (78%), obese (77%), and current or former smokers
(64%) with a medium educational level. The most prevalent diseases were hypertension
(49%), followed by dyslipidemia (39%), CVD (27%), and COPD (22%). There was a sig-
nificantly higher proportion of men in the intervention group compared to the control
group. Other evaluated features remained relatively insignificant between both groups,
such as age, other comorbidities, and smoking status (all p > 0.05), except for the presence
of cardiovascular disease (CVD; 41 vs. 14%, p = 0.009).

Table 1. Baseline anthropometric and clinical characteristics of the study population.

All OSA
Patients
(n = 74)

OSA
SCGroup
(n = 37)

OSA
MDGroup

(n = 37)
p Value

Demographics
Gender, males (%) 58 (78%) 36 (97%) 22 (60%) <0.001
Age (years) 53 ± 11 53 ± 10 53 ± 13 0.79
Age ≥ 60 years 24 (32%) 10 (27%) 14 (38%) 0.32
BMI (kg/m2) 36 ± 8 35 ± 8 38 ± 9 0.16
BMI ≥ 30 57 (77%) 28 (76%) 29 (78%) 0.78
Neck circumference (cm) 42 ± 4 42 ± 3 43 ± 4 0.54
Waist circumference (cm) 120 ± 16 120 ± 17 121± 15 0.65
Hip circumference (cm) 120 ± 17 118 ± 16 123 ± 18 0.16
Waist/hip circumference ratio 1.0 ± 0.07 1.0 ± 0.06 0.99 ± 0.07 0.07
Educational Level
Primary level or less 10 (13%) 7 (19%) 3 (8%)
Secondary level 38 (52%) 18 (49%) 20 (54%)
Tertiary level or higher 26 (35%) 12 (32%) 14 (38%) 0.75
Smoking status
Never, n (%) 26 (36%) 11 (30%) 15 (40%)
Currently smoking, n (%) 21 (28%) 10 (27%) 11 (30%)
Former, n (%) 26 (36%) 16 (43%) 11 (30%) 0.36
Pack-years 15 (0, 39) 15 (0, 40) 13 (0, 39) 0.49
Co-morbidities
Hypertension 36 (49%) 19 (51%) 17 (46%) 0.64
Coronary heart disease 5 (7%) 1 (3%) 4 (11%) 0.17
Atrial fibrillation 8 (11%) 2 (5%) 6 (16%) 0.13
Cardiovascular disease 20 (27%) 5 (14%) 15 (41%) 0.009
Diabetes type II 11 (15%) 5 (14%) 6 (16%) 0.74
COPD 16 (22%) 9 (24%) 7 (19%) 0.57
Bronchial asthma 10 (14%) 5 (14%) 5 (14%) 1.00
Hypothyroidism 11 (15%) 4 (11%) 7 (19%) 0.33
Dyslipidemia 29 (39%) 17 (46%) 12 (32%) 0.23
Depression 8 (11%) 2 (5%) 6 (16%) 0.13
BP measurements
SBP (mmHg) 126 ± 14 127 ± 16 124 ± 13 0.37
DBP (mmHg) 78 ± 10 78 ± 11 77 ± 9 0.60

Data are presented as mean values± SD or median (25th–75th percentile), unless otherwise indicated. BMI: body
mass index, COPD: chronic obstructive pulmonary disease, BP: blood pressure, SBP: systolic blood pressure, DBP:
diastolic blood pressure.
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Comparison of PSG parameters of the SCG and the MDG population showed no
significant differences between groups (Table 2). Although no significant difference was
noted between nocturnal and diurnal symptoms (Table 3), frequent awakenings reported
were significantly higher in the MDG compared to the SCG (65 vs. 41%, p = 0.04).

Table 2. Baseline polysomnography characteristics of the study population.

All OSA
Patients
(n = 74)

OSA
SCGroup
(n = 37)

OSA
MDGroup

(n = 37)
p Value

Total recording time (min) 406 ± 40 404 ± 47 410 ± 31 0.53
Total sleep time (min) 276 ± 52 274 ± 52 280 ± 52 0.65
Sleep efficiency, % 68 ± 12 68 ± 12 68 ± 12 0.95
Wake after sleep onset time (min) 91 ± 36 95 ± 40 89 ± 33 0.53
Sleep latency 35 (24, 62) 33 (25, 57) 35 (24, 67) 0.75
REM latency 232 ± 79 231 ± 76 232 ± 83 0.96
NREM (%) 91 ± 3 91 ± 3 91 ± 3 0.75
REM (%) 9 ± 3 9 ± 3 9 ± 3 0.75
AHI 47 ± 24 46 ± 22 49 ± 27 0.60
REM AHI 54 ± 26 54 ± 26 55 ± 27 0.89
Arousal index 45 ± 17 46 ± 13 46 ± 20 0.95
Oxygen desaturation index 44 (29, 65) 46 (32, 66) 43 (29, 82) 0.83
Mean SaO2 92 ± 3 92 ± 2 91 ± 3 0.39
Lowest SaO2 80 (71, 83) 80 (72, 83) 79 (69, 83) 0.58
TST90 (min) 77 (34, 137) 74 (29, 114) 81 (36, 166) 0.53
Severity of OSA (%)
15 ≤ AHI < 30 18 (24%) 8 (22%) 10 (27%)
AHI ≥ 30 56 (76%) 29 (78%) 27 (73%) 0.59

OSA: obstructive sleep apnea, AHI: apnea-hypopnea index, TST90: sleep time with oxygen saturation below 90%.

Table 3. Nocturnal and diurnal symptoms of the study population.

All OSA
Patients
(n = 74)

OSA
SCGroup
(n = 37)

OSA
MDGroup

(n = 37)
p Value

Nocturnal Symptoms
Snoring 74 (100%) 37 (100%) 37 (100%) 1
Witnessed apneas 73 (99%) 36 (97%) 37 (100%) 0.31
Frequent awakenings 39 (53%) 15 (41%) 24 (65%) 0.04
Nocturia 67 (91%) 33 (89%) 34 (92%) 0.69
Diurnal symptoms
ESS score 11 ± 5 12 ± 5 11 ± 5 0.43
ESS > 10 43 (58%) 23 (62%) 20 (54%) 0.48
Morning headache 51 (69%) 25 (68%) 26 (70%) 0.80
Driving problems 1 (1%) 0 (0%) 1 (3%) 0.31
BDI score 8 (3, 14) 5 (3, 18) 9 (5, 12) 0.25
BDI ≥ 10 25 (39%) 10 (31%) 15 (47%) 0.20

ESS: Epworth Sleepiness Scale, BDI: Beck Depression Inventory.

Regarding lifestyle habits, the MDG exhibited a moderate level of adherence to the
Mediterranean diet as assessed by MedDietScore (29 ± 5).

3.2. PAP Adherence

All patients continued to use their PAP at the end of the follow-up period. Auto-PAP
was prescribed to the majority of participants with final levels at the end of the follow-up of
PAP pressure of 9.2 for the SCG and 8.4 for the MDG (p = 0.04). Post-intervention PAP use
was significantly higher in the MDG compared to the SCG (6.1 ± 1.2 vs. 5.4 ± 1.4, p = 0.02).
Further analysis showed that this difference persisted after adjustments for age, gender,
BMI, difference in BMI, ESS, difference in ESS, BDI score, OSA severity, and comorbidities
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(5.2 vs. 6.1, p = 0.03). Moreover, diet/lifestyle intervention was identified as one of the most
significant predictive factors for optimal PAP adherence (OR = 5.458, 95% CI = 1.144–26.036,
p = 0.03) (Table 4).

Table 4. Factors associated with optimal adherence to treatment at the end of the follow-up period in
all patients.

Variable B S.E. p-Value OR (95% CI)

Females vs. males −0.70 1.024 0.945 0.932 (0.125–26.036)
Age (years) 0.006 0.036 0.870 1.006 (0.938–1.079)
Baseline BMI (kg/m2) 0.094 0.057 0.101 1.099 (0.982–1.229)
Currently smoking vs.
never/formerly smoking −1.589 0.811 0.050 0.204 (0.042–1.001)

Baseline ESS score > 10 1.047 0.694 0.131 2.850 (0.732–11.098)
Baseline BDI score ≥ 10 −1.649 0.816 0.043 0.192 (0.039–0.951)
Arterial hypertension 1.037 0.778 0.183 2.821 (0.614–12.968)
Cardiovascular disease −1.103 0.813 0.175 0.332 (0.067–1.634)
Type 2 diabetes 0.372 0.937 0.691 1.451 (0.231–9.109)
COPD −0.655 0.917 0.475 0.519 (0.086–3.133)
MDG vs. SCG 1.697 0.797 0.033 5.458 (1.144–26.036)
Severe vs. moderate OSA −0.625 0.863 0.469 0.535 (0.099–2.907)

3.3. Effect of Diet Intervention on Anthropometric and Daytime Symptoms Parameters

Regarding BMI, an increase was noted in the SCG, whereas a decrease (improvement)
was observed in the MDG, (0.41 ± 1.8 vs. −0.75 ± 1.3, p = 0.02) (Figure 2). Specifically,
during the 6-month follow-up, patients in the SCG demonstrated an average weight gain
of 1.6% of their baseline body weight, while those in the MDG showcased a loss equivalent
to 1.5% (p = 0.04). BMI difference, although attenuated, persisted after adjustments for
age, gender, BMI, ESS, BDI score, OSA severity, PAP adherence, and comorbidities (0.23 vs.
−0.55, p = 0.31).
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Figure 2. Post-treatment BMI differences between the SCG and the MDG.

In terms of blood pressure measurements a decrease was noticed only in the MDG
(SBP −2.5 ± 11, DBP −1.1 ± 7.6) compared to the SCG (SBP 0.14 ± 9.2, DBP 0.40 ± 9.2)
after the 6 months of the follow-up period. Nevertheless, the aforementioned changes did
not exhibit statistical significance (p = 0.28 and p = 0.45, respectively) (Figure 3). However,
after accounting for confounding variables, a substantial decline in SBP (−5.5 vs. 2.8, p =
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0.014) and DBP (−4.0 vs. 2.5, p = 0.01) was specifically detected in the MDG versus the
SCG.
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A significant decrease in ESS was also noted in both groups. Nonetheless, no group
manifested a significant predominance in this improvement (−4.5 vs. −3.5, p = 0.19), even
following adjustment of confounders (Figure 4). Additionally, both groups displayed a
noteworthy decline in the proportion of patients experiencing excessive daytime sleepiness
(SCG: 19% vs. 62%, p < 0.001, MDG: 16% vs. 54%, p < 0.001). The proportion of residual
sleepiness at the end of the follow-up period was comparable between the groups (16%
versus 19%, p = 0.76).
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4. Discussion

Our study assessed the impact of dietary/lifestyle intervention along with usual care
on PAP adherence, BMI, BP measurements, and sleepiness in moderate to severe OSA pa-
tients. The intervention demonstrated significant and clinically meaningful improvements
in PAP adherence, BMI, and BP measurements in the intervention group compared to the
control group, independent of age, gender, BMI, weight loss, baseline level of sleepiness,
depressive symptoms, OSA severity, and comorbidities and even though participants were
enrolled in the study for a period of six months.

This is the first study demonstrating the favorable effect of incorporating a dietary/lifestyle
intervention in combination with standard care towards objective PAP adherence in Greece.
The findings suggest that providing intensive support with additional time allocated to the
MDG may prove beneficial in enhancing PAP compliance, irrespective of weight loss. While
previous studies with comparable follow-up times have investigated the impact of diet and
lifestyle interventions alongside usual care on various OSA severity and cardiometabolic
parameters, there has been no objective evaluation of PAP adherence [17,18,27–29]. Only
self-reported PAP adherence was reported in a limited number of studies [17,18,28,29].
Compared to our study, Georgoulis et al. found a lower self-reported average PAP use of
roughly 4 h/day [17]. Likewise, they observed a greater PAP compliance in the Mediter-
ranean lifestyle group when compared to the Mediterranean diet alone and standard care
group six months following the intervention [18]. Although Schiavo et al., in a similar study
investigating the effect of a low-calorie ketogenic diet combined with PAP therapy on OSA
and cardiometabolic parameters, acknowledged that they monitored adherence to PAP
treatment, they did not provide relevant data [30]. Moreover, it is significant to observe that
PAP adherence, even in the SCG, was substantially higher than in earlier studies [31,32].
The SCG’s adherence of 5.4 h per night is comparable to the one reported in a previous
study from our group [21]. This can be attributed to the comprehensive, standardized
approach of our PAP clinic. This approach includes personalized counseling and education
on the proper use and maintenance of PAP, formal mask fitting, and frequent follow-ups to
address residual symptoms, side effects, and the patients’ overall health status.

Despite recommendations [33] and studies indicating better clinical outcomes [34]
with diet-induced weight loss as part of OSA treatment, interventions targeting weight
loss through lifestyle changes are underutilized. Indeed, based on MeditDietScore we
found medium adherence to the Mediterranean diet in our patients, suggesting that non-
conventional care was not regarded as an essential component of overall patient care.
Furthermore, another challenge is the lack of specific educational skills from health care
professionals to support diet/lifestyle interventions or promote behavioral changes in these
patients. Optimizing OSA treatment is crucial for clinicians, but many fail to recognize the
importance of incorporating diet and lifestyle interventions into their treatment plans. Thus,
our study has the potential to raise awareness regarding the importance of diet and lifestyle
among OSA patients who are overweight or obese. Our results also demonstrated that the
Mediterranean diet/lifestyle intervention contributed to improvements in BMI and BP mea-
surements compared with standard care. These benefits were evident even after adjustment
for confounders, suggesting that the Mediterranean lifestyle can lead to cardiovascular
benefits beyond weight loss in these patients. These findings are noteworthy as they align
with prior research indicating more weight loss in patients following diet/lifestyle interven-
tion than standard care [16–18,27,30]. Although the weight loss achieved in our study was
below the recommended 5–10% for managing obesity and achieving health benefits, even a
slight reduction in weight was seen as beneficial for health, particularly among patients
with OSA [17,35,36]. Another study we conducted involved randomly assigning 40 obese
individuals with OSA undergoing PAP treatment to either a weight-loss Mediterranean diet
or a weight-loss prudent diet for 6 months. The group on the Mediterranean diet showed
more significant weight loss, but the results were not statistically significant due to a small
number of participants [37]. In the MIMOSA RCT conducted recently, a dietary/lifestyle
intervention also based on the Mediterranean pattern was combined with PAP treatment
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for OSA patients, resulting in a notable improvement in weight reduction, OSA severity,
and related symptoms when compared to standard care alone [16,38].

At present, the prescription of PAP remains the first-line treatment for patients with
moderate to severe OSA. However, effectiveness is dependent on the patient’s usage.
Consequently, it is essential to take into account diet/lifestyle intervention as an added
strategy in the treatment of OSA. These interventions provide a non-invasive approach
that may also help to address PAP adherence issues. Combining diet and exercise has been
found to be an effective intervention in mitigating OSA severity [34], therefore, it is probable
that lower pressures will be required in the PAP machine [39], making it easier for patients
to tolerate high PAP pressures. In support of this, evidence suggests that patients diagnosed
with OSA frequently encounter distress and are incapable of tolerating heightened PAP
pressures, thus abandoning PAP devices [40]. In addition, our intervention group received
personalized and consistent guidance from a specialized dietitian, leading to better PAP
adherence. Previously, in a 2-year study, our group found that intensive follow-up support
was more effective in improving long-term PAP adherence than standard support [21]. It is
plausible that the unequal intervention time spent between the SCG and the MDG in the
current study may partially account for our results. The MDG received additional visits
and hours of contact compared with the SCG, potentially influencing adherence outcomes.
Therefore, the regular implementation of dietary and lifestyle interventions is a valuable
strategy for treating OSA and must be consistently applied across all OSA patients.

The main strengths of the current study are the design (RCT) and implementation
of a diet and lifestyle intervention readily adaptable to real-world clinical practice. On
the other hand, the study has some limitations that deserve comments. Since it was a
real-life implementation of a diet/lifestyle program, the results can only be generalized to
patients who are motivated to participate in such a program and not to all OSA patients.
In addition, the generalizability of our results is limited, due to the fact that the trial was
conducted at a single center with a predominantly male patient population. Female under-
representation is a common challenge in many studies, with women being referred less for
OSA diagnosis and treatment compared to males [41]. Thus, considering the gender bias in
the existing literature towards male subjects, it is essential that future studies encompass a
more heterogeneous sample that includes both males and females with OSA.

Furthermore, this study was carried out during the second wave of the COVID-19
pandemic, which resulted in a small sample size. Additionally, a 6-month period was
insufficient to determine long-term intervention effects and maintenance of benefits. Con-
sequently, large-scale studies may require prolonged follow-up periods to assess the dura-
bility and sustainability of the observed improvements in PAP adherence, BMI, and blood
pressure.

5. Conclusions

In conclusion, our results provide evidence that overweight/obese patients with
moderate to severe OSA can benefit significantly in terms of PAP adherence, BP, and
BMI control from behavioral interventions aiming at weight loss through the adoption of
appropriate food and lifestyle practices. Therefore, it is essential to consider such type of
intervention as an add-on approach to OSA management. However, additional evidence is
needed from studies, including larger numbers of patients with longer-term follow-ups to
explore the influence of diet/lifestyle interventions on OSA, and especially on the long-term
sequelae.
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Abstract: Heart failure with preserved ejection fraction (HFpEF) and obstructive sleep apnea (OSA)
frequently co-occur and this comorbidity represents a separate phenotype of HFpEF. While many
research attempts are focused on biomarkers of HFpEF, currently, there is a lack of validated biomark-
ers of HFpEF and OSA. In this study, we aimed to evaluate prognostic significance of several serum
cytokines in patients with HFpEF and OSA. The patients with HFpEF and OSA were recruited from
the Sleep Apnea Center of Novosibirsk, Russian Federation and followed up for 12 months. The main
analyzed outcomes were five-point major adverse cardiovascular events (MACE) and the 6-min walk
test (6MWT). The analyzed cytokines were circulating IL-6, IL-10, and VEGF measured at baseline. We
recruited 77 male patients with HFpEF and OSA, the data of 71 patients were available for analyses.
Patients who developed MACE had four-fold elevated concentrations of serum IL-10. There was no
association between baseline cytokine levels and longitudinal changes in 6MWT. Circulating IL-10
levels are positively associated with MACE in men with HFpEF and OSA and thus may be a potential
prognostic biomarker in this subgroup of patients. These results should be confirmed in larger studies
encompassing both males and females.

Keywords: heart failure; cytokines; prognosis; sleep apnea; obstructive; biomarkers; comorbidity;
phenotype; OSA; HFpEF; HF

1. Introduction

Heart failure (HF) is a significant health problem with prevalence reaching 1–2% of
the adult population in the Western world [1]. There are two major phenotypes of HF
based on presence or absence of reduced left ventricular ejection fraction (LVEF)—HF
with reduced ejection fraction (HFrEF) and HF with preserved ejection fraction (HFpEF).
LVEF is a surrogate measurement of systolic function of the left ventricle of the heart
and is frequently assessed using echocardiography [2]. HFpEF is defined as a “clinical
syndrome in patients with current or prior symptoms of HF with a left ventricular ejection
fraction (LVEF) ≥ 50 percent and evidence of cardiac dysfunction as a cause of symptoms”.
Previously, HFpEF was termed “diastolic HF”, in contrast to HFrEF which was termed
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“systolic HF” [3]. HFrEF and HFpEF are pathogenetically distinct conditions and are
associated with different biomarkers [4]. Currently, HFpEF is of particular concern forglobal
healthcare [5] as its prevalence is rising [6] and there are still no effective treatment options
for this type of HF [7].

HF is frequently accompanied with different comorbidities which can further impair
prognosis of this condition [8]. One of the most important comorbidities in HF is sleep
disordered breathing (SDB), which in turn can be central (central sleep apnea, CSA) or
obstructive (obstructive sleep apnea, OSA) [9]. Both HFrEF and HFpEF can be linked to
SDB. The predominant type of SDB in HFpEF is OSA, which occurs in up to 69–81% of
these patients [10,11]. The relationships between HFpEF and OSA seem to be bidirectional.
The hallmark of OSA is intermittent hopoxia. In spite of the short duration of hypoxia
episodes, over the years, the cumulative burden of hypoxia-related changes becomes
high. Hypoxia-induced tissue injury and lipid peroxidation cause systemic inflammation,
triggering endothelial expression of adhesion molecules, which attracts monocytes, lowers
endothelial production of nitric oxide, and raises endothelial production of reactive oxygen
species. This in turn leads to local myocardial proinflammatory/fibrogenic signaling and
finally, to myocardial fibrosis, which is the central mechanism of HFpEF [12]. On the other
hand, HFpEF is associated with fluid retention [13]. Increased fluid accumulation in the
neck results in narrowing of the pharynx and increasing its propensity to collapse during
sleep. This represents a possible mechanism by which HFpEF can lead to increased risk of
OSA [14].

There is a need for novel biomarkers for both HF [15] and OSA [16]. Due to high
heterogeneity of HF and involvement of multiple factors in its pathogenesis, it can be
assumed that each HF phenotype may be characterized by its own set of biomarkers. While
a recent study for the first time evaluated serum biomarkers in HFrEF and CSA [17], there
is a lack of research assessing biomarkers of HFpEF and OSA.

Given the role of cytokines in inflammation and angiogenesis in both HF [18] and
SDB [19], we hypothesized that serum cytokines could be potential biomarkers in HFpEF
and OSA. We chose three cytokines to evaluate as possible biomarkers. First, we used
IL-6 as it is one of the major pro-inflammatory cytokines [20]. To characterize ongoing
anti-inflammatory processes, we assessed serum IL-10 as a prototypical anti-inflammatory
cytokine having a protective role against atherosclerosis [21]. For the assessment of an-
giogenesis, we chose vascular endothelial growth factor (VEGF), which is considered a
pivotal regulator of angiogenesis [22]. We sought to evaluate an angiogenesis biomarker
as recent research shows that coronary microvascular rarefaction (reduced myocardial
capillary density) is a major contributor to diastolic dysfunction in HFpEF [23].

2. Materials and Methods

The study design was a prospective cohort study. The study protocol was approved
by the Local Ethics Committee attached to the Clinical Hospital of Rossiyskie Zheleznye
Dorogi, approval number 76. All patients provided written informed consent.

2.1. Patient Population

The patients were recruited from a population of male railroad workers from Novosi-
birsk Oblast attending an annual required medical checkup in the period from 2017 to
2019. People having three risk factors for OSA (BMI > 30, hypertension, snoring) were then
referred to the Sleep Apnea Center for further evaluation. In order to improve efficiency of
the screening, we did not use common screening tools like STOP-BANG, as in some studies,
it lacked good performance in younger patients [24]. Thus, we used two objective risk
factors of OSA (high BMI, verified hypertension) with one subjective factor, snoring, which
was shown to be more associated with moderate/severe OSA than other risk factors [25].

The people attending the Sleep Apnea Center were invited to participate in the study.
The patients were included in this study if, on baseline visit, they had confirmed HFpEF
and OSA and fulfilled the following criteria:
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2.2. Inclusion Criteria

(1) Symptoms of HF, New York Heart Association (NYHA) Functional Classification class
I–II;

(2) Moderate to severe OSA (Apnea–Hypopnea Index (AHA)) > 15 in hour;
(3) Arterial hypertension;
(4) Abdominal obesity (waist circumference ≥ 92 cm, BMI ≥ 30;
(5) N-terminal (NT)-pro hormone BNP (NT-proBNP) > 125 pg/mL.

2.3. Exclusion Criteria

1. Reduced (≥50%) left ventricular ejection fraction;
2. Primary pulmonary hypertension;
3. History of pulmonary embolism with pulmonary hypertension ≥ 45 mm Hg;
4. Severe asthma or COPD;
5. Significant valvular abnormality;
6. Hypertrophic or dilated cardiomyopathy;
7. Coronary artery disease;
8. Persistent atrial fibrillation;
9. Thyroid disease, renal failure with creatinine clearance < 30 mL/m2;
10. Significant CSA (≥15 episodes of CSA in hour).

To diagnose OSA, all patients underwent polysomnography using the Somnolab2PSG
diagnostic system (Weinemann, Germany). We used the Apnea Hypopnea Index (AHI) to
assess the severity of OSA. To evaluate serum cytokines levels, we used the enzyme-linked
immunosorbent assay (ELISA). Echocardiography was performed in all patients using
standard protocol on the EPIQ device (Philips Ultrasound, Inc., Bothell, WA, USA).

2.4. Serum Cytokines

The ELISA analyses were performed using commercial ELISA kits (IL-6, IL-10, and
VEGF ELISA-Best, Vector-Best, Novosibirsk, Russia). Based on the manufacturer’s in-
structions, the detection limits for IL-6, IL-10, and VEGF were 0.5 pg/mL, 2.5 pg/mL, and
10 pg/mL, respectively. Concentrations below these thresholds were considered non-detects.

The assessments were made on the baseline visit and on 12 months follow-up. On
the baseline visit, we evaluated clinical and demographic parameters, polysomnography,
echocardiography, 6-min walk test, and serum cytokine levels. On the follow-up visit, we
re-performed all assessments except serum cytokines.

2.5. Outcomes

In this study, we assessed the following outcomes: five-point Major Adverse Cardiac
Events (MACE) (primary endpoint) and six-minute walk test (6MWT) (secondary endpoint).
The reason for choosing MACE as an outcome is that it is one of the most commonly
used composite endpoints (CE) in both epidemiological studies and clinical trials on
HF [26]. CE is defined as a “single measure of effect based on a combination of a variety
of clinically relevant individual end points” [27]. The are many benefits of using CE as
an outcome, including their clinical relevance, ease of use by all patients, capability of
unbiased assessment, sensitivity, and low cost [27]. The choice of 6MWT was used because
it is available, well-tolerated, and a highly reproducible test of functional capacity in HF
patients [28].

2.6. Five-Point MACE

The criteria of five-point MACE were as follows [26]:

• Total death;
• Myocardial infarction;
• Stroke;
• Hospitalization because of HF;
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• Revascularization, including percutaneous coronary intervention, and coronary artery
bypass graft.

2.7. 6MWT

The 6MWT was performed according to the previous guidelines [29]. We advised
patients to not engage in physical activities for 24 h and to not smoke or ingest alcohol for
at least 3 h before the test. All 6MWT were performed outdoors along an 18-m corridor.

We instructed all patients to walk as fast as they could along the corridor. They were
also informed to slow down their walk or to interrupt it if necessary. During the tests, we
monitored the patients verbally by the Borg modified scale every 2 min. By the sixth minute,
we requested each subject to stop and the number of runs and the remaining distance of the
last run were summed. Before the test and during the first and sixth minute after finishing
the test in the sitting position, we measured the blood pressure and H. Two tests were
performed with a 30-min interval, and the average of the two 6MWD values was used to
best approximate a representative true value.

2.8. Statistical Analysis

Serum cytokine values usually have a substantial proportion of non-detects. For a
particular cytokine, we considered the concentrations below the reporting threshold as
non-detectable and further treated them as left-censored. We performed Tobit regression, a
recommended statistical approach for left-censored data [30] for each cytokine separately.
This method allows adjustment for the effects of potential confounders such as age and
BMI. Summary statistics and regression equations for the left-censored data were computed
using maximum likelihood estimation (MLE) [31]. Using MLE allows data to be analyzed
with up to 80% of censored values [32]. Using R package censReg version 0.5-26 [33], both
the Student t test and censored regressions with and without potential confounders were
performed to test the differences in cytokine levels between the patients with dichotomous
outcomes (worsening of heart failure, hospital admission). In the case of continuous
outcome (6MWT), we used censored regressions adjusted and non-adjusted for age and BMI.
Due to the exploratory nature of this study, we did not perform sample size calculations.

3. Results

Figure 1 shows a flow chart of the participants. We enrolled 77 patients, 71 (92.2%)
of them completed the follow-up, six (7.8%) were lost to follow-up, and one (1.4%) died.
The patients who completed the study or died during the follow-up were included in
the analyses.

The baseline characteristics of included patients are found in Table 1. All patients
were middle aged men. Every fourth patient had concomitant COPD, every third patient
was a smoker. All included patients had abdominal obesity and medication-controlled
hypertension. Most of the patients had general (BMI > 30 kg/m2) and abdominal (waist cir-
cumference > 92 cm) obesity. All of the patients were diagnosed with NYHA grades I-II HF.

During the follow-up, 14 (19.17%) patients developed MACE. The incidence of in-
dividual components of MACE are presented in Table 2. As shown in the table, the
hospitalization due to HF accounted for all cases of MACEs that occurred during the
follow-up. In addition, one patient died due to worsening of HF, and one patient had
a stroke.

Table 3 shows a comparison of baseline serum cytokine levels between patients with
and without five-point MACE during the follow-up. In patients who developed MACE,
the baseline concentrations of IL10 were four-fold higher; this difference was significant
using the Student’s t test, and remained significant after adjustment for left censoring with
Tobit regression modeling and after concomitant adjustment for age and BMI.
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Table 1. Baseline characteristics of patients.

n 71

Age, years 46.5 (10.7)

Male 71 (100)

COPD 18 (25.35)

Smoking 27 (38.03)

Dyslipidemia 32 (43.8)

Diabetes mellitus type 2 12 (16.4)

6MWT, m 494.21 (100.8)

BMI, kg/m2 34.26 (5.72)

NYHA class:
I
II
III
IV

33 (46.48)
28 (38.36)

0
0

Hypertension 71 (100)

Paroxismal atrial fibrillation 13 (17.8)
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Table 1. Cont.

Cardiovascular medication profile

ACE inhibitors 43 (58.9)

Angiotensin 2 receptor antagonists 35 (47.95)

Beta blockers 45 (61.64)

Diuretics 35 (47.95)

Calcium channel blockers 29 (39.73)
Data are presented as the mean (SD) or n (%). HF: heart failure, NYHA: New York Heart Association (NYHA)
Functional Classification, VPB: ventricular premature beats, BP: blood pressure, ACE: Angiotensin-converting
enzyme, SD: standard deviation.

Table 2. Components of major adverse cardiovascular events during the follow-up (n = 14).

Cardiovascular Event n, %

Total death 1 (7.1)

Myocardial infarction 0 (0)

Stroke 1 (7.1)

Hospitalization because of HF 14 (100)

Revascularization, including percutaneous
coronary intervention, and coronary artery

bypass graft.
0 (0)

HF: heart failure.

Table 3. Association between baseline serum cytokines and five-point major adverse cardiac events
during the follow-up.

Cytokine Patients without
MACE (n = 57)

Patients with
MACE (n = 14) p Value a p Value b p Value c

IL6, pg/mL 5.29 (11.70) 6.23 (12.22) 0.790 0.493 0.674

VEGF, pg/mL 339.34 (274.51) 405.02 (178.59) 0.398 0.371 0.5742

IL10, pg/mL 6.85 (8.80) 26.01 (55.88) 0.014 0.0102 0.00574

Cytokine concentrations are presented as mean (SD). a Student’s t test, b Tobit regression taking censoring into
account, c Tobit regression taking censoring into account and adjusting for age and BMI. MACE: Major adverse
cardiac events, IL: interleukin, VEGF: Vascular endothelial growth factor, SD: standard deviation.

As shown in Table 4, there were no associations between baseline cytokine levels and
changes in 6MWT over time.

Table 4. Associations between baseline serum cytokines and changes in 6MWT after 1 year of
follow-up.

Linear Regression Non-Adjusted
Tobit Regression

Tobit Regression
Adjusted for Age

and BMI

β-Coefficient
(95 CI) p Value β-Coefficient

(95 CI) p Value β-Coefficient
(95 CI) p Value

IL-6 −0.01 (−0.1–0) 0.6 −0.02 (−0.1–0) 0.34 0.01 (−0.1–0) 0.63

VEGF −0.01
(−1.1–1.0) 0.86 0 (−1.2–1.0) 0.9 0.01 (−1.1–1.1) 0.19

IL-10 −0.02
(−0.1–0.1) 0.67 −0.02

(−0.1–0.1) 0.65 −0.13
(−0.1–0.1) 0.59

IL: interleukin, VEGF: Vascular endothelial growth factor, CI: confidence interval.
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4. Discussion

In this study, we found increased circulating IL-10 levels in patients with HFpEF and
OSA who later developed MACE during the follow-up. There were no links between
studied serum cytokines and physical function as measured by 6MWT.

To our knowledge, this was the first study evaluating serum cytokine biomarkers in a
subset of patients with HFpEF and comorbid CSA.

Circulating cytokine levels have been assessed in many cross-sectional studies on OSA
or HF. A recent meta-analysis showed increased circulating IL-6 levels in patients with
OSA [34]. Reduced systemic levels of IL-10 were associated with the severity of OSA and
insulin resistance [35] while VEGF levels were found to be frequently elevated in OSA [36].
In a large cohort of HF patients, elevated IL-6 levels were detected in more than 50% of
patients [37]. In a recent study, patients with HFrEF exhibited a significant decrease in
circulating VEGF [38]. IL-10 levels were also shown to be increased in HF patients [39].

Although many studies cross-sectionally assessed serum cytokines in HF and OS,
there has been a lack of research prospectively evaluating prognostic value of IL-6, IL-10,
and VEGF.

Our results conflict with the findings of the BIOSTAT-CHF study, showing IL-6 to be a
predictor of worse CV outcomes [37]. The differences may be explained by the different
study populations. Thus, the BIOSTAT-CHF study encompassed a more heterogeneous
group of HF patients while our study focused on a subset of patients with HFpEF and
comorbid CSA. It may therefore be hypothesized that different cytokines are involved in
particular subtypes of HF.

Our findings are in line with the studies showing impaired CV outcomes in patients
with elevated serum IL-10 [40–42]. These data have been difficult to interpret given the
biology of IL-10, which is a prototypical anti-inflammatory cytokine [43] and theoretically
should promote better cardiovascular outcomes [44]. The possible explanations for the
positive associations between impaired CV outcomes and higher IL-10 levels are that
the latter may exert unknown harmful action that could overcome any of its favorable
anti-inflammatory effects. Alternatively, increased levels of this anti-inflammatory marker
may represent a compensatory or counterregulatory mechanism. Any inflammation is
accompanied by IL-10 production. The purpose of IL-10 in the setting of inflammation
is to diminish excessive inflammation and to prevent unnecessary tissue damage [45].
Thus, higher IL-10 levels found in our study may represent a secondary increase of IL-10
production in response to higher inflammation [41].

From the first glance, the absence of a link between baseline cytokines and longitudinal
changes in 6MWT contradicts our findings on elevated IL-10 in patients who had developed
MACE. This discrepancy can be explained by suboptimal performance of 6MWT as an
outcome in HF patients. Thus, a meta-analysis showed 6MWT improvement in only nine
of 47 randomized controlled trials of pharmacological therapy in HF [46].

Our study has several important limitations: it was a single-center study, performed
on a rather small sample of middle-aged men. These might restrict the generalizability of
our findings.

The strengths of our study are that it had a longitudinal design and that we performed
a statistical analyses accounting for left censoring inherent to immunological data.

This study represents the first screening step in evaluating IL-10 as a candidate pre-
dictor biomarker of adverse CV outcomes in patients with HFpEF with OSA. The future
studies on larger populations will need to confirm these results. If IL-10 is confirmed to
be significantly elevated in patients with increased incidence of negative CV outcomes,
further research will have to evaluate the effectiveness of serum IL-10 as a predictive
biomarker. Determining clinical cutoffs using receiver operating characteristics analysis
will be necessary to allow using serum cytokines as biomarkers in clinical practice.

An “ideal” predictive biomarker should be noninvasive, inexpensive, and effective [47].
The first two requirements are probably met for serum cytokines as their measurement
requires a draw of just a small amount of venous blood and quantification using ELISA is
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relatively inexpensive. The effectiveness of the measurement of serum cytokines for the
prediction of clinical outcomes is more questionable. Using serum cytokines as a biomarker
in clinical settings is challenging due to several reasons. Serum cytokine concentrations
might be affected by comorbid diseases. Blood cytokines have a short half-life, their blood
levels are relatively low [48]. In addition, there is marked variability in serum cytokine
concentrations, including between-day [49] and diurnal [50] variability.

In spite of these challenges, there is still a hope that some cytokines can be used
as effective biomarkers for some diseases in the future. The reason for this hope is that
there are at least several probable ways to overcome the said difficulties: using a combi-
nation of several cytokines to build more accurate predictive models, establishing valid
reference cytokine concentrations on large populations of healthy people, and a rigorous
standardization of the measurement techniques [51,52].

In conclusion, higher serum concentrations of IL10 in men with HFpEF and CSA are
associated with MACE during the follow-up. These findings need to be replicated on a
more general population with a larger sample size.
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Abstract: Background: Wake-up stroke (WUS) is a certain type of ischemic stroke in which a patient
wakes up with a new neurological deficit due to cerebral ischemia. Sleep-disordered breathing is an
independent risk factor for stroke, but the role of nocturnal oxygen desaturation in the pathophysiol-
ogy of WUS is still insufficiently explored. According to several studies, patients with WUS have
a significantly more severe sleep apnea syndrome and lower mean blood oxygen saturation. This
study aimed to assess the severity of nocturnal desaturations in acute WUS and non-WUS patients
using nocturnal pulse oximetry. Material and Methods: The cohort of 225 consecutive patients with
neuroimaging-verified acute cerebral ischemia was prospectively enrolled. For further analyses,
213 subjects with known WUS/non-WUS status were selected (111 males and 102 females, average
age 70.4 ±12.9, median baseline NIHSS = 5, median baseline mRS = 3). Patients were divided into
the WUS group (n = 45) and the non-WUS group (n = 168). Overnight pulse oximetry was performed
within 7 days of the stroke onset and data of both of the studied groups were compared. Results:
We found oxygen desaturation index (ODI) in the WUS group was 14.5 vs. 16.6 (p = 0.728) in the
non-WUS group, basal O2 saturation was 92.2% vs. 92.5% (p = 0.475), average low O2 saturation was
90.3% vs. 89.6% (p = 0.375), minimal O2 saturation was 79.5% vs. 80.6% (p = 0.563), and time with O2
saturation <90% (T90) was 4.4% vs. 4.7% (p = 0.729). Conclusions: In the studied sample, monitored
respiratory parameters including ODI, basal O2 saturation, average low O2 saturation, minimal O2
saturation, and T90 did not significantly differ between groups of WUS and non-WUS patients.

Keywords: ischemic stroke; wake-up stroke; pulse oximetry; sleep-disordered breathing

1. Introduction

Wake-up stroke (WUS) is a certain type of ischemic stroke in which a patient wakes
up with a new neurological deficit due to cerebral ischemia. Up to 14–25% of patients
with acute stroke suffer WUS [1,2]. As the exact time of stroke onset is unknown, these
patients are at risk of losing the potential benefit of revascularization therapy [3]. Sleep-
disordered breathing (SDB) is an independent risk factor for stroke, but the role of nocturnal
oxygen desaturation in the pathophysiology of WUS is still insufficiently explored [4].
According to several studies, patients with WUS have significantly higher severity of
sleep apnea and lower mean blood oxygen saturation [5–7]. A recent meta-analysis of
13 studies’ results showed that sleep apnea syndrome (SAS) is significantly higher in
WUS patients, with significantly higher apnea-hypopnea index (AHI; 95% confidence
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interval: 1.38–14.11; p = 0.017) and oxygen desaturation index (ODI; 95% confidence
interval: 0.261–7.438; p = 0.035) [8]. Increased risk of stroke in these patients may be
mediated by hemodynamic changes due to sleep apnea, oxidative stress, endothelial
dysfunction, sympathetic overactivity, metabolic dysregulation, accelerated hypertension,
paradoxical embolism, or arrhythmogenesis [9,10]. Polysomnography (PSG) is a gold
standard diagnostic tool for the complex estimation of SDB. However, this method is
suitable only for cooperating patients. The clear advantage of PSG is the information on the
relationship between the occurrence of apneic episodes and the stages of sleep, including the
hypnogram, but limits of PSG include that it requires educated medical staff and monitoring
devices, and causes patients discomfort. Several studies proved overnight pulse oximetry
is a simple method to evaluate nocturnal desaturations in patients with stroke [11–13]. This
method can be used as a sensitive screening tool in this population [14–16]. This study
aimed to explore and compare the severity of nocturnal desaturations in a “real world”
population of patients with acute WUS and non-WUS.

2. Materials and Methods
2.1. Materials

The study subjects were enrolled from the population of stroke subjects who were
recruited within the PRESS study (pulse oximetric routine examination of sleep apnea in
acute stroke), as previously described [14] (see flowchart in Figure 1).
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Figure 1. Flowchart.

We prospectively enrolled patients hospitalized in the 1st Department of Neurology,
Comenius University Bratislava. The diagnosis of stroke was confirmed clinically, and
computed tomography (CT) or magnetic resonance imaging (MRI) was used to confirm
the site of the ischemic lesion. Only the subjects with neuroimaging-verified acute brain
infarction were enrolled. WUS was defined as the occurrence of new stroke symptoms
detected upon waking up from sleep and non-WUS status was set when symptoms were
detected during the awake state; for demographic details see Table 1. Baseline stroke
severity was measured by the National Institutes of Health Stroke Scale (NIHSS) and
modified Rankin Scale (mRS) [17,18].

Inclusion criteria: patients from PRESS study, clinical diagnosis of acute stroke con-
firmed by CT or MRI, age over 18.
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Table 1. Demographic data of the studied sample.

Group

Female Male Total

n %
Age

n %
Age

n %
Age

Mean Median Mean Median Mean Median p-Level

WUS 22 21.6 71.8 73.5 23 20.7 67.3 70.0 45 21.1 69.5 72.0
0.611

non-WUS 80 78.4 73.9 76.5 88 79.3 67.6 67.5 168 78.9 70.6 72.0

Total 102 100 73.4 75.5 111 100 67.6 68.0 213 100 70.4 72

WUS: Wake-up stroke.

Exclusion criteria: not determined WUS/non-WUS status, diagnosis of acute stroke
not-confirmed by CT or MRI, other than ischemic etiology of stroke, stroke mimics, stroke
onset > 7 days before pulse oximetry, impairment of consciousness with the Glasgow coma
scale < 8 on admission, bad cooperation (including severe disability, agitated confusion,
acute cardiac/respiratory comorbidity, acute exacerbation of chronic cardiac/respiratory
comorbidity), incomplete clinical data (impossibility to record at least 4 h of continuous
pulse oximetric monitoring), refusal to participate.

2.2. Methods

Single-night pulse oximetry monitoring was performed as previously described [14].
Briefly, using the WristOx2 device (model 3150, Nonin Medical, Plymouth, MA, USA)
nocturnal monitoring was performed from 10 p.m. to 6 a.m.

The following variables were recorded and analyzed:
Desaturation was defined as an event with a drop of oxygen level >3% and with a

duration >10 s.
Oxygen desaturation index (ODI) was defined as the average number of desaturations

during 1 h of recording.
Basal O2 saturation (steady-state O2 saturation) was defined as an average of the O2

saturation readings that were not included in any desaturation event.
Average low O2 saturation was defined as the average of the lowest O2 saturations seen

over all respiratory events.
Average event duration was defined as the average duration of desaturation and ex-

pressed as an average time in seconds per event.
Minimal O2 saturation was defined as the lowest single O2 saturation seen in the

recording.
Time with O2 saturation <90% (T90) was defined as the proportion of time period with

O2 saturation <90% from the total duration of the recording.

2.3. Statistics

Continuous variables were expressed as means ± standard deviation or median, in-
terquartile range (IQR), minimal and maximal values. Categorical variables were expressed
as numbers and proportions (%). To compare variables in the WUS vs. non-WUS popula-
tion, the Student t test, Mann–Whitney test, and χ2 test were used for particular variables.
SPSS version 21 (SPSS Inc., Chicago, USA) was used for statistical analyses. p values < 0.05
were considered statistically significant.

2.4. Ethics

The study was approved by the Ethics Committee of the Old Town Hospital, University
Hospital Bratislava on 15th April 2019. All the patients or their next of kin signed the
informed consent before being recruited.
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3. Results

In our study, out of 225 patients with neuroimaging verified acute cerebral ischemia,
213 subjects had known WUS/non-WUS status (111 males and 102 females, average age
70.4 ±12.9, median baseline NIHSS = 5, median baseline mRS = 3). This sample was
selected for further analyses. We compared the data of the 45 patients WUS group and the
168 patients in the non-WUS group. Between WUS and non-WUS groups, no significant
gender and age differences were found (p = 0.443 and p = 0.611).

Stroke severity was measured by the National Institutes of Health Stroke Scale and
modified Rankin Scale. Both methods showed insignificant differences in stroke severity in
compared groups (p = 0.743, p = 0.763, consecutively).

Oximetry-related indices commonly used in SAS examination were also without
disparity. Oxygen desaturation index was 14.5 vs. 16.6 (p = 0.728), basal O2 saturation
92.2% vs. 92.5% (p = 0.475), average low O2 saturation 90.3% vs. 89.6 % (p = 0.375), minimal
O2 saturation 79.5% vs. 80.6% (p = 0.563) and T90 was 4.4% vs. 4.7% (p = 0.729). See Table 2
for more details.

Table 2. Comparison of monitored variables in WUS vs. non-WUS stroke groups.

Group
WUS Non-WUS p

N = 45 N = 168 —

Gender
Male (n) 23 51.1% 88 52.4%

0.443
Female (n) 22 48.9% 80 47.6%

Mean SD Median IQR Range Mean SD Median IQR Range

Age (years) 69.5 12.6 72.0 14.5 28.0–94.0 70.6 13.0 72.0 18.0 23.0–97.0 0.611

NIHSS on admission 6.8 5.3 5.0 6.0 1.0–20.0 6.8 5.7 5.0 8.0 1.0–33.0 0.743

mRS on admission 3.1 1.5 3 2.5 1.0–5.0 3.1 1.5 3.0 3.0 1.0–5.0 0.763

ODI (n/h) 21.6 17.8 14.5 19.6 2.8–69.4 23.2 19.1 16.6 24.4 1.1–74.9 0.728

ODI ≥ 5 (n) 41 91.1% 148 88.1% 0.570

ODI ≥ 15 (n) 25 55.5% 77 45.8% 0.246

ODI ≥ 30 (n) 10 22.2% 46 27.4% 0.485

Average event
duration (s) 38.9 15.0 35.6 16.9 21.1–87.1 39.0 12.4 37.0 15.5 20.6–98.4 0.985

Basal O2 saturation (%) 92.2 2.2 92.6 2.3 83.3–95.6 92.5 2.0 92.9 2.5 86.4–97.3 0.475

Average low O2
saturation (%) 90.3 2.3 90.7 2.7 81.6–93.8 89.6 4.9 90.5 3.1 34.9–95.1 0.375

Minimal O2
saturation (%) 79.5 9.6 82.0 10.5 50.0–90.0 80.6 9.2 83.0 9.0 39.0–93.0 0.563

T 90 (%) 13.4 19.4 4.4 21.6 0–95.8 15.7 22.6 4.7 21.6 0–95.8 0.729

IQR: interquartile range, mRS: modified Rankin Scale, NIHSS: National Institutes of Health Stroke Scale, ODI:
oxygen desaturation index, SD: standard deviation, T90: time with O2 saturation < 90%, WUS: Wake-up stroke.

4. Discussion

From the total number of 420 patients from PRESS study [14], only 213 subjects fulfilled
the inclusion criteria (102 females, 111 males). The studied sample included in the work
represented the “real world” population (female age median 75.5; male 68.0 years) and the
respondents were divided into two well comparable groups: WUS group with 22 females
(48.9%), age median 73.5 years and 23 males (51.1%), age median 70.0 years; versus NWUS-
group with 80 females (47.6%), age median 76.5 years and 88 males (52.4%), age median
67.5 years.

A “gold standard” diagnostic tool for sleep apnea, polysomnography, is used in the
majority of the studies [19–21], although other simpler sleep monitoring tools of home
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polygraphy (PG) are also used [22,23]. The use of questionnaires (Berlin questionnaire,
STOP-BANG, Epworth Sleepiness Scale) in sleep apnea assessment in stroke subjects is
limited by their low sensitivity and specificity [24,25]. PSG, like the most complex investi-
gation, provides information on all important markers of SAS including a hypnogram but
it is connected with patient hospitalization-associated stress and is equipment-demanding
(educated staff as well as expensive devices). PG gives less information, but it is performed
on patients in their home environment. For these reasons, research into less demanding
options for sleep monitoring examinations is ongoing [26,27]. Except for the fact that PSG
is a technically demanding and costly examination with limited availability, the feasibility
of PSG in acute stroke patients represents one of the most challenging issues even in de-
partments with close cooperation between the stroke unit and sleep laboratory [16,19]. All
these issues limit routine polysomnographic assessment in a “real world” population of
patients with acute stroke. Nocturnal pulse oximetry in stroke subjects represents an alter-
native diagnostic method with excellent adherence and good sensitivity (90.5%) [14,28,29].
However, lower specificity (75%) may limit the interpretation of the findings described [14].

The high prevalence of sleep apnea in stroke subjects is well-known, and was described
in 2005 by Bassetti and Artzt et al. [4,30]. According to a meta-analysis from 2019 by Seiler
and his team, it is present in 71% [31]. A large recent work from 2022 by Lu and Liu
proved the prevalence of sleep apnea might be even higher in the WUS population. Their
meta-analysis included 13 studies and showed that SAS-prevalence is significantly higher
in WUS patients [8], with a significantly higher severity of sleep apnea according to AHI
and ODI (p = 0.017, and p = 0.035). This topic was researched by Barreto et al., Haula et al.,
and Schütz et al. [32–34] and the results of cited studies suggested that preexisting sleep
apnea is associated with the occurrence of WUS or even with worse short-term outcomes
measured in mRS [33]. Kim et al. in 2018, using the Berlin Questionnaire [10], found that
preexisting witnessed or self-recognized sleep apnea was significantly more frequent in
WUS when compared to the non-WUS population (28.3% vs. 16.6%, p = 0.036). In the same
study, the presence of preexisting witnessed or self-recognized sleep apnea was the only
risk factor for WUS (adjusted odds ratio = 2.055, 95% confidence interval = 1.035–4.083,
p = 0.040) [10]. Their conclusion is not in agreement with our study. We did not prove the
higher severity of sleep apnea in WUS. In a comparison of WUS and non-WUS groups, we
found median ODI 14.5 vs. 16.6 (p = 0.728) and T90 4.4% vs. 4.7% (p = 0.729). For details,
see Table 2. Similarly to our study, also other studies using portable devices failed to find
an association between sleep apnea and WUS [32,35]. In our case, we suppose that the
population enrolled in the current study may better reflect the “real world” acute stroke
population than populations in polysomnographic studies.

Early sleep apnea assessment (nocturnal pulse oximetry evaluation within seven days
from the stroke onset) was performed in the current study. It is necessary to admit that
Slonková et al. previously described spontaneous improvement of sleep apnea in stroke
patients [36], and these findings were supported also by the results of a recent study by
Šiarnik et al. [16]. It remains unknown if there is any significant difference in spontaneous
OSA improvement between WUS and non-WUS subjects and future research in this field
is warranted. However, later sleep apnea assessment could influence the results of our
current study. The optimal timing of sleep apnea assessment post-stroke also needs to
be elucidated by future prospective studies, because it can influence further therapeutic
approaches and treatment adherence in this high-risk population [16].

We are aware of the fact that the low specificity of the pulse oximetry examination
in sleep apnea assessment represents one of the main limitations of the current study. PG
seems to be a promising alternative diagnostic tool in stroke subjects [22,23]. We have to
admit that the PRESS study [14] was not initially designed to search for predictors of noc-
turnal desaturations. Multiple variables, including stroke comorbidities and therapy, could
play a more important role in nocturnal oxygen desaturation than WUS/non-WUS status
itself. In the retrospective search of the patients’ records, we found none of the 213 analyzed
subjects was treated with positive airway pressure therapy pre-stroke. Similarly none
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of these patients was treated by oxygen therapy during the diagnostic night. However,
multiple other sleep apnea-related conditions beyond these should be considered in future
prospective studies, including respiratory tract disorders and cardiac disorders.

5. Conclusions

In our studied sample, monitored respiratory parameters including ODI, basal O2
saturation, average low O2 saturation, minimal O2 saturation, and T90 did not significantly
differ between groups of WUS and non-WUS patients.
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Abstract: Background: Obstructive sleep apnea (OSA) activates several pathophysiological mech-
anisms which can lead to the development of vascular diseases. Endothelial dysfunction (ED) is
an initial step in the development of atherosclerosis. The association between ED and OSA has
been described in several studies, even in previously healthy subjects. High-density lipoproteins
(HDL) were generally considered to be atheroprotective, and low-density lipoprotein (LDL) to be
an atherogenic component of lipoproteins. However, recent findings suggest a pro-atherogenic role
of small HDL subfractions (8–10) and LDL subfractions (3–7). This study aimed to evaluate the
relationship between endothelial function and lipid subfractions in previously healthy OSA subjects.
Material and Methods: We prospectively enrolled 205 subjects with sleep monitoring. Plasma levels
of triacylglycerols, total cholesterol, LDL, HDL, and their subfractions were assessed. Endothelial
function was determined using peripheral arterial tonometry, and reperfusion hyperemia index (RHI)
was assessed. Results: Plasma levels of small and intermediate HDL subfractions have statistically
significant pro-atherogenic correlations with endothelial function (p = 0.015 and p = 0.019). In other
lipoprotein levels, no other significant correlation was found with RHI. In stepwise multiple linear
regression analysis, small HDL (beta = −0.507, p = 0.032) was the only significant contributor in the
model predicting RHI. Conclusions: In our studied sample, a pro-atherogenic role of small HDL
subfractions in previously healthy subjects with moderate-to-severe OSA was proven.

Keywords: lipoprotein subfractions; obstructive sleep apnea; polysomnography

1. Introduction

Obstructive sleep apnea (OSA) is a common disorder that occurs in approximately
one-quarter of adults. The prevalence of OSA (apnea/hypopnea index (AHI) over 5) is
about 24% in men and 9% in women [1]. Unrefreshing sleep with excessive sleepiness
is the most common presenting symptom of OSA. Patients experience snoring as well as
awakenings accompanied by gasping or choking. Effective therapeutic approaches include
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weight loss, positive airway pressure, oral appliances, surgical modification of the pharyn-
geal soft tissues or facial skeleton, and hypoglossal nerve stimulation in selected cases [2].
OSA is characterized by repeated partial or complete obstructions in the upper airways,
leading to large changes in intrathoracic pressure, consequent hemodynamic changes,
chronic intermittent hypoxia, and sleep fragmentation [3]. Intermittent hypoxemia with
concomitant hypercapnia activates the sympathetic nervous system and contributes to
elevation of blood pressure. Repetitive respiratory events increase reactive oxygen species,
which may also contribute to vascular disease [3]. OSA activates several other pathophys-
iological mechanisms which can lead to the development of vascular diseases including
endothelial dysfunction, systemic inflammatory response, and impaired glucose and lipid
metabolism [4,5]. Endothelial dysfunction is an important underlying pathophysiological
mechanism of atherogenesis that occurs at the early stages of vascular diseases and is
associated with the occurrence of vascular events in the future [6,7]. Multiple mechanisms
underlying OSA, including oxidative stress and systemic inflammation, are also important
mechanisms in the pathogenesis of decreased nitric oxide bioavailability and subsequent
endothelial dysfunction [8]. Endothelial dysfunction can be assessed by various methods,
including peripheral arterial tonometry (PAT). The reperfusion hyperemia index (RHI)
measured by PAT is a validated marker of endothelial function and a predictor of future
vascular events [9–11]. Endothelial dysfunction is defined by RHI as lower than 1.67.
Endothelial dysfunction is present also in previously healthy subjects with newly diag-
nosed OSA, and OSA is associated with the severity-dependent impairment of endothelial
function assessed by RHI in both adults and children [12–14]. Dyslipidemia, defined as
an excessive increase in total cholesterol (TC) or triacylglycerols (TAG), with or without a
concomitant decrease in high-density lipoproteins (HDL), leads to the acceleration of the
atherosclerotic process in predisposed individuals and is also one of the most important
risk factors for vascular disease [15]. Along with increased sympathetic nervous system
activity, oxidative stress, systemic inflammation, subsequent hypertension and glucose
metabolism impairment [16], dyslipidemia is one of the possible mechanisms linking OSA
with increased vascular morbidity [17]. The mechanisms of dyslipidemia induced by
OSA include the up-regulation of lipoprotein biosynthesis, increased lipolysis, impaired
clearance of lipoproteins, lipoprotein peroxidation, and HDL dysfunction [18]; this may
represent a pathway by which the increase in cardiovascular risk is mediated [19]. There is
also increasing evidence that small dense LDL and HDL subfractions have pro-atherogenic
properties [20,21]. This study aimed to evaluate the relationship between endothelial
function and lipid subfractions in previously healthy OSA subjects.

2. Materials and Methods
2.1. Study Population

A total of 205 patients were included in this prospective monocentric study. The cohort
includes patients who were suspected of suffering from OSA and were hospitalized in the
sleep laboratory of the 1st Department of Neurology, Comenius University, and University
Hospital Bratislava. The study was approved by the Ethics Committee of the Old Town
Hospital, University Hospital Bratislava (with reference number 26/2021). All participants
signed informed consent before enrollment.

Inclusion criteria were set up as follows: suspicion of OSA, sleep monitoring by
polysomnography, and aged over 18. A detailed search for premorbid diseases was per-
formed and exclusion criteria included: cardiovascular disease, cerebrovascular disease,
diabetes mellitus, other endocrinopathies, cancer, or any other chronic diseases. Sleep
monitoring by limited polygraphy (PG), bad cooperation, incomplete data, use of any
current medication, or smoking belonged to the additional exclusion criteria. For details,
see flowchart Figure 1.
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Finally, apparently healthy 18 male subjects, the “real-world” population with no
previous history of sleep apnea, age 47.9 ± 11.5 (Figure 2), body mass index (BMI)
32.3 ± 3.8 kg/m2, investigated in this tertiary hospital from March 2021 to March 2022
were prospectively enrolled.
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2.2. Methods

Sleep monitoring

All subjects underwent overnight sleep monitoring. In the study, only patients with
polysomnography (Alice 6 device, Philips-Respironics, Murrysville, PA, USA) and recorded
respiratory disturbance index (RDI) were enrolled. Only subjects with RDI ≥ 15 were
included for further assessment. Other recorded indices included oxygen desaturation
index (ODI), arousal index, average nocturnal O2 saturation, and minimal nocturnal O2
saturation. Standardized criteria were used for the scoring of sleep characteristics and
respiratory events [22].

Monitored variables:

BMI (body mass index)—defined as body weight divided by the square of height; a measure
of the degree of obesity.
Apnea—defined as the reduction in airflow ≥90% (or the airflow cessation) lasting >10 s.
Hypopnea—defined as a reduction in airflow ≥30% lasting >10 s with oxygen desaturation
≥3% or arousal.
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Respiratory disturbance index (RDI)—defined as an average number of apneas, and hy-
popneas per 1 h of sleep.
ODI (oxygen desaturation index)—defined as a number of desaturations ≥3% with a
duration of >10 s per hour of sleep.
Arousal index—defined as the total number of arousals per hour of sleep.
Average nocturnal O2 saturation—defined as the mean O2 saturation during sleep.
Minimal nocturnal O2 saturation—defined as the lowest single O2 saturation seen in the
recording.
Time with O2 saturation <90% (T90)—defined by the percentage of sleep time below 90%
O2 saturation.

Lipoprotein parameters

Blood plasma samples were obtained in the morning after polysomnography and
after overnight fasting. Blood samples with ethylenediaminetetraacetic acid (EDTA) were
collected. Immediately after the collection of plasma samples, levels of TAG, TC, LDL,
and HDL were determined in a local certified hospital laboratory with an enzymatic
method (Roche Diagnostics, Mannheim, Germany). The quantitative analysis of lipopro-
tein families and lipoprotein subfractions including very low-density lipoprotein (VLDL),
intermediate-density lipoprotein (IDL), and plasma lipoprotein subfractions were analyzed
by the Lipoprotein system (Quantimetrix Corp., Redondo Beach, CA, USA) using a poly-
acrylamide gel electrophoresis [23]. The following subfractions were evaluated: large LDL
subfractions 1–2 (which are considered atheroprotective), small dense LDL subfractions
3–7 (which are considered atherogenic), large HDL subfractions 1–3 (which are considered
atheroprotective), small dense HDL subfractions 8–10 (which are considered atherogenic),
and intermediate HDL subfractions 4–7 (their atherogenic/atheroprotective role remains
controversial) [20,21].

Assessment of endothelial function

Endothelial function was assessed by PAT (EndoPAT 2000 device, Itamar Medical
Ltd., Caesarea, Israel) as previously described [14]. RHI was calculated as the ratio of the
average amplitude of the PAT signal post-to-pre occlusion of the tested arm, normalized to
the concurrent signal from the contralateral finger. Calculations were performed using the
computer algorithm (software 3.1.2) supplied with the device. RHI value < 1.67 indicated
endothelial dysfunction [14,24].

Statistical analysis

Statistical analyses were performed by SPSS ver. 18 (SPSS Inc., Chicago, IL, USA).
The results of normally distributed data are expressed as a mean ± standard deviation,
and the results of not normally distributed data are expressed as median, interquartile
range, minimal and maximal values. Pearson or Spearman correlation coefficients were
used to determine the relationships between RHI and the baseline characteristics of the
study population. We used stepwise multiple linear regression to create the prediction
model and identify the most important contributors to this model. A model with the
highest number of significant predictors was chosen. The dependent variable in the model
was RHI, independent variables in the model were anthropometric characteristics (age,
gender, BMI), sleep characteristics (T90, RDI, ODI, arousal index, average, and minimal
nocturnal O2 saturation), and lipoprotein levels (TAG, TC, LDL, HDL, VLDL, IDL, large
LDL, small LDL, large HDL, intermediate HDL, and small HDL). Each model was assessed
for the presence of multicollinearity of included variables. The variance inflation factor
(VIF) ≥5 was indicative of multicollinearity. The p value < 0.05 was considered statistically
significant.

3. Results

The average age of participants was 47.9 years, the average BMI value was 32.31 kg/m2.
All participants were in the category of moderate-to-severe sleep apnea with a mean RDI of
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45.7. The average nocturnal O2 saturation was 87.8, the average minimal nocturnal O2 satu-
ration was 76.2. None of these monitored variables were statistically significantly correlated
with RHI. The results of normally distributed data are expressed as a mean ± standard devi-
ation, and the results of not normally distributed data are expressed as median, interquartile
range, minimal and maximal values. For details, see Table 1.

Table 1. Sleep monitoring indices and their correlations with reperfusion hyperemia index.

N = 18 Mean Median Standard
Deviation

Interquartile
Range

Minimal
Value

Maximal
Value

Correlation Regression

r p Beta p

Age (years) 47.9 49.0 11.5 18 26 66 0.087 0.732 0.139 0.539
BMI

(kg/m2) 32.3 31.9 3.8 6.5 26.6 39.6 −0.278 0.264 −0.048 0.842

RDI (n/h) 45.7 43.6 20.5 35.6 15.8 84.6 −0.088 0.729 −0.092 0.685
ODI (n/h) 39.9 36.8 19.4 29.7 12.8 85.7 −0.061 0.810 −0.069 0.760

Arousal
index (n/h) 25.9 24.8 14.0 21.8 7.9 53.7 0.034 0.893 −0.071 0.752

Average
nocturnal

O2 sat. (%)
87.8 88.0 3.3 6 81 92 0.283 0.256 0.298 0.176

Minimal
nocturnal

O2 sat. (%)
76.2 77.5 8.7 10 55 87 0.284 0.254 0.336 0.124

T90 (%) 11.3 7.0 14.1 11.0 0.2 47.4 −0.425 0.079 −0.192 0.393

BMI: body mass index, RDI: respiratory disturbance index, ODI: oxygen desaturation index, sat.: saturation, T90:
Time with O2 saturation <90%.

In our sample, the average RHI was 1.9. Except for the significant inverse correlation
of small HDL and intermediate HDL with RHI (r = −0.561, p = 0.015 and r = −0.548,
p = 0.019, consecutively), no other significant correlation was found between RHI and other
lipoprotein levels (see Table 2). In stepwise multiple linear regression analysis, small HDL
(beta = −0.507, p = 0.032) was the only significant contributor in the model predicting RHI.
The VIF of all variables assessed in this model was <5. For details, see Tables 1 and 2,
Figures 3 and 4.

Table 2. Baseline laboratory characteristics and correlations of the reperfusion hyperemia index with
variables.

N = 18 Mean Median Standard
Deviation

Interquartile
Range

Minimal
Value

Maximal
Value

Correlation Regression

r p Beta p

TC (mmol/L) 5.3 5.5 0.8 1.3 3.7 6.4 −0.116 0.646 −0.016 0.947
LDL

(mmol/L) 4.0 4.1 0.7 1.0 2.6 5.2 −0.126 0.618 −0.080 0.724

HDL
(mmol/L) 1.2 1.1 0.3 0.4 0.7 1.8 −0.086 0.735 −0.031 0.893

TAG
(mmol/L) 2.1 1.8 0.9 0.9 1.0 4.4 0.218 0.385 0.279 0.276

VLDL
(mg/dL) 56.6 60.5 14.0 23.0 32.0 85.0 0.146 0.564 0.152 0.502

IDL (mg/dL) 45.9 45.0 14.3 27.0 26.0 72.0 −0.281 0.259 −0.106 0.643
Large LDL
(mg/dL) 48.3 48.5 12.5 13.8 21.0 70.0 −0.090 0.722 −0.141 0.535

Small LDL
(mg/dL) 10.2 6.0 10.1 17.3 0 29.0 0.278 0.264 0.237 0.286

Large HDL
(mg/dL) 27.8 22.5 23.8 35.25 1.0 81.0 −0.415 0.087 −0.249 0.309
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Table 2. Cont.

N = 18 Mean Median Standard
Deviation

Interquartile
Range

Minimal
Value

Maximal
Value

Correlation Regression

r p Beta p

Intermediate
HDL (mg/dL) 73.0 90.5 50.1 93.75 13.0 141.0 −0.548 0.019 −0.224 0.602

Small HDL
(mg/dL) 30.2 24.0 21.7 31.5 5.0 74.0 −0.561 0.015 −0.507 0.032

RHI 1.9 1.8 0.4 0.6 1.2 2.7 - - - -

TC: cholesterol, TAG: triacylglycerols, HDL: high-density lipoprotein cholesterol, LDL: low-density lipopro-
tein cholesterol, VLDL: very low-density lipoprotein, IDL: intermediate-density lipoprotein, RHI: reperfusion
hyperemia index. Significant associations in bold.
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4. Discussion

OSA activates several pathophysiological mechanisms that lead to the development
of vascular diseases, as discussed in recent studies by Ott et al. in 2017 [25], Kollar et al. in
2021 [21], and many other authors [26–28]. The potential underlying pathomechanism link-
ing OSA with the development of vascular diseases include endothelial dysfunction [29,30],
activation of the sympathetic nervous system [3], oxidative stress [31], metabolic dysregu-
lation [32], activation of inflammatory processes [29,33], and alteration of the coagulation
cascade [29]. Levy et al. in 2009 [34] already described, in agreement with Seiler et al. in
2019 [35], that acceleration of atherogenesis could be one of the most important mechanisms
involved in the development of vascular diseases in OSA patients. Endothelial dysfunction
as the initial step and key process of atherogenesis was proven, for example by Bonetti et al.
in 2003 or Gimbrone et al. in 2016 [36,37]. The association between endothelial dysfunction
and OSA has been described in several studies [12–14] and was found also in patients with
OSA who are not treated for any other diseases, like the findings presented in the work of
Ip et al. in 2004 or Siarnik et al. in 2014 [14,38].

Our study was based on a strict exclusion process, and the final sample of apparently
healthy subjects of our “real-world” population with no previous history of sleep apnea
had only 18 responders; at the time, this was a pilot project on the topic of the possible
association of lipoprotein subfractions with endothelial function in previously healthy indi-
viduals (with newly diagnosed sleep apnea). Juházs in 2014 [17] suggested dyslipidemia
as one of the possible mechanisms linking OSA with increased vascular morbidity. The
same opinion was presented by Helkin et al. in 2016 [17,39]. LDL is generally considered
to be atherogenic and HDL to be atheroprotective. However, there are increasing data that
small LDL (3–7) and small HDL (8–10) subfractions have atherogenic properties [20,21,40].
Our results suggest a pro-atherogenic role of small HDL subfractions in previously healthy
subjects with moderate-to-severe OSA. Small HDL (beta = −0.507, p = 0.032) was the only
significant contributor in the model predicting RHI—a measure of endothelial function, in
stepwise multiple linear regression analysis (see Results). The pro-atherogenic lipoprotein
phenotype characterized by increased levels of atherogenic lipoprotein subfractions and
reduced levels of atheroprotective subfractions was found in individuals with OSA. In
this population, significantly lower levels of atheroprotective LDL1 and large HDL sub-
fractions were detected as well as significantly higher levels of atherogenic small dense
LDL 3–7 subfractions [21]. Our results are consistent with the findings of previously men-
tioned studies [17,41–45]. Among our previously healthy patients with newly diagnosed
moderate-to-severe OSA, small HDL was the only significant predictor of RHI, suggesting
a pro-atherogenic role of small HDL subfractions in this population. We are not aware of
any similar study so far.

Although only previously healthy subjects were enrolled and the use of any current
medication or smoking belonged to additional exclusion criteria, the co-administration
of other supplements as antioxidants and anti-inflammatory substances with beneficial
effect on vascular status were not taken in consideration. This fact limits the findings
of the current study. For example, the use of micronized purified flavonoid fraction of
Rutaceae aurantiae in type 2 diabetic patients proved to reduce the risk of cardiovascular
disease [46]. In another study, omega-3 proved its beneficial effect on serum lipid profile
and oxidative stress [47]. For endothelial dysfunction, it was found that ramipril [48] as
well as febuxostat have a direct ameliorating effect on inflammation and oxidative stress in
patients with endothelial dysfunction, which is an important risk factor for cardiovascular
diseases [49,50]. Similarly, the oral cholecalciferol effect on vascular calcification and
25(OH)D levels was investigated, which significantly increased serum levels of 25(OH)D
and fetuin-A [51].

The enrollment of previously healthy subjects with newly diagnosed sleep apnea is
the strength of the current study as it limits the effect of other possible pro-atherogenic con-
founders. However, a strict exclusion process leads to a small sample of respondents. This
pilot study shows that in future large multicenter prospective studies with detailed blood
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pressure assessment, glycemia testing, a search for anthropometric parameters and physical
activity measures, as well as a search for the effect of CPAP on lipoprotein subfractions and
endothelial function measures should be beneficial. The effect of lifestyle interventions on
LDL and HDL subfractions is known from the results of previous studies [52–55].

5. Conclusions

In our studied sample of previously healthy subjects with moderate-to-severe OSA,
the plasma levels of small and intermediate HDL subfractions have statistically significant
pro-atherogenic correlations with endothelial function (p = 0.015 and p = 0.019), but after
stepwise multiple linear regression analysis, we conclude that a pro-atherogenic role was
proven only for small HDL. Small HDL was the only significant contributor in the model
predicting RHI (beta = −0.507, p = 0.032). We are not aware of any similar findings so far.
No other significant lipoprotein level correlation was found.
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Abstract: Obstructive sleep apnea (OSA), a condition in which there is a recurrent collapse of the
upper airway while sleeping, is a widespread disease affecting 5% to 10% people worldwide. Despite
several advances in the treatment modalities for OSA, morbidity and mortality remain a concern.
Common symptoms include loud snoring, gasping for air during sleep, morning headache, insomnia,
hypersomnia, attention deficits, and irritability. Obese individuals, male gender, older age (65+),
family history, smoking, and alcohol consumption are well recognized risk factors of OSA. This
condition holds the ability to increase inflammatory cytokines, cause metabolic dysfunction, and
increase the sympathetic output, all of which exacerbate OSA due to their effect on the cardiovascular
system. In this review, we discuss its brief history, risk factors, complications, treatment modalities,
and the role of clinicians in curbing its risk.

Keywords: sleep apnea; morbidity; upper airway; risk factors; pathogenesis; CPAP

1. Introduction

Obstructive sleep apnea (OSA) is an illness of the upper airway that causes intermittent
cessation in ventilation, causing hypoxia and hypercapnia due to the periodic collapse of
the trachea [1,2]. It is estimated that around 936 million adults aged 30–69 years, both men
and women, suffer from mild to severe OSA, and approximately 425 million adults aged
30–69 years have moderate to severe OSA globally [3], making it a worldwide concern for
healthcare providers and health delivery systems. Along with a relatively higher incidence,
it is particularly concerning given that a high number of patients remain undiagnosed,
resulting in an unpredictable epidemiology of this disease [4].

Although various diagnostic and therapeutic advances have been made over the
decades to better manage this illness, morbidity and mortality rates remain high; OSA is
reportedly associated with a 1.9-times-higher risk in all-cause mortality and 2.65-times-
higher risk of mortality related to cardiovascular issues [5,6]. Along with cardiovascular
issues, OSA has been shown to be independently associated with stroke, cancer, and
many other illnesses [6,7]. Therefore, further studies are required to better understand the
associated risk factors and devise novel treatment modalities.

The economic burden of undiagnosed sleep apnea in the US is approximately USD
150 billion, and experts suggest an annual saving of around USD 100 billion if we are able
to diagnose and treat every patient in the US who has OSA [8]. Therefore, along with the
advances in the management of this illness, it is also important to investigate the causes
and solutions in order to increase the diagnosis rate and risk factors associated with OSA.

In this article, we review the etiology and various established risk factors associated
with OSA. Additionally, we review the evidence and discuss various treatment modalities
used to better manage patients with OSA. Lastly, we review some complications and the
role of healthcare providers to reduce associated mortality and morbidity rates.
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2. Sleep Apnea: A Brief History and Risk Factors

Although the official naming and discovery of sleep apnea reportedly occurred in
the 1960s, it is by no means a new disorder [9]. While it is true that it is only receiving
relatively more attention due to further advances in diagnosing and managing the disease, the
symptoms first appeared approximately 2000 years ago and were lumped together using the
term “Pickwickian syndrome” in the 19th century [10,11]. For years, the initial focus was on the
process of understanding the intermittent closure of the upper airway; however, the late 1960s
brought a fresh perspective to observe the various symptoms and risk factors at the same time,
though limited by methodological difficulties at the time [9,12]. Research studies were mainly
conducted via observing dogs and treating the condition with tracheotomies [13]. Though an
earlier concept of continuous positive airway pressure (CPAP) using a customized mask in
the 1970 and 1980s further advanced modern management [14]. To date, polysomnography,
including electrocardiogram, sleep staging, electromyogram, and electroencephalogram, is the
gold standard for diagnosing OSA, while home sleep apnea testing (HSAT) is an alternative
method with some limitations [15,16].

There are four reported endotypes of OSA: loop gain, upper-airway collapsibility,
arousal threshold, and upper-airway dilator muscle response, which is also knows as
compensation [17]. Loop gain is basically the ventilatory response-to-disturbance ratio esti-
mated by ventilation characteristics during obstructed breathing episodes [18]. It is usually
noted as a drop in CPAP, suggesting a decrease in ventilation as compared to the holding
pressure. This drop in ventilation leads to the accumulation of CO2, and thus, an increase
in ventilatory drive. This increase can be estimated by measuring the ventilatory overshoot
from the holding pressure of CPAP, providing a ratio for response and disturbance in
ventilation [17,19,20]. Upper-airway collapsibility measures the propensity for collapse as
reported in patients among OSA. Although there are several techniques to measure this
mechanistic variable, negative pressure pulses seem to provide a reliable estimate as it is
rapid and thus less likely to be influenced by external behaviors [21]. Arousal threshold is
essentially the compensatory drive of ventilation that produces arousal [18]. This variable
is a measure of the propensity to wake up from sleep given the changes in negative intra-
thoracic pressure [18,20,22]. Lastly, patients with ineffective upper-airway dilator muscle
endotypes have a decreased tone of dilator muscles, particularly genioglossus, the largest
extrinsic muscle of the tongue [23]. The absence or presence of these endotypes can mani-
fest differently in individuals that can subsequently have an impact on the severity of the
disease. These individual endotypes can also be targeted individually, or in combination,
using various techniques that are briefly discussed later in this review article.

Over the years, there have been several advances, including the identification of
symptoms (Figure 1) and various risk factors, to better diagnose and manage individual
conditions. Loud snoring, gasping for air during sleep, xerostomia, insomnia, hypersomnia,
nocturnal choking, and attention deficits are some of the many symptoms that can be
observed in patients with OSA [24–27]. Some of the most important risk factors of sleep
apnea are discussed in this review (Figure 2).

2.1. Obesity

Obesity has been identified as one of the main components contributing to OSA [28,29].
Many correlations have been established between weight, BMI, waist-to-hip ratio, neck
circumference, and severity of OSA. The sleep heart healthy study was one of the landmark
studies that established the same ideas; the study showed an increase in the apnea-hypopnea
index (AHI) by approximately five-fold in men and two-fold in women over the course of their
study [30]. Peppard et al. in their population-based prospective cohort study of 690 randomly
selected Wisconsin residents also demonstrated a six-fold increase in the odds of developing
OSA with a mere 10% increase in weight, while weight loss resulted in decreasing severity
among patients [31], suggesting a reciprocal relationship between these two variables.

45



Life 2023, 13, 387Life 2022, 12, x FOR PEER REVIEW  3  of  17 
 

 

 

Figure 1. A model for common symptoms of sleep apnea. 

 

Figure 2. A model for widely recognized risk factors of sleep apnea. 

2.1. Obesity 

Obesity has been  identified  as one of  the main  components  contributing  to OSA 

[28,29]. Many correlations have been established between weight, BMI, waist‐to‐hip ratio, 

neck circumference, and severity of OSA. The sleep heart healthy study was one of the 

landmark studies  that established the same  ideas;  the study showed an  increase  in the 

apnea‐hypopnea index (AHI) by approximately five‐fold in men and two‐fold in women 

over the course of their study [30]. Peppard et al. in their population‐based prospective 

cohort study of 690 randomly selected Wisconsin residents also demonstrated a six‐fold 

increase in the odds of developing OSA with a mere 10% increase in weight, while weight 

loss resulted in decreasing severity among patients [31], suggesting a reciprocal relation‐

ship between these two variables. 

2.2. Family History/Genetics 

Several studies have reported some underlying causes of OSA to have a genetic com‐

ponent, suggesting its hereditary nature. However, these results should be carefully eval‐

uated as OSA as a disorder is a complex interplay between genetics and environmental 

factors. The Cleveland Study was another landmark study in investigating OSA and its 

link to genetics. This genetic–epidemiologic study concluded that OSA is more prevalent 

in relatives of index probands of OSA as compared to their control counterparts [32]. Ad‐

ditionally, Ferini‐Strambi et al. in their comparative study showed a higher prevalence of 

Figure 1. A model for common symptoms of sleep apnea.

1 

 

 

Figure 2. A model for widely recognized risk factors of sleep apnea.

2.2. Family History/Genetics

Several studies have reported some underlying causes of OSA to have a genetic
component, suggesting its hereditary nature. However, these results should be carefully
evaluated as OSA as a disorder is a complex interplay between genetics and environmental
factors. The Cleveland Study was another landmark study in investigating OSA and its
link to genetics. This genetic–epidemiologic study concluded that OSA is more prevalent
in relatives of index probands of OSA as compared to their control counterparts [32].
Additionally, Ferini-Strambi et al. in their comparative study showed a higher prevalence
of snoring among monozygotic twins, which is one of the primary symptoms of OSA [33].
Other biomarkers via genome-wide linkage studies have also been investigated to establish
an association between OSA and various genes. One study showed such an association
between a polymorphism in the angiopoietin-2 gene (ANGPT2) and mean nocturnal
oxygen saturation, which is a commonly used marker to determine severity in OSA [34].
Furthermore, similar studies have established polymorphisms in tumor necrosis factor-a
(TNF-a), prostaglandin E2 receptor EP3 subtype (PTGER3), and Lysophosphatidic acid
receptor 1 (LPAR1) to be a risk factor associated with OSA [35,36]. Therefore, further
studies and the biological significance of these polymorphisms in conjunction with OSA
are warranted.
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2.3. Age and Gender

Generally, OSA has been shown to be more prevalent in men with a two-fold-greater like-
lihood in people older than 65 years as compared to middle-aged adults aged 30–50 years [37].
Additionally, the prevalence was shown to be around 5% in middle-aged females and 12% in
their male counterparts [38]. These estimates are around 12–32% in patients aged 65 years or
older [37,39]. However, the severity of the disease varies among elderly individuals and could
even be milder than the severity observed in adults [40]. In the elderly, the disease is said
to be manifested differently, resembling behavioral and cognitive impairments mimicking
dementia [41,42].

According to the current literature, there is a higher prevalence of OSA among men
compared to women [43–46]. In a recent study of 1208 people between 20 and 81 years
of age with 46% of the cohort being female, an estimated prevalence of OSA was 33%
among women when AHI was more than equal to 5%, while it was 59% among men [44].
Even with an AHI of more than or equal to 15%, the prevalence was higher in men when
compared to women; 30% vs. 13%, respectively [44]. This effect was not only restricted to
prevalence; OSA has been reported to be more severe in men with more specific symptoms
suggestive of OSA when compared to women. While men frequently report snoring,
gasping, attention deficits, insomnia, snorting, and apnea, women are reportedly presented
with more non-specific symptoms, such as headache, fatigue, depression, and anxiety [43].
The presence of only non-specific symptoms then could make it challenging for a physician
to perform a correct diagnosis. This also helps explain the results that women are diagnosed
at advanced ages and with a higher BMI as compared to men. The difference in gender,
generally speaking, could also be due to a differing body-fat distribution in males vs.
females, with males having more adipose tissue in the neck region, resulting in a higher
susceptibility to airway collapse [47,48]. Although the pharyngeal cross-sectional area is
reported to be similar among men and women, men are noted to exhibit greater upper-
airway collapsibility. This could be accounted for by the presence of a longer airway length
and larger volume of soft tissues on the lateral pharyngeal walls in men [43,49]. Hormonal
differences are yet another factor that plays a role in the differing prevalence of OSA among
men and women. Previous studies have shown how ventilatory response is affected and
AHI is increased in hypogonadal men with an acute administration of testosterone [43,50].
In one study of testosterone replacement therapy among hypogonadal men, Matsumoto
et al. reported not only a significant decrease in the ventilatory drive in patients receiving
testosterone, but also noted the new induction of OSA, and an exacerbation of symptoms in
patients previously diagnosed with OSA [50]. Years later, after this study, it was deciphered
that an acute administration of testosterone enhances the ventilatory instability and the
loop-gain of the ventilatory system as a consequence of an increase in the ventilatory
response to hypoxia [19], increasing the predisposition to OSA in men.

OSA among pregnant and post-menopausal women is one area where there is a lack
of research. While it has been reported that sleep-disordered breathing is more severe
in postmenopausal when compared to premenopausal women [51], it is unclear whether
a decreased production of female hormones plays a role in this exacerbation. Moreover,
symptoms of OSA can also be more difficult to identify or interpreted as menopausal
manifestations, leading to misdiagnosis [45]. Therefore, these gender differences could
mostly be explained by anatomic and physiologic variabilities, a difficulty identifying and
categorizing non-specific symptoms, and underdiagnosis due to physician biases [48].

2.4. Smoking and Alcohol

Several studies have cited smoking and alcohol as risk factors for OSA. This could
be explained by a general decrease in sleep latency, difficulty in initiating sleep, and
irregular sleeping patterns after smoking or drinking [52]. The chemicals consumed during
smoking can also result in local inflammation and fluid retention in the upper airway,
which could exacerbate these symptoms. Where many studies have observed a positive
correlation between smoking and OSA, such as in a study by Kashyap et al., who reported
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the occurrence of OSA to be approximately twice as likely in current smokers as compared
to previous smokers and non-smokers combined [53], many other studies have shown the
opposite association, or did not observe smoking to be an independent variable for OSA.
However, the number of cigarettes consumed per day was still reported to be higher among
more severe forms of OSA [54]. Some studies have also reported smoking addiction due to
untreated OSA [55]. This variability in results suggests an inconclusive consensus about
the role of smoking in OSA progression and severity; thus, further studies are required to
elucidate the relevant mechanisms involved.

On the other hand, the role of alcohol seems to be relatively established among
OSA patients. The studies show a general consensus that alcohol is positively correlated
with an increased risk and severity of OSA by 25% [56]. The likely mechanisms include
the relaxation of muscles in the neck and throat leading to airway collapse, decreased
ventilatory responses to an increase in higher partial pressure of CO2 and lower pressure of
oxygen, and reduction in muscle activity in the tongue [48]. While we know that alcohol can
increase the risk of OSA, it would be beneficial to understand if these effects are impacted
by individual race, metabolic and immune status, number of drinks consumed per week,
and whether individuals are suffering from any other comorbidities. Answers to these
questions will allow for a better public health policy.

2.5. Inflammation

Inflammation plays an integral role in the induction, progression, and exacerbation
of OSA. Over the years, several inflammatory mediators have been corelated with the
pathogenesis of OSA; however, some are more extensively researched and notably reported,
including CRP, IL-6, IL-8, IL-33 and its receptor ST2, Pentraxin-3 (PTX-3), procalcitonin
(ProCT), and TNF-a [57,58]. These mediators can play an important role as a biomarker
to decipher the severity of OSA among patients. Particularly, PTX-3 as a predictor of
OSA severity has garnered attention due to its consistent specificity and sensitivity across
studies. For example, Sozer et al. reported a specificity and sensitivity of 91.7% for PTX-3
as a predictor of OSA among other inflammatory mediators [57]. They also reported a
positive correlation between PTX-3 and BMI, suggesting a potential link between these
two variables in the subsequent progression of the disease. Other studies have noted the
importance of morning levels of PTX-3 as a sensitive biomarker, as patients with OSA could
have a higher hypoxic state during sleep [59]. PTX-3 is essentially from the same family as
CRP, an acute phase protein with a role in innate immunity, the regulation of inflammatory
reactions, and apoptosis. Its role in the pathogenesis of OSA was further elucidated after
treating patients with CPAP. In a study by Kobukai et al., there was a marked reduction
in the morning levels of PTX-3 and CRP; however, only PTX-3 levels were shown to be
significantly correlated with the severity of OSA using AHI [59].

CRP is another important biomarker that has been extensively researched in the
pathogenesis of OSA. However, its association and specificity have been questioned in the
last two decades, given the variable results across studies [58,60–62]. A strong relationship
between OSA and obesity was established in earlier studies, and perhaps this relationship
could distort the data if the patients were not optimally matched for BMI [63].

These inflammatory mediators are subsequent culprits in cardiovascular complica-
tions, metabolic dysfunction, and atherosclerosis [58], which is briefly discussed later in
this article.

3. Complications of Obstructive Sleep Apnea

While OSA is a major concern on its own for any patient and their healthcare providers,
it involves several other complications and sequelae that follows due to OSA pathogenesis
and symptomatology. These complications often exacerbate their overall health and further
its morbidity and mortality rates. Here, we discuss some of the most pressing complications
that are caused by OSA.
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3.1. Cardiovascular Diseases

Several studies have established a clear association between OSA and various car-
diovascular diseases (CVDs), such as hypertension, stroke, coronary artery disease, and
atrial fibrillation [64]. While there is no consensus on a well-adopted mechanism for this
association, it is reported to include a heightened sympathetic activation, and in turn
release of stress hormones, due to difficulty of breathing [65]. This effect is mediated by the
hypothalamic–pituitary–adrenal axis, the activation of which has been shown to be cor-
rected with the use of CPAP, along with a decrease in cortisol levels [65,66]. We know that
hypertension is a major risk factor for CVD [67], which is prevalent among OSA patients
when oxygen levels are decreased due to the narrowing of the airway. This hypertension
that exacerbates the activation of the sympathetic system even causes coronary artery
disease. OSA can also cause an abnormal heart rhythm, which is difficult to manage if
there are other underlying heart conditions or comorbidities directly, or indirectly, affecting
cardiovascular health [68]. It is estimated that approximately 30–50% of OSA patients are
also diagnosed with cardiac arrhythmias, including atrial and ventricular premature ex-
trasystoles, ventricular tachycardia, sinus arrest, and atrioventricular conduction block [69].
These acute triggers can be explained by previously studied arrhythmogenic mechanisms,
where an alteration in the intrathoracic pressure leads to a stretch in the muscle of the
left atrium, which causes distention. This distention in turn gives rise to increased atrial
premature beats and QT interval prolongation on an electrocardiogram (EKG) [70]. As a
result, ventricular tachycardia and/or sudden cardiac death due to this acute episode can
ensue. The triggered activity and automaticity due to enhanced sympathetic discharge,
and parasympathetic surge on the other hand during apnea, can cause sinus nodal disease
and atrial fibrillation (Figure 3) [70,71]. It is important to note that while there is a strong
association between OSA and CVD, many trials have failed to establish that these symp-
toms improve when treating for OSA. Therefore, further studies are required to understand
the underlying mechanisms for better targeted therapies.
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cardiac dysfunction.

Other mechanistic intermediates include a change in intrathoracic pressure, platelet
activation due to endothelial damage, and an increase in the levels of inflammatory cy-
tokines, which could all have an impact on CVD [72]. The cytokines involved in these
heightened inflammatory reactions are reported to be TNFa, IL-6, IL-8, and C-reactive
protein (CRP), which are also associated with excessive daytime sleepiness among OSA
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patients, along with their action on endothelial damage and myocyte dysfunction [73]. My-
ocyte hypertrophy due to hypertension can also cause the remodeling of cardiac myocyte,
resulting in fibrosis [70]. A similar result could be observed in OSA patients with comorbid
obesity, which could enhance the renin–angiotensin–aldosterone system (RAAS) due to
sympathetic activation. This in turn can also cause arrhythmias and sudden cardiac death.

3.2. Metabolic Dysfunctions

OSA has been linked to cause, and also manifest, several metabolic derangements,
such as insulin resistance, type II diabetes mellitus, metabolic syndrome, and non-alcohol
fatty liver disease [45,74]. In a nationwide study of 1,704,905 patients with OSA and an
approximately equal number of controls, Mokhlesi et al. attributed a higher prevalence
of type II diabetes and ischemic heart disease in men, while hypertension and depression
were more prevalent in women as compared to their matched controls [75]. This prevalence
of insulin resistance and glucose intolerance among OSA patients was estimated to be
anywhere from 20% to approximately 70% [76]. It is important to note that these results
are independent of obesity, which could be corroborated as a potential confounding factor.
Additionally, while CPAP has been shown to be beneficial in the management of OSA, the
results are inconclusive whether it helps in curbing the risks that come with dysfunctional
glucose metabolism [76]. This does not only pose a concern for patients with OSA, but also
for the healthcare system by further increasing the economic burden of diabetes [77].

As mentioned, not only OSA can cause diabetes, but diabetes could result in OSA as
well. This bidirectional association could be explained due to some control of respiration
and upper-airway neural reflexes by diabetic neuropathy [78]. Various mechanisms have
been proposed to explain the association between insulin resistance and OSA; some of them
overlap with CVD complications. For example, sympathetic activation due to hypoxia
alters the glucose metabolic cycle, which results in increased cortisol and growth hormone
levels, which then can deregulate insulin sensitivity [79]. OSA was also associated with
dyslipidemia in several studies due to its association with a state of hypoxia. This was
theorized due to the roles of sterol regulatory element-binding protein-1 (SREBP-1) and
stearoyl-coenzyme A desaturase-1 (SCD-1). However, these effects were cited due to
intermittent hypoxia, and a causative effect of OSA on dyslipidemia is inconclusive [80]
(Figure 4).
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4. Current Treatment Options

Advances have been made over the years to better manage the symptoms in patients
with OSA. Here, we briefly review the available treatments at present and their efficacy.

4.1. Continuous Positive Airway Pressure (CPAP)

CPAP is considered one of the most reliable and effective methods for treating sleep
apnea. The use of the term sleep apnea started in late-20th century [9]. However, many
changes were made to better accommodate the needs of patients and enhancing its effec-
tiveness. A constant pressure is applied through a tubing system to maintain upper-airway
patency during sleep [48]. Many studies have established its efficacy and importance dur-
ing the course of treatment, and a longer use of CPAP has been shown to be associated with
increasing severity. Ravesloot et al. in their study of mathematical function formulas to test
its effectiveness reported a 33.3–48.3% reduction in the AHI index upon at least 4 hours
per night of CPAP use among patients with moderate OSA [81]. Despite its benefits, the
adherence rate is a major concern shared by patients and providers regarding this treatment.
Studies suggests that approximately 50–60% of patients discontinue its usage within the
first year of their prescription and around 15% discontinue after their very first night of
usage [82]. Moreover, the adherence rates were shown to be influenced by severity, body
mass index (BMI), AHI, and the oxygen desaturation index (ODI). For example, Jacobsen
et al. in their retrospective study of 695 patients reported a higher adherence (89%) in
patients with severe OSA as compared to 71% for moderate and 55% for mild OA, and
its use was higher among patients with a higher BMI, AHI, and ODI [83]. Having said
that, one study showed the importance of formulating a standard protocol, comfortable
pressure settings, and offering of mask choice to patients in increasing the adherence to
CPAP therapy [84]. While CPAP is widely prescribed, other airway pressure devices might
be available depending on individual symptoms.

We believe effective counseling from physicians could greatly impact the rates of
adherence. Thus, a proper discussion regarding sleep hygiene and the pros and cons of
interrupting their therapies should be thoroughly discussed by clinicians.

4.2. Oral/Dental Devices

Although CPAP is still considered the gold standard when it comes to the treatment of
OSA, there are other treatment strategies available if CPAP is not helping or not available to
use. Oral devices, most commonly the mandibular advancement device (MAD) and tongue
retaining device (TRD) are used, although tongue retainer devices are relatively older
devices and are becoming obsolete alongside modern innovations in MADs. However,
they are still reported to be an effective alternative treatment option for OSA [85]. MAD
is the most commonly used device in patients with sleep apnea, which helps to move the
mandible forward, relative to the maxilla [86]. This results in the widening of the airway,
which prevents closure and obstruction during sleep. Ultimately, this helps to reduce
snoring. MAD is considered as the primary treatment option for mild to moderate cases of
OSA, and a secondary option in severe cases for patients having difficulties with CPAP [87].
These devices are available in various designs and can be custom-made or prefabricated.
The prefabricated designs are also known as thermoplastic appliances, which are relatively
cheaper and the kind that can be bought over the counter. On the other hand, custom-made
designs are relatively more sophisticated and expensive because they are produced in a
specialized dental laboratory and require the dental imaging of the patient to ensure a good
fit [87,88]. While prefabricated devices are simple in design, custom-made designs are more
intricate in nature and can consist of multiple and separate parts for the lower and upper
jaw. These titratable appliances can be distinguished as middle traction and bilateral thrust
devices, which differs in the way they are connected and placed in the oral cavity [87,89].
According to a recent systematic review and metanalysis, there is no clear-cut answer as to
which device is superior in terms of alleviating symptoms in patients with mild to moderate
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OSA; however, a custom-made MAD was reported to be more superior in terms of comfort
and thus a more favorable compliance when compared with a prefabricated MAD (87).

Although many people find this option more comfortable than CPAP, the use of
such devices varies. Several unwanted effects of using MADs have been reported, which
includes jaw pain, tenderness of denture, and hypersalivation [86]. Moreover, there is no
unform guideline for the use of MADs if a patient is already suffering from a pre-existing
temporomandibular disorder. However, a relatively recent clinical review reported no
contraindication for the use of MADs to treat OSA with a concurrent temporomandibular
disorder [90]. TRDs, on the other hand, serve a similar purpose. They appear similar to a
large pacifier with a space for the tongue and a defined mandibular protrusion [91]. Similar
side effects are also reported for this device. While these devices have shown to be effective,
similar to CPAP, the success of this alternative option also relies on patient compliance. The
compliance rate pertaining to these devices is anywhere between 30–60%, which is arguably
not ideal [92,93]. Most people in these studies cited discomfort, dry mouth, hypersalivation,
and other side effects mentioned above to not use it regularly. This also signifies that these
devices could be used for short-term periods but are not a long-term solution for these
patients. Significant changes in design and comfort are warranted if these options are to be
entertained continuously. It is also important to note that those with less propensity for
upper-airway collapse and low loop-gain endotypes receive the greatest benefits from oral
appliance therapy and upper-airway surgery [94].

4.3. Surgery

Usually, surgery is an option of the last resort, or when a patient insists on choosing
this option after expressing frustration and discomfort from the most common treatment
options previously discussed. Uvulopalatopharyngoplasty (UPPP) is the most common
surgical procedure performed on patients with OSA, where some tissues from the uvula,
soft palate, and/or tonsils are resected to open the upper airways [95]. Generally, surgical
indications include an AHI of higher than 15, oxyhemoglobin desaturation less than 90%,
and cardiac abnormalities associated with OSA. However, it can also be elected if deemed
a risk factor for motor vehicle accidents, failed compliance, or intolerance to previous
therapies, and polysomnographic parameters of disease [96].

In order to select the patients who are most likely to benefit from this procedure,
and to reduce unnecessary harm to patients, a staging system was created, known as the
Friedman staging system. In a landmark study, Friedman et al. categorized and scored
patients into three different stages based on palate position, tonsil size, and BMI [97]. Based
on this scoring system, and a later modification by other scientists, stage 1 patients have
a success rate of approximately 81% at present. This success rate is almost decreased by
half if a patient is placed in stage 2 using this scoring system. A metanalysis by Choi
et al. concluded that while stage 1 is a strong predictor of success after surgery, stage 2 is
a negative predictor [98]. This signifies the importance of patient selection and a careful
discussion between patients and their physicians to address the efficacy rates and risks
involved in this procedure.

4.4. Personalization of the Treatment

Personalized medicine and person-centered care have taken center stage in medicine
as of late, and the ailment of OSA is of no exception. The goal of the personalization of
treatment in OSA is to carefully evaluate each patient individually, identify their risk factors,
and treat them according to their symptoms, keeping in mind their needs, wishes, and
values [99]. To provide truly personalized care, it is vital to obtain a detailed patient history
surrounding their symptoms and factors of OSA affecting their quality of life. Historically,
OSA has been treated according to the severity noted by AHI and generic symptoms [100].
However, at present, we know that OSA has a wide spectrum of symptoms, and, in
fact, many patients are presented without any apparent manifestations. Therefore, it is
vital to target individual sets of symptoms, which in turn would also motivate treatment
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adherence among patients. For example, a patient with OSA who is presented with masked
cardiovascular manifestations and without daytime sleepiness or snoring at night would
be less likely to adhere to CPAP, since there is no perceived immediate reward for that
patient. However, someone with OSA who can visibly notice a difference in their sleepiness
and snoring would be more motivated to adhere to this regimen [99]. This could be one
of the reasons for the low adherence to CPAP among patients with mild OSA, as the
perceived burden of using CPAP everyday could outweigh the apparent benefits. This is
where patient education can play a vital role, so the patients can remain cognizant of their
disease process.

Another important factor in the success of personalized medicine in OSA is actively
engaging in the treatment process and self-accountability. As reported for patients with OSA
and other chronic diseases, an active pedagogy using telehealth resources and applications
to manage CPAP reportedly had better clinical outcomes, reduced progression in disease
burden, and resulted in greater self-preventive measures [99,101,102].

The targeted and personalized therapies for OSA can be grossly categorized into two
groups: anatomical and non-anatomical. CPAP, oral appliances, weight loss, positional
therapy, and upper-airway surgery falls under anatomical therapy, which were previously
discussed. Non-anatomical therapy is broadly classified into three groups: muscle function,
loop-gain, and arousal threshold [20].

In muscle function therapy, the pharyngeal muscles are targeted since they play
a vital role in the patency of the upper airway. Genioglossus is yet another important
dilator muscle that can cause upper-airway collapsibility when there is a state-dependent
reduction in its activity [103]. It is reported that more than 30% of patients with OSA
have minimal muscle responsiveness during sleep, which could further exacerbate the
symptoms and collapsibility [20]. To improve patency, hypoglossal nerve stimulation
and oropharyngeal muscle training have been suggested as targeted therapies. Both of
these personalized interventions have been reported to reduce AHI by more than 50%
in patients suffering with OSA and a prior specific reduction in muscle activity [104].
These are categorized under personalized and targeted therapies because the success
of these treatment depends on individual’s Pcrit, pharyngeal shape, and site of airway
collapse [20,104]. Loop-gain therapies include oxygen supplementation and carbonic
anhydrase inhibitors. Supplemental oxygen tends to reduce loop-gain and lowers the
AHI in selected patients. The mechanism behind this variability for oxygen therapy is
unclear at present. Acetazolamide and zonisamide are two carbonic anhydrase inhibitors
that have shown promising results by decreasing loop-gains by approximately 40%, while
also reducing AHI by half [105,106]. Lastly, therapies for a low arousal threshold include
hypnotic agents, such as eszopiclone, zopiclone, and trazodone [20,107]. Without increasing
the risk of hypoxemia, these agents can increase the threshold for arousal and reduce the
AHI in patients with OSA by approximately 25% to 50% [20].

It is important to realize that these interventions are called targeted for a reason; they
seem to have a variable effect on patients with OSA, and several factors can influence the
effectiveness of these therapies, which are beyond the scope of this paper.

5. Role of Clinicians

Clinicians play a vital role not only in diagnosing OSA, but also in counseling their
patients as lifestyle modifications and prescription compliance play instrumental roles in
the management of this medical condition [108]. Counseling can include educating patients
about their diet, sleep hygiene, exercise routine, identifying risky behavior, etc. Although
OSA is a complex mixture of various intricacies, there are some modifiable risk factors that
can be targeted to improve the course of the disease. The major modifiable risk factors of
OSA include alcohol, smoking, sleep hygiene, and BMI [109]. For example, weight loss has
been reported to decrease the severity of OSA by almost 50% in moderately obese patients
with additional benefits in metabolic regulation, such as glycemic control [110]. Similarly,
a fixed sleep schedule with the head as elevated and upright as possible could also help
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reduce symptoms. This is particularly important as sleep hygiene was reported to be
indirectly related to daytime sleepiness and depressive symptoms [111]. These modifiable
risk factors can also indirectly reduce subsequent cardiovascular complications if targeted
early on, since many of these risk factors, such as obesity, exacerbate cardiovascular events,
as discussed previously. In a nutshell, counseling should focus on targeting the modifiable
risk factors and uplifting patients’ quality of life, since several studies have reported a lower
quality of life among OSA patients in its most symptomatic forms [112]. The literature
suggests that sleep apnea is still widely underdiagnosed [113], which signifies the key
role physicians can play in terms of impacting their patients’ lives. We suspect that while
searching for a correct diagnosis would help narrow the gap in epidemiological variables
to devise better public health policies, it could also place an additional burden on the
healthcare system, as more patients would consult their physicians and seek appropriate
treatment. However, by thoroughly educating their patients about the disease, clinicians
cannot only reassure their patients regarding the course of their disease, but also increase
the compliant rates pertaining to their treatment. Having said that, it is difficult to predict
if a certain healthcare system could handle a large influx of patients with OSA upon an
increase in the effectiveness of diagnostics.

6. Conclusions

OSA is increasingly recognized as a prevalent medical condition affecting people
globally, making it a pressing public health concern. Although advances have been made
over the years, a decent patient population is still undiagnosed due to wide array of reasons,
resulting in increasing morbidity and mortality rates related to OSA. This medical condition
can manifest itself as several comorbidities, such as cardiovascular dysfunctions, including
stroke, hypertension, coronary artery disease, metabolic disorders, chronic inflammation,
etc. The most commonly prescribed treatment strategy includes CPAP and oral devices,
though patient compliance is a topic of concern. Given the fact that many symptoms are
manageable by lifestyle modifications, counseling and education provided by clinicians
play important roles. There is a crucial need to understand the many underlying mecha-
nisms concerning OSA and its co-manifestations to better formulate targeted therapies.
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Abstract: Obstructive sleep apnea (OSA) is considered a chronic disease that requires long-term
multidisciplinary management for effective treatment. Continuous Positive Airway Pressure (CPAP)
is still considered the gold standard of therapy. However, CPAP effectiveness is limited due to poor
patients’ adherence, as almost 50% of patients discontinue treatment after a year. Several interventions
have been used in order to increase CPAP adherence. Mindfulness-based therapies have been applied
in other sleep disorders such as insomnia but little evidence exists for their application on OSA
patients. This review aims to focus on the current data on whether mindfulness interventions may
be used in order to increase CPAP adherence and improve the sleep quality of OSA patients. Even
though controlled trials of mindfulness and CPAP compliance remain to be performed, this review
supports the hypothesis that mindfulness may be used as an adjunct method in order to increase
CPAP adherence in OSA patients.

Keywords: obstructive sleep apnea; OSA; CPAP; adherence; mindfulness; cognitive therapy

1. Introduction

Obstructive sleep apnea (OSA) is the most prevalent sleep breathing disorder (SDB)
caused by complete or partial upper airway occlusion during sleep. The incidence of OSA
is higher than previously believed, with almost 20% of adult males and 10% of women
suffering from the moderate-to-severe disease. Obesity is considered to be one of the most
important risk factors for OSA [1]. Apart from obesity, increased neck circumference, male
sex, older age, upper airway, and craniofacial abnormalities are also considered significant
clinical risk factors of the disease [2]. Several cluster analysis studies have found that the
classical phenotype of OSA, i.e., the obese sleepy male, represents only a part of the patients,
and have identified other clinical phenotypes, with atypical symptoms, such as insomnia,
gender-specific, with different co-morbidities and polysomnographic findings [3].

OSA interrupts the physiological sleep structure leading in sleep fragmentation caus-
ing excessive daytime sleepiness (EDS), and impaired vigilance, resulting in an increased
risk of work and motor vehicle accidents [4]. Undiagnosed and untreated OSA has been
associated with increased mortality and has serious health consequences such as hyper-
tension, arrythmias, cardiovascular and cerebrovascular disease, diabetes, impairment of
heart failure, and pulmonary hypertension [5]. All the aforementioned consequences have
a significant economic burden [6]. However, with early identification and treatment, the
negative implications of OSA can be significantly decreased.

OSA is considered a chronic disease that requires long-term multidisciplinary man-
agement for effective treatment. Continuous Positive Airway Pressure (CPAP) is still
considered the gold standard of therapy, even though there are several treatment options
such as mandibular advancement devices, weight loss, lifestyle interventions, positional
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therapy, hypoglossal nerve stimulation, and surgical operations. CPAP is recommended as
the first choice for patients with moderate to severe disease and those with mild and clinical
symptoms, such as EDS, or co-morbidities [7]. CPAP provides a stream of pressurized
air constantly during inspiration and expiration in order to maintain the upper airways
open. The application of CPAP resolves obstructive respiratory events, improves oxygen
desaturations, resulting in improved daytime sleepiness, cognitive function, and mood [8].
Additionally, treatment with CPAP has beneficial cardiovascular effects as it reduces arterial
blood pressure, especially in patients with severe disease; it improves pulmonary hyperten-
sion and left ventricular ejection fraction in patients with heart failure [9,10]. CPAP also
reduces mortality and improves the quality of life [11–14]. A dose-response relationship has
been found between the improvement in health and CPAP adherence [9,11–14]. However,
CPAP effectiveness is limited due to poor patients adherence. It has been shown that almost
50% of patients discontinue CPAP after a year of treatment [15–17], within a range of 29%
to 83%, while 8 to 15% of patients reject treatment as early as the first night of applica-
tion [18,19]. In the comprehensive systematic literature review of Rotenberg et al. [18] that
evaluated data from 82 trials regarding CPAP adherence over a twenty-year timeframe, it
was found that CPAP adherence remained persistently low, around 34% (30–40%). It was
also found that approximately 11% of the participants of the trials were unable to remain on
CPAP treatment over the duration of the trial. Discontinuance of CPAP is a global problem
despite the different cultural characteristics of the patients.

Mindfulness is defined as being in the moment and aware of one’s thoughts and emo-
tions. Living in the present moment through mindfulness practices can be a state or a trait
characteristic that is an important element for a healthy life [20–22]. Mindfulness-based
therapies have been used in order to improve insomnia and sleep quality, especially in
individuals who prefer these types of therapies and those with an expectation of bene-
fit [23]. However, few studies have focused on the effect of mindfulness on OSA treatment,
especially as an intervention to increase CPAP adherence and controlled trials remain to
be performed. The current review focuses on the evaluation of the hypothesis of whether
mindfulness may be used as an alternative method in order to increase CPAP adherence.

2. Practical-Technical Issues Affecting CPAP Adherence

Adherence to CPAP is important for OSA patients. The duration of CPAP use that is
required in order to normalize functioning is still unclear, ranging from at least 4 h [24,25]
and reaching up to 6–8 h per night of >70% of nights (i.e., >5 nights/week) in different stud-
ies [26,27]. Non-adherence to CPAP treatment is attributed to multiple factors including
disease severity, possible side effects during the application of the device, psychologi-
cal factors, and socio-demographic/economic characteristics of the patient [28,29]. The
rate of CPAP adherence has been affected by several barriers to successful treatment as
mask leaks, skin irritation, conjunctivitis, nasal congestion, dry throat, claustrophobia,
or aerophagia [29] (Table 1). CPAP use within the first week is predictive of long-term
use [30,31]. For that, it is crucial for the treating physician to assess the possible risk factors
for non-adherence early in the application of a treatment, preferably within the first 2 weeks
of use [32]. It has been shown that healthcare professionals have different perceptions and
knowledge compared with patients regarding CPAP side effects, possible problems, and
educational needs. This is important in the design of educational programmes for health-
care professionals and patients in order to increase CPAP adherence [33]. The education
that is provided by a knowledgeable and trusted health professional regarding the use of
the CPAP device and its expected benefits is important.
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Table 1. Problems—practical issues during CPAP use and their solution.

Problem Solution

Leaks
Better fitting of the mask
For the nose mask, use a chinstrap for mouth leaks
Try different mask

Skin lesions
Better fitting of the mask
Try different mask
Topical application of products for skin issues

Rhinitis

If existed previously:

• increase treatment (inhaled steroids, antihistamines, very short course of
oral steroids)

If it did not exist previously:

• examine for possible leaks,
• examine for persistence of symptoms,
• possible allergic test and rhinomanometry
• 2 weeks with inhaled steroids, antihistamines, and/or ipratropium bromide
• Check again for adequate mask fit (use chinstraps)
• If no improvement: humidification
• If no improvement: ENT referral, change to oronasal mask

Conjunctivitis Better fitting of the mask
Try different mask

Dry mouth

Better fitting of the mask
For nose mask, use a chinstrap for mouth leaks
Try oronasal mask
Humidification

Noise Better fitting of the mask

Aerophagia Better fitting of the mask
A transient problem usually

Removal during the night involuntary

Better fitting of the mask to avoid leaks
Try different mask
Explain that nothing will happen
Set an alarm clock in order to put on the mask

Cold air Humidification

Claustrophobia

Select smaller interfaces such as a nasal pillows or nasal masks
Wear CPAP while awake and practice breathing through the mask during the day
while reading a book, watching TV
Gradually increasing the time of use
Select Ramp facility and Expiratory Pressure Relief

Anxiety, phobia,
negative social aspects

Psychotherapy
Enhance self-efficacy

CPAP: Continuous Positive Airway Pressure.

3. Other Variables Affecting CPAP Acceptance

As the pattern of CPAP adherence is evident during the first weeks of treatment,
it may be hypothesized that the patient has already formed perceptions regarding OSA
and possible treatment benefits. Based on this hypothesis, the most effective methods in
order to promote adherence are based on the perception of the patient [34]. Education is
recommended by the American Academy of Sleep Medicine as an important component
of adherence [35]. However, there is evidence those educational interventions about OSA
and its consequences when untreated, on the different types of devices and masks, or on
providing solutions to resolve the different problems, did not result in the complete im-
provement of adherence [16,17,31–33]. Therefore, adherence to CPAP may depend on other
factors such as environmental, motivational, and psychological, and not only technological.
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Apart from the various practical issues which have often been considered barriers to
treatment adherence (Table 1), psychological variables have also been examined in the pre-
diction of CPAP acceptance. Understanding and assessing patients’ prior beliefs regarding
their expectations of health care is very important and highly relevant to overall patient
satisfaction. According to the Health Belief Model (HBM), it is crucial to communicate
effectively to the patients any practical issues and negative experiences which may impact
health outcomes [36]. Addressing patient preferences and factors that may cause discom-
fort across various clinical contexts may achieve a greater likelihood of adherence and
avoid intense emotions such as love or hate which are often associated with CPAP use [37].
Patients report a major subjective improvement even the first morning after treatment
which could be viewed as an initial quality indicator for future research [38,39].

Patients’ level of adherence pattern is strongly associated with their expectations
and beliefs [37]. The use of CPAP significantly decreases over 12 months and the decline
may be predicted by the experiences of patients with the device early (i.e., at 1 month),
making intensive early interventions more feasible to improve long-term compliance [38,39].
Understanding how a person meets or resists expectations could help clinicians identify
how some patients adhere to treatment plans and others don’t, based on their ‘inner’ and
‘outer’ expectations. While most people are not exclusively inner-driven or outer-driven,
our tendency influences our behavior. Taking into account the particular psychological
factor in understanding CPAP adherence could provide a more holistic framework for
offering tailored therapeutic interventions and improving patient engagement [40].

Psychological well-being has also been reported to be severely affected in individuals
suffering from OSA and obesity. A core aspect of mental health, psychological well-being,
has also been evidenced to be deeply affected in OSA patients who are obese. The study
by Scarpina et al. was the first to document the role of OSA in the subjective perception
of psychological well-being [41]. In a similar psychosocial direction, social processes,
such as personal perception and close relationships should be examined. Sleep may be
universal but there are variations in the social context it occurs and social psychological
research should investigate such social and cultural disparities. Sleep deprivation has been
shown to impair cognitive functioning and heuristic tendencies leading to stereotyping
and bias. Bodenhausen has examined the role of stereotypes and biases, especially in
a lack of motivation, and has found that “morning people” were more likely to engage
in stereotyping at night and “night people” were more likely to engage in stereotyping
in the morning [42]. The importance of circadian variations is particularly interesting
because they may affect several different processes, i.e., biological, social, and cognitive.
The knowledge of this may provide a different perspective on the expectations of CPAP
compliance according to circadian variations. It would be rather difficult to expect a ‘night’
person to apply CPAP early at night than a ‘morning’ person.

Recent studies have also shown that sleep deprivation impairs empathic responding
and overall social experience with reference to interpersonal relationships. Sleep-deprived
partners who are not well-rested report more interpersonal conflicts and low frustration
tolerance which may set them on a path to an unhappy relationship [43,44]. Beyond any
relationship problems, poor sleep can take other social dimensions, such as making patients
and partners feel lonely, detached, and eventually withdrawn [22,44]. The emotional
interdependence of sleep partners highlights the social component of sleep, and how
partners of OSA patients are integral elements contributing to any successful intervention.
Marital quality and partner involvement affect adherence to CPAP and has been identified
as an important research need to be addressed [45]. Examining the relationship between
partner dynamics and sleep, OSA creates a collateral burden to spouses and/or bedtime
partners who may often sleep apart from their partners suffering from OSA [46,47]. Partners
frequently complain about snoring and sleep interruptions but are also worried about their
bed partners who experience various breathing abnormalities during the night [48]. In
conclusion, the consequences of OSA itself and its treatment expand beyond the individual
that suffers from the disease [45].
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Recent research has shown that a patient’s personality traits, such as health locus
of control and low self-efficacy are other factors for non-adherence. Patients who have a
strong internal locus of control and assume personal responsibility for their health are more
likely to adhere to treatment [49]. These patients believe that they can change the situation
when needed, they are more receptive to consult or following medical advice and are
more self-efficacious [50]. Highly empowered patients perceive their condition as urgent,
want to take control of their own health, and are more motivated to start CPAP therapy in
the first place (self-referring is common), and are more likely to adhere to treatment [50].
On the other hand, patients with Type D personalities are reluctant to follow medical
advice and show decreased adherence to CPAP treatment [51]. Individuals with type D
personality (D stands for distressed) are characterized by increased negative emotions in
different situations and social inhibition as they do not share their emotions with others,
because they are afraid of possible disapproval or rejection. Future studies should focus on
investigating the causes of low adherence and construct a specific protocol on the basis of
personality characteristics and co-morbidity.

Adherence to CPAP may also be influenced by various psychological conditions,
especially claustrophobia. Claustrophobia is a type of an anxiety disorder where one can
experience anxiety when in a confined space. Claustrophobia is not the same for everyone,
it can range from mild anxiety to a panic attack but it is perceived by many patients as one
of the most significant obstacles to CPAP therapy [52]. Because of the overall inconvenience
and discomfort of the mask and the tube piece, claustrophobia is a common reaction with
patients experiencing shortness of breath and feelings of suffocation [52].

4. Interventions to Improve Non-Adherence to CPAP Therapy

During the last decades, several non-pharmacological treatments have been developed
in order to help patients with sleep disorders. Sleep medicine combines the work of many
health professionals, such as pulmonologists, neurologists, psychiatrists, otolaryngologists,
maxillofacial surgeons and psychologists. Due to the multidisciplinary nature of sleep
medicine different specialties are required to work together for the effective diagnosis and
treatment. Psychology and Sleep medicine are closely related. Non pharmacologic treat-
ment options include cognitive, behavioral, psychosocial, and educational interventions
that may help in improving patients’ quality of life. In order to improve adherence to
CPAP many different interventions have been used (Table 2) [40,49,53]. Behavioral sleep
specialists use evidenced-based therapies combining cognitive techniques with behavioral
approaches [53]. Cognitive-behavioral treatment is one of the most important behavior
change interventions. A recent meta-analysis revealed that motivational interventions were
more successful than educational programs and usual care in improving CPAP adherence,
even though the results were not always sustained across all the studies [54].

Table 2. Strategies to Enhance self-efficacy for better CPAP adherence [34].

Education
Educational material (leaflets, videos) by one-on-one clinic

visits, group meetings, telephone calls, telemedicine interactions,
official internet sites

Behavioral Interventions Cognitive behavioral therapy (CBT)
Motivational enhancement therapy (MET),

Telemonitoring
Data on treatment effectiveness and level of adherence.
Possible mask leaks, residual respiratory events, CPAP

use duration
CPAP: Continuous Positive Airway Pressure.

The clinical observation that even though the therapeutic value of CPAP is undeniable,
the percentage of patients that are compliant with treatment is rather low, created the need
for educational and behavioral support. Despite the significant technological improvement
of masks and devices and telemedicine applications, adherence to CPAP continues to
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be a major problem [55]. Some patients underestimate the severity of their disease due
to its chronicity or some other perceives it as a disability and for that refuse treatment.
The continuity of use affects compliance. When used as indicated, CPAP normalizes
sleep architecture, reduces daytime sleepiness, cardiovascular risk, and improves health
outcomes [56].

One of the most difficult problems to solve is the psychological acceptance of the
device. Behavioral change is an important aspect in the acceptance of every treatment
and is a complex procedure including not only psychological and motivational, but also
socio-environmental aspects [57]. It includes the evaluation of the patient’s adherence to a
treatment considering the level of awareness of the disease and its health consequences
(reasons for change), the eagerness of the patient to change, the readiness of the patient to
change, the perceived significance of this change and the spirit in the ability to change [58].
Several behavior change interventions have been used in order to improve adherence
to treatment in several chronic conditions including respiratory disease [59] and more
specifically for CPAP treatment [31,34]. The most successful intervention over the years for
optimizing adherence has been behavioral therapy [60]. The comprehensive explanation
to the patient and partner regarding the sleep disorder, its therapy with the function of
equipment (mask, humidifier), the early resolution of problems—side effects (Table 1),
psychological consultations, and a careful follow-up are the main elements that may
increase the compliance [61] (Table 3).

Table 3. Issues that should be discussed during the first visits for CPAP treatment.

Explain about OSA and its impact on patients’ health if left untreated
Suggest lifestyle changes such as weight loss, sleep hygiene
Explaining the importance of treatment with CPAP
CPAP device demonstration: different types of masks, humidifier, ramp
Discuss a follow-up plan (short-term and long-term: face-to-face, telephone, telemedicine)
Solve practical issues with CPAP (see Table 1)

Behavioral interventions, such as the use of cognitive-behavioral therapy (CBT) and of
motivational enhancement therapy (MET) in order to increase the self-efficacy of the patient,
in addition to education, seem to be a promising approach [62]. The goal of CBT is, through
the conversational exchange, to correct the patients’ beliefs that are incorrect in order to
change their behaviors toward treatment [63]. MET applies motivational interviewing
through directed interview questions in order to reinforce patients’ motivations [64]. A
comprehensive program should ideally be multifactorial including the intervention of
different specialists such as sleep physicians, technologists, sleep psychologists, and nurses
but also partners or caregivers.

OSA and insomnia often coexist. OSA patients present a higher prevalence of insomnia
symptoms (40–60%) compared to that of the general population and this has led to the
identification of a new disorder named co-morbid insomnia and OSA (COMISA), that
has been highly underestimated [65]. The treatment of COMISA should combine positive-
airway pressure (PAP) for OSA, together with CBT for insomnia. The combined treatment
has been found to have a better patient outcome in comparison to that of every single
treatment alone [65].

5. Mindfulness Interventions to Increase CPAP Adherence

Mindfulness, as a quite heterogeneous term in contemporary psychology, is viewed
as an umbrella term that can refer to various facets of mindfulness, from a mental state
to a personality trait and from a meditation practice to a type of clinical intervention.
Mindfulness has been used as a form of meditation emphasizing a nonjudgmental state
of complete or heightened awareness of one’s thoughts, experiences, or emotions [20,21].
Conceptualizing mindfulness as an art or as a science makes it unique in some way and
different backgrounds, disciplines, ideologies, and practices try to achieve ‘ownership’ of
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that complicated concept. Depending on the viewing angle, mindfulness can be viewed as a
‘state’ or ‘trait’ mindfulness, but it is characterized as both since the practice of mindfulness
is linked with the state and trait changes. People may change drastically during their
lifetime when experiencing the benefits of mindfulness. It is worth noting that ‘state’
mindfulness can occur during meditation practices and ‘trait’ mindfulness is an individual
trait that has been associated with being more conscious and aware in everyday life. ‘Trait’
mindfulness (or sometimes called ‘dispositional’ mindfulness) can be accessed through
several psychometric questionnaires, such as the Mindful Awareness Scale (MAAS) and the
Five Facet Mindfulness Questionnaire (FFMQ) and the Cognitive and Affective Mindfulness
Scale-Revised (CAMS-R). Mindfulness skills (integration of knowledge and practice) are
powerful mind/body life skills that can be applied to a variety of settings and conditions,
alleviating the burden of symptoms and increasing psychological well-being [66–68].

A growing body of literature suggests that adding acceptance-based therapies in
mindfulness approaches can optimize patient engagement and response to treatment. The
idea is for the patient to accept thoughts and feelings (positive or negative) which eventually
leads to self-care, a major determinant of outcomes. Mindfulness helps people to accept
their experiences and become more compassionate with themselves (self-compassion) and
with others as evidenced by enhanced prefrontal activation in imaging studies as fMRI
and electrophysiologically in EEG [67,68]. The most widespread protocol used both in
the clinical and non-clinical context is the Mindfulness-Based Stress Reduction (MBSR),
a rigorous 8-week program that involves formal and informal meditation practices and
was originally designed for stress reduction [20,21,68–73]. The aim of MBSR programs is to
enhance well-being and coping with stress in diverse populations. MBSR has been proven
to address chronic pain, depression, anxiety, and other conditions and overall increase
the patient’s quality of life yielding significant benefits both in clinical and non-clinical
samples [67,70–73].

Mindfulness therapies have been applied to patients suffering from sleep disorders [67–69].
Mindfulness interventions are suggested as a therapeutic option by the American Academy
of Sleep Medicine in patients with insomnia, more frequently in a group format [69]. In this
group of patients, mindfulness techniques may be also combined with other therapies, such
as CBT (sleep restriction therapy, stimulus control, and sleep hygiene) [67,69]. Claustropho-
bia is highly prevalent among CPAP-treated patients influencing short and longer-term
CPAP non-adherence [52]. In an attempt to examine if mindfulness interventions may
be effective in improving CPAP adherence of OSA patients, Gawrysiak et al. [71] have
structured a detailed protocol targeting claustrophobia (Mindfulness-based Exposure for
PAP-associated Claustrophobia, MBE-PC) once per week for eight consecutive weeks in
group meetings. The results of this study have not been published yet.

Studies demonstrate that depression, anxiety, and cognitive functions are considered
complications of OSA and may be improved after using CPAP [74–77]. For that someone
may consider that possibly other treatment interventions targeting psychological distress
may be effective in OSA patients [78,79]. Li et al. [80] have evaluated whether mindful-
ness was associated with CPAP adherence using the MAAS. The authors have concluded
that only MAAS and OSA severity were associated with CPAP adherence irrespective
of the presence of psychological distress assessed by the Hospital Anxiety and Depres-
sion Scale (HADS); even though HADS evaluating depression was found higher in the
nonadherent group.

Furthermore, chronic stress can reduce the prefrontal cortex and increase the size of
the amygdala making the brain more receptive to stress. Chronic stress can also weaken
emotion regulation [81]. Emotion regulation or emotional self-regulation refers to a person’s
ability to affect one’s emotional state. A recent study [82] indicated that fragmented sleep
and the reduction of REM sleep, which both characterize the sleep architecture of OSA, were
associated with the difficulty of patients to recall details from the past and overall, with
poor memory consolidation. In this regard, an embodied emotion regulation framework
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could be employed to understand how mindfulness, through top-down or bottom-up
pathways affects emotion regulation from a cognitive or clinical perspective [79].

In addition, emerging evidence suggests that mobile Health interventions may im-
prove treatment adherence and outcomes. Technological advancements in the digital realm
can indeed improve patient compliance. Some mindfulness-related apps have been eval-
uated for clinical efficacy (e.g., Calm app is one app that specializes in audio and video
programs intended to help someone relax before bedtime) and could be a viable option to
help patients with OSA reduce self-reported anxiety and get a high-quality sleep [83,84].

6. Conclusions

In order for CPAP therapy to be effective, the patient needs to be committed to
treatment using the device every night (or more than 5 nights/weeks) for more than
4 hours/night. The discontinuity of the appropriate CPAP use is reflected in the reduction of
the amelioration of symptoms, resulting in a lesser benefit. CPAP treatment is behaviorally
based and requires a multidimensional approach. This long-term commitment to treatment
regarding CPAP adherence is critical. Technological, educational and behavioral, strategies
may be needed in order to target the different disease and patient characteristics, and
possible side effects. Personalized medicine should be the future target of treatment
individualizing adherence goals by treating patient-specific symptoms (such as excessive
daytime sleepiness or insomnia) and reducing the risk of patient-specific consequences
(such as cardiovascular) [3]. This review supports the hypothesis that mindfulness can
therefore serve as a novel approach to promote CPAP adherence in OSA patients by
reducing emotional distress and increasing subjective well-being (Figure 1). As controlled
trials have not been performed yet, future research should continue to investigate the role
of mindfulness-based interventions in CPAP treatment adherence
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Abstract: The aim of this study was to evaluate the effects of a partial glossectomy on volumetric
changes of pharyngeal airway space (PAS) in patients with mandibular setback surgery. Overall,
25 patients showing clinical features related to macroglossia treated with mandibular setback surgery
were included in this retrospective study. Subjects were divided into two groups: the control group
(G1, n = 13, with BSSRO) and the study group (G2, n = 12, with both BSSRO and partial glossectomy).
The PAS volume of both groups was measured by the OnDemand 3D program on CBCT taken shortly
before operation (T0), 3 months post-operative (T1), and 6 months post-operative (T2). A paired
t-test and repeated analysis of variance (ANOVA) were used for statistical correlation. Total PAS
and hypopharyngeal airway space were increased after operation in Group 2 compared to Group
1 (p < 0.05), while oropharyngeal airway space showed no significant statistical difference with the
tendency of increasing. The combination of partial glossectomy and BSSRO surgical techniques had a
significant effect on increasing the hypopharyngeal and total airway space in class III malocclusion
patients (p < 0.05).

Keywords: pharyngeal airway; glossectomy; mandibular setback surgery

1. Introduction

It is well known that orthognathic surgery on patients with skeletal malocclusion
changes orofacial skeletal and soft tissues. Consideration of not only skeletal changes but
also consideration of soft tissue changes are also emphasized after surgery because changes
in location of skeletal and soft tissues rely on the mutual relationship between skeletal and
neuromuscular components [1,2]. Alternation of soft tissues changes how they look but
also changes the location of the tongue, location of the hyoid bone, and the pharyngeal
airway space [3]. Among soft tissue components, it is well known that the size and location
of the tongue affects the skeletal shape and teeth alignment, especially in those that have
the skeletal class III malocclusion. Macroglossia is not only a common cause of open bite
and mandibular prognathism but also a cause of increasing risk of post-operative relapse
and decreasing skeletal stability after orthognathic surgery [4,5]. Reducing the tongue
volume by partial glossectomy is recommended as a treatment for patients with open bite
and macroglossia.

The importance of the size and location of the tongue becomes more apparent when
mandibular setback is planned because the reduced volume of the oral cavity is occupied
more by the tongue even though it is normal size [6]. According to many studies, the
partial glossectomy is not a necessary procedure because the hyoid bone and the base of
the tongue move downward as a compensation mechanism after orthognathic surgery
so that the upper respiratory airway is kept open and the oral cavity is less occupied by
the volume of the tongue [7,8]. However, if the hyoid bone and the base of tongue fail to
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move downward, therefore reducing the patient’s oral cavity, the patient is likely to have
discomfort. Because the relative increase in size of the tongue causes a higher chance of
post-operative relapse, and a lesser amount of overjet and overbite, both the skeletal and
soft tissue components must be considered together. This is because the volume of airway
space that is determined by the location of the hyoid bone and tongue affects post-operative
stability and relapse; therefore, those considerations will improve the stability and prevent
the relapse.

Partial glossectomy is known not to cause movement and speech problems of the
tongue [9,10]. However, there is no objective criteria for partial glossectomy following
orthognathic surgery until recently. Partial glossectomy is used depending on the symp-
toms of patients and a subjective decision made by surgeons. Up to recently, two-stage
surgery is performed when a partial glossectomy is required following mandibular setback
surgery because of airway obstruction by the tongue edema and bleeding. However, as
the orthognathic surgery technique and method of fixation developed, the problem of
post-operative airway obstruction was resolved, and two-stage surgery could be conducted
simultaneously. Thus, reducing the size of the tongue by partial glossectomy improves
post-operative stability and induces adaptation of the tongue [11,12].

Generally, lateral cephalography is used to measure the volume of airway space, but
it has some limitations, such as anatomical structural overlapping and two-dimensional
analysis. In contrast, digitalized computed tomography (CT), using a three-dimensional
analyzing program, provides more detailed analysis by detecting volumetric changes and
avoiding the overlapping problem.

Conventional orthognathic surgery alone can become challenging when the aim is
preserving airway space. Thus, additional procedures such as tongue reduction due to
macroglossia may be alternatives to a more functional outcome. The purpose of this study
was to observe three-dimensional volumetric changes of pharyngeal airway space using
Cone-Beam CT (CBCT) and find out the necessity of a partial glossectomy by comparison
between the patients who underwent simultaneous mandibular setback surgery and partial
glossectomy, and the patients who only underwent mandibular setback surgery.

2. Materials and Methods
2.1. Patients

Twenty-five patients who were diagnosed with skeletal class III malocclusion and
treated with maxillary Le Fort I osteotomy and mandibular bilateral sagittal split ramus
osteotomy (BSSRO) at the Department of Oral and Maxillofacial surgery, Kyung-Hee
University School of Dentistry from 2010 to 2014 were identified. The inclusion criteria
were as follows: (1) maxillary advancement surgery by 0–5 mm and mandibular backward
movement by 2–15 mm; (2) macroglossia-related clinical features described by Wolford and
Cottrell in their study; (3) 6 months follow-up with post-operative CBCT; (4) no obstructive
sleep apnea (OSA)-related symptoms. The patients were categorized into 2 groups. Group
1 consisted of 13 patients (mean age of 24 ± 3.19 years) who underwent Le Fort I osteotomy
and mandibular BSSRO. Group 2 included 12 patients (mean age of 25 ± 6.89 years)
who underwent the same surgery as Group 1 but also underwent partial glossectomy
simultaneously. Post-operatively, occlusion of those 2 groups was stabilized by splint and
they underwent exactly the same post-operative treatment.

2.2. Surgical Procedure

For mandibular surgery, semi-rigid fixation was conducted with a monocortical plate
and three miniscrews per side. Following mandibular movement, the miniplate was fixed
to maintain the internal gap between bones in order to prevent the displacement of the
proximal segment. After making a reference point on the ascending ramus of the mandible,
the distance was measured from the reference point to more than 3 points on brackets on
the maxillary teeth before surgery to maintain the original position of the proximal segment.
Intermaxillary fixation was placed for 2 weeks post-operatively. An opening exercise of
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the mouth was performed for 4 weeks after the fixation period. In Group 1, maxillary
advancement was 0–5 mm (mean 1.9 mm) and mandibular setback was 6–15 mm (mean
8.4 mm), whereas maxillary advancement was 0–3 mm (mean 1.19 mm) and mandibular
setback was 2–13 mm (mean 8.5 mm) in Group 2. There were no significant differences in
the movement of maxilla and mandible in Group 1 and Group 2.

We performed a T-shaped partial glossectomy that was recommended by Ueyama
(9). The horizontal line (Figure 1A—a,b) at the dorsal surface of the tongue begins in front
of the vallate papilla, and the tip portion (Figure 1A—e) begins at the dorsal surface of
the tongue at least 1 cm from the apex of tongue. The incision is made in a horizontal line
down to the upper part of the transverse lingual muscle, and then another incision is made
in a V shape to eliminate any in the transverse lingual muscle. In order to eliminate the
dead space and gather all parts of tongue in the center, inner muscles and surface tissues of
the tongue were sutured. As a result, the length and width of the tongue were reduced.
The reduced volume of the tongue was 7–22 cc (mean 9.91 cc). There were no patients
complaining about movement, taste, or speech problems.

Life 2023, 13, x FOR PEER REVIEW 3 of 11 
 

 

mandible, the distance was measured from the reference point to more than 3 points on 
brackets on the maxillary teeth before surgery to maintain the original position of the 
proximal segment. Intermaxillary fixation was placed for 2 weeks post-operatively. An 
opening exercise of the mouth was performed for 4 weeks after the fixation period. In 
Group 1, maxillary advancement was 0–5 mm (mean 1.9 mm) and mandibular setback 
was 6–15 mm (mean 8.4 mm), whereas maxillary advancement was 0–3 mm (mean 1.19 
mm) and mandibular setback was 2–13 mm (mean 8.5 mm) in Group 2. There were no 
significant differences in the movement of maxilla and mandible in Group 1 and Group 2.  

We performed a T-shaped partial glossectomy that was recommended by Ueyama 
(9). The horizontal line (Figure 1A—a,b) at the dorsal surface of the tongue begins in front 
of the vallate papilla, and the tip portion (Figure 1A—e) begins at the dorsal surface of the 
tongue at least 1 cm from the apex of tongue. The incision is made in a horizontal line 
down to the upper part of the transverse lingual muscle, and then another incision is made 
in a V shape to eliminate any in the transverse lingual muscle. In order to eliminate the 
dead space and gather all parts of tongue in the center, inner muscles and surface tissues 
of the tongue were sutured. As a result, the length and width of the tongue were reduced. 
The reduced volume of the tongue was 7–22 cc (mean 9.91 cc). There were no patients 
complaining about movement, taste, or speech problems.  

 
Figure 1. (A) Incision used for tongue reduction; (B) pre-operative; (C) post-operative. 

The panoramic mode of CBCT was used to analyze the pre-operative (T0), 3 months 
post-operative (T1), and 6 months post-operative state (T2). The volume of the airway 
right after surgery was not measured because the nasopharyngeal airway was used for 3 
days to keep the airway open, and it was significantly reduced due to edema of the soft 
palate, and edema coming from anesthesia and the surgical procedure on the wall of the 
pharyngeal airway. The CBCT that was used for measurement was the Vega 3030 Dental 
CT system (Asahi Roentgen Ind. Co., Ltd., Kyoto, Japan). The patient’s head was fixed to 
make the FH plane parallel to the floor and the shot was made in panoramic mode. All 
pictures were taken at 80 kVp and 5–10 mA with a duration of 17 sec. This study was 
approved by the Institutional Review Board (IRB) at Kyung-Hee University, School of 
Dentistry (KHD IRB 1510-2). 

2.3. Volumetric Analysis 
Analyzation was conducted with a 0.3 mm thickness of Raw-Dicom file, and 

OnDemand 3D (Cyber Med., Seoul, Korea) was used to analyze three-dimensionally. The 
analyzation was conducted by only one person to eliminate measurement errors and col-
lected information was analyzed by OnDemand 3D that was used to measure the volume 
of airway at T0, T1, and T2.  

To measure the volume of the airway space, it was measured in 3 different ways as 
follows: 
(1) Oropharyngeal airway space: the space was defined from the line which was passing 

through the posterior nasal spine and parallel to the FH plane to the end of the epi-
glottis, generally the most inferior portion of the soft palate. 

Figure 1. (A) Incision used for tongue reduction; (B) pre-operative; (C) post-operative.

The panoramic mode of CBCT was used to analyze the pre-operative (T0), 3 months
post-operative (T1), and 6 months post-operative state (T2). The volume of the airway right
after surgery was not measured because the nasopharyngeal airway was used for 3 days to
keep the airway open, and it was significantly reduced due to edema of the soft palate, and
edema coming from anesthesia and the surgical procedure on the wall of the pharyngeal
airway. The CBCT that was used for measurement was the Vega 3030 Dental CT system
(Asahi Roentgen Ind. Co., Ltd., Kyoto, Japan). The patient’s head was fixed to make the
FH plane parallel to the floor and the shot was made in panoramic mode. All pictures
were taken at 80 kVp and 5–10 mA with a duration of 17 sec. This study was approved by
the Institutional Review Board (IRB) at Kyung-Hee University, School of Dentistry (KHD
IRB 1510-2).

2.3. Volumetric Analysis

Analyzation was conducted with a 0.3 mm thickness of Raw-Dicom file, and OnDe-
mand 3D (Cyber Med., Seoul, Republic of Korea) was used to analyze three-dimensionally.
The analyzation was conducted by only one person to eliminate measurement errors and
collected information was analyzed by OnDemand 3D that was used to measure the volume
of airway at T0, T1, and T2.

To measure the volume of the airway space, it was measured in 3 different ways
as follows:

(1) Oropharyngeal airway space: the space was defined from the line which was passing
through the posterior nasal spine and parallel to the FH plane to the end of the
epiglottis, generally the most inferior portion of the soft palate.

(2) Hypopharyngeal airway space: the space was defined below the oropharyngeal
airway space and up to the line which was passing through the epiglottis and parallel
to the FH plane, generally at the level of the end of the 3rd cervical vertebra.

(3) Total airway was the sum of oropharyngeal airway space and hypopharyngeal
airway space.
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For easier understanding in this study, oropharyngeal airway space was renamed as
“Airway 1” and hypopharyngeal airway space was renamed as “Airway 2” (Figures 2 and 3).
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Figure 3. Axial view of airway space shows the increase of airway volume is related with the
anterior-posterior width.

2.4. Statistical Analysis

Mean and standard deviation were obtained for each volumetric change in airway at
T0, T1, and T2 in both Group 1 and 2. To find out statistical correlation, SPSS v21.0 (IBM Co.,
Armonk, NY, USA) was used to perform a matched paired t-test. The statistical correlation
with and without partial glossectomy was determined using repeated measure analysis
of variance (ANOVA). To test their significance, each test was conducted at a significance
level of 95%.

3. Results
3.1. Volumetric Changes in Airway 1

Volume of Airway 1 in Group 1 was recorded as 10.33 cc at T0, 9.08 cc at T1, which
was slightly reduced from T0 (p > 0.05), and 9.67 cc at T2, which showed a tendency of
recovering but was still less than volume at T0 (p > 0.05). Volume of Airway 1 in Group
2 was recorded as 12.36 cc at T0, 12.91 cc at T1, which showed a tendency of recovering
(p > 0.05), and 13.55 cc at T2 (p > 0.05), which was increased by 1.10 cc compared to volume
at T0 (Tables 1 and 2) (Figure 4). When a repeated measure ANOVA was used to find
and analyze the volumetric changes in both Group 1 and 2, there was no statistically
significant difference depending on time (p > 0.05). When the effect of both time and partial
glossectomy was analyzed, there was no statistically significant difference (p > 0.05).

3.2. Volumetric Changes in Airway 2

The volume of Airway 2 in Group 1 was recorded as 19.00 cc at T0, 17.92 cc at T1,
which was slightly reduced (p > 0.05), and 17.50 cc at T2 (p > 0.05), which was reduced by
1.19 cc compared to volume at T0 but not significantly different (p > 0.05). The volume of
Airway 2 in Group 2 was measured as 20.27 cc at T0, 17.45 cc at T1, which was reduced
(p > 0.05), and 22.00 cc at T2, which showed a tendency of recovering (p < 0.05) and was

75



Life 2023, 13, 280

increased by 1.65 cc compared to volume at T0 (p > 0.05) (Tables 3 and 4) (Figure 5). When
the differences in both groups were analyzed using a repeated measure ANOVA, there
were statistically significant differences depending on the amount of recovery time after
surgery (p < 0.05); therefore, the effect of partial glossectomy was proved (p < 0.05) (Table 5).

Table 1. Volume of oropharyngeal airway (CC).

T0 T1 T2

(Mean ± SD) (Mean ± SD) (Mean ± SD)

Group 1 10.33 ± 3.63 9.08 ± 2.68 9.67 ± 3.08
Group 2 12.36 ± 2.69 12.91 ± 2.88 13.55 ± 3.36

T0: pre-operation; T1: 3 months after operation; T2: 6 months after operation.

Table 2. Change of oropharyngeal airway before and after surgery (CC).

T0–T1 T1–T2 T2–T0

(Mean ± SD) (Mean ± SD) (Mean ± SD)

Group 1 1.48 ± 0.74 0.79 ± 1.28 −2.27 ± 1.57
Group 2 −0.54 ± 0.52 0.79 ± 1.28 1.10 ± 0.89

The results of matched paired t-test. T0: pre-operation; T1: 3 months after operation; T2: 6 months after operation.
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Table 3. Volume of hypopharyngeal airway (CC).

T0 T1 T2

(Mean ± SD) (Mean ± SD) (Mean ± SD)

Group 1 19.00 ± 7.92 17.92 ± 5.63 17.50 ± 6.53
Group 2 20.27 ± 7.77 17.45 ± 7.69 22.00 ± 7.25

T0: pre-operation; T1: 3 months after operation; T2: 6 months after operation.

Table 4. Change of hypopharyngeal airway before and after surgery (CC).

T0–T1 T1–T2 T2–T0

(Mean ± SD) (Mean ± SD) (Mean ± SD)

Group 1 3.73 ± 1.35 1.79 ± 1.62 −1.19 ± 2.42
Group 2 2.82 ± 1.70 −4.48 ± 1.58 * 1.65 ± 1.69

* Indicates the significant variation of the matched paired t-test (p < 0.05). T0: pre-operation; T1: 3 months after
operation; T2: 6 months after operation.
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(B) percentage change. Group 1: Le Fort I + B-SSRO; Group 2: Le Fort I + B-SSRO + partial glossectomy.

Table 5. Repeated measure analysis of variance between measurements of hypopharyngeal airway.

Time Time × Glossectomy

0.012 * 0.013 *
* Indicates the significant variation (p < 0.05).

3.3. Volumetric Changes in Total Airway

The volume of the total airway in Group 1 was measured as 29.26 cc at T0, 27.17 cc at T1
(p > 0.05), which was reduced from T0 and 27.17 cc at T2, which was not changed from T1. It
was reduced by 2.18 cc compared to the volume at T0, and there was no statistical difference
(p > 0.05). The volume of total airway in Group 2 was recorded as 32.66 cc at T0, 30.66 cc at
T1, which was reduced from T0, and 35.36 cc at T2, which showed a tendency of recovering
by 2.75 cc. It showed a statistically significant difference compared from volume at T0 to
volume at T2 (p < 0.05) (Tables 6 and 7) (Figure 6). When the differences in both groups
were analyzed by a repeated measure ANOVA, there was statistically significant difference
in terms of time; the effect of partial glossectomy was proved (p < 0.05). This tendency of
change was similar to the tendency of volumetric changes in the hypopharyngeal airway
(Table 8).

Table 6. Volume of total airway (CC).

T0 T1 T2

(Mean ± SD) (Mean ± SD) (Mean ± SD)

Group 1 29.26 ± 11.15 27.17 ± 7.98 27.17 ± 9.06
Group 2 32.66 ± 10.01 30.36 ± 9.86 35.36 ± 9.97

T0: pre-operation; T1: 3 months after operation; T2: 6 months after operation.

Table 7. Change of total airway before and after surgery (CC).

T0–T1 T1–T2 T2–T0

(Mean ± SD) (Mean ± SD) (Mean ± SD)

Group 1 1.08 ± 1.89 2.58 ± 2.84 −2.18 ± 3.92
Group 2 2.28 ± 2.01 −5.04 ± 2.49 * 2.75 ± 2.37 *

* Indicates the significant variation of the matched paired t-test (p < 0.05). T0: pre-operation; T1: 3 months after
operation; T2: 6 months after operation.
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Table 8. Repeated measure analysis of variance between measurements of Total airway.

Time Time × Glossectomy

0.049 * 0.037 *
* Indicates the significant variation (p < 0.05).

4. Discussion

There have been many studies conducted about complications of orthognathic surgery
on patients with skeletal class III malocclusion [13,14]. Furthermore, a large number of
them are related to the study of changes in airway space after surgery, and it is an actively
ongoing subject of research [15,16]. Gu et al. reported that there was a correlation in the
location of the hyoid bone, volume of airway, and the position of the head after mandibular
setback surgery, and compensation of the volumetric decrease in the airway caused a
change in position of the hyoid bone and tongue [17]. Furthermore, Takaki et al. reported
that tongue muscles moved downward due to the downward movement of the hyoid bone
after mandibular setback surgery. This movement was a type of compensation for reduced
airway space because of the downward movement of the tongue. As time passed, the
hyoid bone had a tendency to go back to its original position. Moreover, the volume of
airway space recovered to its original state [18]. However, these results are contradicted
by some other studies [19,20]. These days, there are many studies about obstructive sleep
apnea (OSA) after mandibular setback surgery [21,22]. Riley et al. reported that there
was a higher risk of getting OSA after orthognathic surgery on patients with mandibular
prognathism [23]. Hochban et al. also stated that OSA was induced if pharyngeal airway
space after surgery was less than 10 mm. In this case, Hochban mentioned that orthognathic
surgery, including maxillary advancement, had to be considered [24].

Especially, patients with mandibular prognathism and pseudomacroglossia have a
higher risk of having a post-operative relapse, and this condition is one of factors that
decrease skeletal stability [4,5]. Additionally, a decrease in airway space due to the reduced
volume of oral cavity increases the chances of having patients feel discomfort after surgery.
However, the effect of partial glossectomy on reducing discomfort is still controversial.
Wickwire and Sinclare et al. mentioned that partial glossectomy was not required after
surgery because pharyngeal airway space was maintained by downward movement of
the tongue base and hyoid bone. Furthermore, the volume of the tongue was reduced in
the recovering process [7,8]. In contrast, Ingervall et al. mentioned that as the mandible
moved backward and the tongue also moved backward, total efficiency of breathing
was decreased due to compression of the upper airway space. As the mandible moved
downward to compensate for the increased intra-oral cavity pressure, post-operative
stability was decreased, inducing anterior open bite [25]. Swanson and Petdachai et al. also
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insisted that as an enlarged tongue after orthognathic surgery pushed the mandible and
anterior teeth of mandible, post-operative relapse could be caused [11,12]. Allison stated
that partial glossectomy could help patients to reduce discomfort if the pre-mentioned
compensation was not present and if there was an enlarged tongue right after surgery with
no compensation yet [11].

Up to recently, there have been a lot of studies conducted about volumetric changes
in airway space post-operatively using lateral cephalography and some reference points.
However, the analysis was only able to be conducted two-dimensionally on pharyngeal
airway space and the hyoid bone, such as the anterior-posterior relationship of airway
space and the upward-downward movement of hyoid bone. Therefore, in this study,
three-dimensional CBCT was used to analyze the effect of partial glossectomy on hypopha-
ryngeal airway space changes of patients who underwent simultaneous partial glossectomy
and mandibular setback surgery. In Group 1 without partial glossectomy, there was no
statistically significant decrease in oropharyngeal and hypopharyngeal airway space even
though there was a continuous decrease in airway space from T0 to T2. These results sup-
ported the study of Wickwire and Athanasious et al. They stated that as the mandible and
its surrounding structures moved backward, the airway was expected to be compressed.
However, functional and structural adaptation to compensate for airway compression
made no significant change in volumetric airway space before and after surgery [7,26].

In Group 2 with partial glossectomy, there was no statistically significant changes in
the volume of the oropharyngeal airway, but it showed slightly the tendency of increasing.
In Group 1, the hypopharyngeal and total airway were reduced continuously from T0 to
T2. In contrast, the hypopharyngeal and total airway were reduced from T0 to T1 but
increased from T1 to T2 in Group 2. When the volumetric change of the pharyngeal airway
was analyzed dependent upon post-operative time, there was a statistically significant
difference in the hypopharyngeal and total airway, and it was thought to be the effect of
a partial glossectomy. Since the volumetric change pattern in the hypopharyngeal was
similar to the one in the total airway, it was thought to be that partial glossectomy increased
hypopharyngeal airway space, and this change increased the total airway space. This result
supports the studies of Kwakami that there were differences in the location of the base of
the tongue between the patients who received and who did not receive a glossectomy [27].
It was not only the same as the result of Group 1, which was the result of recovering to
its original volume of the airway, but also the effect of a partial glossectomy. In other
words, decreasing the tongue size caused a decrease in clock-wise rotational movement
of the mandible, and a decrease in the amount of invasion into the pharyngeal airway
space by the tongue and its surrounding tissues. The reasons of volumetric changes in the
hypopharyngeal and total airway of Group 2 from T0 to T2 are that the hyoid bone moves
downward to compensate for the decrease in the volume of the oropharyngeal airway
due to the backward movement of the mandible after surgery. Then, the movement of the
hyoid bone causes a decrease in the volume of the hypopharyngeal airway. However, after
6 months since surgery, the hyoid bone moves back to its original position, and the tongue
becomes stable in its size and location. Considering the results of this study, a partial
glossectomy is considered to be effective for increasing the airway space with mandibular
setback surgery.

Further studies are required on the effect of a partial glossectomy dependent on the
shape of the tongue, the size of the tongue, the location of the tongue, the volume of airway
space, and the amount of movement of the mandible.

Swallowing and articulation disorders have been reported to be common complica-
tions of glossectomy [28]. The factors that influence their development are the extent and
location of surgical resection and the flexibility of the residual tongue. Along with many
other reports of partial glossectomy resulting in good post-operative tongue function, our
post-operative follow-up showed that the function of swallowing and articulation over the
long term is generally acceptable after a partial glossectomy.
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While this study was focused on the efficacy of the partial glossectomy for prevention
of airway reduction, there is currently insufficient direct data to draw any firm conclusions
due to the small sample size and lack of post-operative assessment on long-term stability.
Furthermore, some potential therapy using low-level lasers and Diode lasers for wound
healing and pain relief have been reported [29,30]. Further studies to evaluate the treatment
of lasers in prevention of complications of glossectomy in patients with orthognathic
surgery are recommended.

5. Conclusions

According to the results of the study, it was concluded that:
1. There was decrease in the volume of airway space in the group without partial

glossectomy, but the extent was not statistically significant.
2. In the group with partial glossectomy, their airway spaces were decreased from

pre-operation to 3 months post-operative, but it was increased after 3 months. This was
because the location of the hyoid bone and tongue muscle was recovered after 3 months
post-operative, and partial glossectomy was considered as one of the causes that increased
the volume of the oral cavity.

3. Based on the length of time following surgery, the tendency of volumetric changes
in the oropharyngeal and total airway space of both groups revealed statistical differences.
The reason for this change is that a partial glossectomy increased both hypopharyngeal and
the total airway space. The essential clinical factors, such as post-operative stability, relapse
prevention, and maintaining an open airway, were all improved by those changes [9,31].

In conclusion, according to the results regarding the tendency of volumetric changes in
airway space of patients with skeletal class III malocclusion post-operatively, simultaneous
mandibular setback surgery with partial glossectomy was determined to be helpful for
patients who need backward movement of the mandible or who have high possibility of
having respiratory obstructions such as snoring and obstructive apnea (OSA) after surgery.
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Abstract: The gold standard for treating obstructive sleep apnea in adults is continuous positive
airway pressure (CPAP). However, it can be difficult to convince patients to adhere to this therapy.
The aim of this study was to determine the relationship between nasal endoscopy findings/nose
patency and CPAP adherence. Material and methods: A cohort of 450 consecutive patients suspected
of having OSA were prospectively enrolled. For further analyses, 47 OSA patients undergoing
CPAP treatment were selected (13 females and 34 males, average age, 65.3 years, BMI 34.1, apnea-
hypopnea index. AHI 51.0). The patients were divided into two groups: patients with good CPAP
adherence (n = 35) and patients who did not adhere to CPAP therapy (n = 12). The influence of nasal
endoscopy and flow measurement on CPAP adherence was explored. Results: We found a statistical
independence between adherence to CPAP and AHI (p = 0.124), T90 (p = 0.502), endoscopic findings
(p = 0.588) and nasal patency measured by a flowmeter (p = 0.498). Conclusions: In our studied
sample, endoscopic findings and nasal patency measured by a flowmeter were not predictors of
CPAP non-adherence in the first year of the treatment. Our data show that while an endoscopic
finding in the nasal cavity could indicate that a patient has a severe obstruction, compliance with
CPAP therapy is not reduced in these patients and neither is it reduced with a decrease in nasal flow,
according to our observation.

Keywords: CPAP; flow measurement; nasal obstruction; OSA

1. Introduction

Adult obstructive sleep apnea (OSA) is a sleep-related breathing disorder. Its diag-
nostic criteria according to the ICSD-3 are the presence of one or more of the following:
the patient related daytime or nighttime symptoms (e.g., sleepiness, non-restorative sleep,
waking with breath holding etc.) and/or bed-partner observations (snoring, breathing
interruptions, etc.) and/or medical condition associated with OSA (hypertension, mood
disorder, cognitive dysfunction, coronary artery disease, stroke, congestive heart failure,
atrial fibrillation or type 2 diabetes mellitus) and at the same time a polysomnography
(PSG) or an out-of-center sleep-testing (OCST) demonstrated five or more predominantly
obstructive respiratory events per hour of sleep. Alternatively, the diagnosis is made when
a PSG or an OCST demonstrates 15 or more predominantly obstructive respiratory events
per hour of sleep [1].

Sleep-related disordered breathing is highly prevalent in our population. The Hyp-
noLaus study which based its data on a cohort of 3043 patients, suggests a prevalence of

Life 2023, 13, 219. https://doi.org/10.3390/life13010219 https://www.mdpi.com/journal/life83



Life 2023, 13, 219

moderate or severe OSA as high as 23.4% in women and of 49.7% in men [2]. The severity
of OSA proportionately raises the risk for OSA-related comorbidities in multiple organ
systems. OSA has been shown to contribute to cardiovascular, respiratory and neurologic
impairments; notably, OSA and cardiovascular disease are strongly correlated [3,4].

The role nasal obstruction plays in the pathophysiology of OSA is yet to be fully
elucidated. A number of pathophysiological mechanisms can potentially explain the role
of nasal pathology in OSA. These include: the Starling resistor model, the unstable oral
airway, the nasal ventilatory reflex and the role of nitric oxide [5]. Yet, we observe that
the more severe the sleep-related breathing disorder, the less the patients tend to breathe
through their mouth alone [6].

Continuous positive airway pressure (CPAP) remains the gold standard for the treat-
ment of moderate or severe OSA in adults [7,8]; oral appliances and surgical treatment are
preferred for milder forms of OSA [9,10]. Despite the efficacy of CPAP, many patients find
it hard to adhere to this form of therapy [11,12]. Adherence to CPAP therapy is defined
as using the therapy for at least four hours a day and for at least 70% of the nights in a
year [13,14]. Among the most common reasons for CPAP failure are claustrophobia, mask
discomfort, difficulties sleeping, an inability to keep the mask on, sensations of suffocating
and nasal congestion. Nasal congestion has been reported as the cause of the failure to
adhere to the therapy in multiple studies [15–18].

Despite the fact that nasal surgery itself does not reduce obstructive respiratory events,
nasal surgery may reduce daytime and nighttime OSA-related symptoms (excessive day-
time sleepiness, snoring) and may improve CPAP adherence [19–24].

According to several studies, the objective confirmation of the presence of a nasal
obstruction can be used as a predictor of CPAP therapy non-adherence [25,26]. The aim
of this study was to determine the impact of clinically significant nasal septal deformities
and/or an inferior turbinates’ hypertrophy on CPAP therapy adherence.

2. Material and Methods
2.1. Material

A total of 450 patients were enrolled in our prospective, monocentric, analytical study.
The study ran from 6/2018 to 3/2021 in the tertiary referral hospital. Finally, a sample of
47 patients fulfilled the inclusion criteria and were included in the study. The study was
approved by the Ethics Committee of the Hospitals of Pardubice region (reference number
6/2015). All the subjects signed a consent form before being enrolled in our study.

The inclusion criteria were defined as: suspicion of OSA, sleep monitoring performed
by PSG or limited polygraphy (PG), AHI ≥ 15, CPAP therapy with a nasal mask, being
over 18 years of age. The exclusion criteria were: sleep monitoring performed by tools
other than PSG or PG, nasal injury or prior surgery in the upper airways (patients who
underwent adenectomy in childhood were not excluded), chronic disease of the paranasal
sinuses, chronic pulmonary disease, CPAP therapy with a full-face mask, incomplete data
and lack of cooperation. For details, see the flowchart in Figure 1.
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The selected sample included 34 men and 13 women whose mean age was 56.3 years
(for details, see Figure 2), and whose mean BMI was 34.1 kg/m2.
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Figure 2. Age and gender distribution of the patients.

Eight patients suffered from moderate OSA, whereas thirty-nine patients suffered
from severe OSA, as defined by the AHI. The mean airway pressure of the CPAP they
received was 10.3 cm of water pressure (6–18 cm H2O). For details, see Table 1.

Table 1. Input data of studied sample.

Group
Female Male Total

n = 13 n = 34 n = 47

Mean SD Median IQR Range Mean SD Median IQR Range Mean SD Median IQR Range

Age (years) 61.6 17.7 61.5 18 49–74 54.2 26.9 55.0 16.8 36–74 56.3 10.7 56 17.0 36–74

BMI (kg/m2) 35.4 5.1 36.5 7.4 27.8–44.4 33.6 7.5 33.5 6.2 25.7–44.7 34.1 7.0 34.3 6.8 25.7–44.7

AHI (n/h) 40.0 34.2 43.4 22.9 18.6–119.2 55.2 26.8 57.9 33.0 18.5–95.8 51.0 23.7 47.4 36.1 18.5–119.2

30 > AHI ≥ 15(n) 4 30.8% 4 11.8% 8 17.0%

AHI ≥ 30 (n) 9 69.2% 30 88.2% 39 83.0%

ODI (n/h) 40.3 26.4 31.7 22.6 18.5–118.7 51.9 23.0 55.1 36.3 16.0–116.0 48.6 24.2 45.2 34.0 16.0–118.7

Basal O2 sat. (%) 90.9 3.4 92.0 2.5 83.0–95.0 90.5 16.0 92.0 5.0 79.0–96.0 90.6 13.7 92.0 5.0 79.0–96.0

Average low
O2sat. (%) 85.6 4.2 87.0 5.5 77.0–92.0 84.1 15.9 86.0 8.5 65.0–92.0 84.5 13.7 86.5 8.0 65.0–92.0

T 90 (%) 19.8 18.9 10.3 22.4 0.7–63.6 29.7 25.0 26.2 46.6 1.0–69.3 26.9 23.6 14.9 43.0 0.7–69.3

Mean CPAP (cm
H2O) 10.5 1.8 10.6 2.0 6.0–13.0 10.1 3.1 10.0 3.75 6.0–18.0 10.3 2.8 10.0 3.0 6.0–18.0

2.2. Methods

The diagnosis of OSA was determined by using the ICSD-3 diagnostic criteria; the
sleep testing was performed using a NOX A1 (Resmed Inc., San Diego, CA, U.S.) or a
MiniScreen Plus (Saegeling Medizintechnik GmbH, Heidenau, Germany). The CPAP
titration was performed using machines from the The AirSense 10 series (Resmed Inc., San
Diego, CA, U.S.) or a Philips Dreamstation (Saegeling Medizintechnik GmbH, Heidenau,
Germany). The indication for positive airway therapy was determined using the criteria
defined by the guidelines of the Czech Sleep Research and Sleep Medicine Society [27].
CPAP therapy is recommended for patients with moderate to severe OSA (AHI/RDI ≥ 15).

Before having the patient use the machine, subjective nasal patency was measured
using a visual analogue scale (VAS). The objective nasal patency was measured by a
flowmeter (Elmet s.r.o., Přelouč, Czech Republic). Respiration data were analyzed, and
the mean value of the inspirational peaks was evaluated. A pathological and clinically
significant decrease in flow was defined as a flow of 4.57V or lower [28].
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Nasal endoscopy was performed, and anatomical abnormalities that might cause
nasal obstruction were recorded; our assessment was based on work published by Mladina
et al. in 1987 and 2015 [29,30]. Each side of the nasal cavity was divided into one of six
groups (endoscopic score ES6, see Table 2), and an ES6 score of 4 or more was defined as
pathological and clinically significant for causing nasal obstruction [28].

Table 2. Endoscopic score ES6.

Group Septal Deformity Inferior Turbinate Hypertrophy

1 No No

2 No Yes

3 Non-significant (type 1,3,6) No

4 Non-significant (type 1,3,6) Yes

5 Significant (type 2,4,5) No

6 Significant (type 2,4,5) Yes

After three months of CPAP treatment, the patients filled out a Sinonasal Outcome
Test [31,32]. For the purposes of this study, questions targeting sleep and emotions were
excluded. A score between 0 and 40 was calculated for each questionnaire. A score of 14.5
or more was taken to indicate a significant nasal intolerance [33].

The data of CPAP therapy adherence were evaluated after 12 months of CPAP treatment.

2.3. Statistics

Statistical analyses were performed using NCSS 2021 Statistical Software (2021), NCSS,
LLC. Kaysville, Utah, USA, ncss.com/software/ncss. The groups’ characteristics were
described. Non-parametric tests were used for the subsequent analyses of the quantitative
variables. A comparison of the quantitative values between groups according to compliance
was performed. The hypothesis of agreement was tested against the alternative of disagree-
ment. A two-sample t-test and non-parametric Mann–Whitney and Kolmogorov–Smirnov
tests were used. The hypothesis of independence was tested in a contingency table against
the alternative of dependence to compare genders between the groups. The Fisher’s exact
test was used. p values < 0.05 were considered statistically significant.

3. Results

Of a total of forty-seven patients, only twelve patients showed low compliance to
CPAP therapy after 12 months of treatment. The failure of CPAP therapy was statistically in-
dependent of all the measured variables: gender (p = 0.713), age (p = 0.427), BMI (p = 0.621),
AHI (p = 0.124), ODI (p = 0.495), T90 (p = 0.502), basal saturation (p = 0.066), mean CPAP
pressure (p = 0.057). For details, see Table 3.

The use of the ES6 yielded a score of 4 or more in at least one side of the nasal cavity
in 20 patients. These 20 patients had a mean compliance of 79.0 % and had a mean score of
3.7 points on the questionnaire for CPAP nasal tolerance. The remaining 27 patients were
without significant nasal obstruction, as shown by an endoscopy (an ES6 score of less than
4) and had a mean compliance of 73.6 % and a mean score of 1.9 points on the questionnaire
for CPAP nasal tolerance. The difference between the groups was not statistically significant
for either parameter (p = 0.498 for compliance, p = 0.588 for the questionnaire). For details,
see Table 4 and Figures 3 and 4.

Twenty-one patients had a significant decrease in flow measurement (less than 4.57 V
measured with the flowmeter) in at least one side of their nasal cavity. These patients had a
mean compliance of 79.7% and a mean of 2.9 (±3.8 SD) points scored on the CPAP nasal
tolerance questionnaire. No significant flow drop was observed in twenty-six patients.
These patients had a mean compliance of 72.9% and a mean of 2.5 (±4.0 SD) points
scored on the CPAP nasal tolerance questionnaire. The difference between the groups was
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not statistically significant for either parameter (p = 0.754 for compliance, p = 0.657 for
questionnaire). For details, see Table 4 and Figures 3 and 4.

Table 3. Comparison of the CPAP compliant and CPAP non-compliant patient groups.

Group
Compliant Non-Compliant

pn = 35 n = 12

Male Female Male Female

Gender 28 74.3% 7 25.7% 8 66.7% 4 33.3% 0.713

Mean SD Median IQR Range Mean SD Median IQR Range

Age (years) 55.7 11.1 54.0 18 36–74 57.8 9.7 56.5 11.8 36–72 0.427

BMI (kg/m2) 34.3 7.7 34.7 7.6 25.7–44.7 33.5 4.2 32.8 6.3 28.3–43.2 0.621

AHI (n/h) 54.1 24.3 52.0 36.2 18.5–119.2 41.9 19.7 33.6 37.8 18.6–71.8 0.124

30 > AHI ≥ 15(n) 4 11.4% 4 33.3%

AHI ≥ 30 (n) 31 88.6% 8 66.7%

ODI (n/h) 50.4 26.4 45.6 37.9 16.0–118.7 43.6 16.4 41.4 23.2 18.6–64.4 0.495

Basal O2 saturation (%) 90.1 15.7 91.0 5.3 79.0–96.0 92.1 2.7 93.0 2.8 86.0–95.0 0.066

Average low O2 sat. (%) 84.2 15.5 86.0 8.0 70.0–92.0 85.5 5.7 87.5 88.0 75.0–92.0 0.501

T 90 (%) 28.4 24.0 23.2 45.3 1.0–69.3 22.6 23.0 11.2 38.8 0.7–65.8 0.502

Mean CPAP (cm H20) 9.9 2.1 10.0 2.4 6.0–13.5 11.4 3.0 10.7 3.8 8.0–18.0 0.057

Table 4. Compliance to CPAP therapy in relation to ES6 and flow measurement.

ES6

≥4 <4
p

N = 20 N = 27

Mean SD Median IQR Range Mean SD Median IQR Range

CPAP compl. 79.0% 23.5 85.7 24.3 16.0–100.0 73.6
% 26.8 86.4 35.6 0.0–100.0 0.498

questionnaire 3.7 5.0 1.0 6.3 0.0–15.0 1.9 2.7 1.0 3.0 0.0–12.0 0.588

Flow
measurement

<4.57 V ≥4.57 V

N = 21 N = 26

CPAP compl. 79.7
% 18.1 87.0 24.4 38.0–100.0 72.9

% 29.9 86.1 41.7 0.0–100.0 0.754

questionnaire 2.9 3.9 1.0 4.0 0.0–12.0 2.5 4.0 1.0 3.3 0.0–15.0 0.657Life 2023, 13, 219  6  of  11 
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4. Discussion

Unobstructed upper airways are an important condition for an uncomplicated PAP
treatment of OSA [15,18,24]. In some nasal obstruction cases, we can provide treatment by
applying PAP through a full-face mask, but compliance is higher when the patients use a
nasal mask [34–36].

Balsalobre et al. compared patients with nasal polyps to otherwise healthy subjects;
both groups underwent CPAP. The control group showed a significant worsening of the
nasal obstruction symptoms, as measured by VAS and the NOSE questionnaire (p < 0.01),
and a significant decrease in nasal patency, as measured by the peak nasal inspiratory flow
and acoustic rhinometry (p < 0.01) [37].

Our research was aimed at revealing the relationship between CPAP adherence and
nasal obstruction, as assessed and evaluated by nasal endoscopy (ES6) and nose cavity flow
measurement [28]. We employed a strict exclusion process: only 47 out of 450 patients met
the demands of the inclusion criteria. For details, see the flowchart in Figure 1.

The final sample of our study represented the real-world population: 13 female and
34 male patients with mean a BMI of 35.4 and 33.6 and a mean AHI of 40.0 and 55.2,
respectively. CPAP failure was associated neither with demographic data such as gender
(p = 0.713), age (0.427) or BMI (p = 0.621), nor with sleep-monitoring data, such as AHI
(p = 0.124) or T90 (p = 0.502).

The guidelines of the surgical division of the Czech Sleep Research and Sleep Medicine
Society [38] were complied with based on the premise that nasal surgery does not sig-
nificantly affect obstructive respiratory events [39,40]. This assumption is based on the
fact that only 16.7% of the patients with OSA who undergo nasal surgery meet the Sher
criteria [19]. Several works present findings that indicate that a reduction in obstructive
respiratory events can be achieved by intranasal corticosteroids application, particularly in
children and allergic individuals [41,42]. According to two pooled randomized, placebo-
controlled clinical trials, nasal steroids where shown to improve CPAP adherence—the
studies recorded an overall 0.4 h per night increase in the usage of the machine. However,
this increase did not reach statistical significance (p = 0.19). There was no increase in the
percentage of nights during which CPAP was used, nor was there a significant difference
in nasal symptoms [43].

Nasal surgery can positively influence subjective sleep parameters, e.g., snoring or
excessive daytime sleepiness [19,44,45], and nasal patency improvement can be useful for
reducing the level of PAP when treating OSA, resulting in better adherence to CPAP ther-
apy [46,47]. However, the positive effect of surgery on CPAP tolerance was not confirmed
in all the published literature [48]. Therefore, prudence should be applied when selecting
candidates for nasal interventions.
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Nasal procedures with the aim of improving nasal patency, e.g., septoplasty, are
frequently performed. These operations carry only a low risk with low morbidity and a
low rate of complications; we rarely encounter complications such as the formation of nasal
septal perforation or nasal synechiae [49,50]. Van Egmond et al. compared the effectiveness
of septoplasty combined with turbinate surgery with the efficacy of septoplasty on its
own in the treatment of nasal obstruction due to a deviated nasal septum. Subjective
and objective outcomes generally appeared to improve after the treatment. However, the
additional benefit of turbinate surgery was not evident. Moreover, the subjective benefit
was not always accompanied by an objective improvement, and vice versa. Despite the
routine application of septoplasty in clinical practice, the body of evidence does not support
firm conclusions on its effectiveness [49]. Nasal packing after septoplasty was even more
likely to cause adverse events, including respiratory distress, pain, sleep disturbance,
crusting, epiphora, dysphagia and adhesion. Routine nasal packing after septoplasty
should therefore be avoided [51].

In general, isolated nasal treatments are the least effective in treating OSA, but multi-
level surgery may provide an alternative to CPAP treatment [52]. The effect of multi-
level surgery (multiple surgeries to include nasal surgery, tonsillectomy, palate surgery,
pharyngeal surgery and tongue surgery) on OSA was evaluated by Lin et al., who observed
a reduction in the apnea hypopnea index in 1978 patients. They recorded a reduction of
29 events per hour: from 48.0 to 19.0 events/hour (a 60.3% reduction, p-value < 0.0001) [53].

Nasal surgery may be offered to CPAP-intolerant patients—adjunctive nasal surgery
may facilitate improved postoperative CPAP adherence due to lower CPAP requirements
(average of 2–3 cm H2O) or improved tolerance of nasal-type masks without the necessity
of a chin strap [54].

Kempfle et al. concluded that nasal surgery (septoplasty or turbinate reduction) would
be a cost-effective way to increase CPAP adherence. In the short term, septoplasty surgery
was not a cost-effective way to improve CPAP adherence in patients who had a great
baseline difficulty using CPAP, but over a longer time span of 10 or 15 years, septoplasty
became increasingly more cost-effective. The cheaper turbinate reduction would be a cost-
effective way to increase CPAP adherence regardless of the time span in question. Notably,
perioperative and postoperative surgical complications did not unfavorably influence the
cost-effectiveness of either surgery. Therefore, surgical intervention for non-adherent CPAP
users, or partially adherent CPAP users, should be considered a part of a multifaceted
approach to improve CPAP adherence [55].

CPAP adherence and endoscopic findings assessed by ES6 (modified Sinonasal Out-
come Test), as well as the objective assessment of air flow by a flowmeter were shown to be
independent of each other in our group.

We compared our results to those of similar studies published in 2019 by Inoue
et al. [21] and in 2017 by Park et al. [56]. While Inoue et al. studied a larger sample (n = 543),
they reported the same results in their long-term follow up (more than 1 year). Their short-
term results (less than 1 year follow up), however, differed. Park et al. used a cohort whose
size was similar to that of ours and, like us, they concluded that CPAP non-adherence was
independent of sleep parameters (p = 0.671). Their results differed in the evaluation of nose
patency influence (p ≤ 0.0001). Our conclusions concerning the nasal flow measurement
are in agreement with a systematic review authored by Brimioulle and Chaidas in 2022 [57]
but in conflict with the study by Sugiura et al. from 2007, which was performed on a similar
sample (n = 51). Sugiura’s work [24] concluded that nasal obstruction is a significant factor
for CPAP non-adherence (p = 0.002) but, surprisingly, showed the same association with the
AHI (p = 0.003). We attach more reliability to the systematic review by Brimioulle because
they evaluated 63 works and pointed out some contradictory results.

The limits of our study are its monocentricity and a strict exclusion process (47 out
of 450 patients were enrolled). However, the studied sample represents the real-world
population with OSA. For details, see Figure 1 and Table 1.
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5. Conclusions

Our study demonstrated independence between CPAP adherence and endoscopic
findings/nasal patency. Our data show that although the endoscopic findings in the nasal
cavity could indicate an obstruction, compliance to CPAP therapy was not reduced, and
neither was it reduced with a decrease in nasal flow, according to our observation.
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Abstract: Obstructive sleep apnea (OSA) is a chronic, sleep-related breathing disorder. It is character-
ized by a nocturnal periodic decrease or complete stop in airflow due to partial or total collapse of
the oropharyngeal tract. Surgical treatment of OSA is constantly evolving and improving, especially
with the implementation of new technologies, and this is needed because of the very heterogeneous
reasons for OSA due to the multiple sites of potential airway obstruction. Moreover, all of these
surgical methods have advantages and disadvantages; hence, patients should be approached individ-
ually, and surgical therapies should be chosen carefully. Furthermore, while it is well-established
that oromaxillofacial surgery (OMFS) provides various surgical modalities for treating OSA both in
adults and children, a new aspect is emerging regarding the possibility that some of the surgeries
from the OMFS domain are also causing OSA. The latest studies are suggesting that surgical treat-
ment in the head and neck region for causes other than OSA could possibly have a major impact
on the emergence of newly developed OSA, and this issue is still very scarcely mentioned in the
literature. Both oncology, traumatology, and orthognathic surgeries could be potential risk factors for
developing OSA. This is an important subject, and this review will focus on both the possibilities
of OMFS treatments for OSA and on the OMFS treatments for other causes that could possibly be
triggering OSA.

Keywords: obstructive sleep apnea; surgical treatment; oromaxillofacial surgery; head and
neck surgery

1. Introduction

Obstructive sleep apnea (OSA) is a chronic, sleep-related breathing disorder. It is
characterized by a nocturnal periodic decrease or complete stop in airflow due to partial or
total collapse of the oropharyngeal tract [1]. These obstructive episodes cause asphyxia,
which then stimulates breathing efforts against the collapsed upper airway and subsequent
awakening. The etiology of the disorder is still unknown, but it is considered to be mul-
tifactorial as a combination of anatomic variations, neuromuscular factors, and genetic
predispositions [2]. In adults, OSA is most frequently associated with male gender, obesity,
and rising age while in children, it is most commonly associated with enlarged tonsils or
adenoids. However, even with today’s technology, many patients with OSA are undiag-
nosed and untreated, which is a major global healthcare problem since it is well-established
that OSA is associated with high cardiovascular morbidity and mortality [3]. Moreover,
independently from body weight, patients with OSA more frequently develop metabolic
disorders, such as insulin resistance and hyperlipidemia [4].

There are several treatment modalities for OSA, both conservative and surgical. Con-
tinuous positive airway pressure (CPAP) is considered the “gold standard” for the treatment
of OSA due to the fact that it can be used for the improvement of sleep-related symptoms
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and quality of life [5]. On the other hand, since OSA is related to anatomical disturbances
of the upper airway, surgical treatment is aimed at reducing the degree of obstruction in
the nasal region, nasopharynx, velopharynx, oropharynx, and hypopharynx (Figure 1).
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While it is well-established that oromaxillofacial surgery (OMFS) provides various
surgical modalities for treating OSA both in adults and children; a new aspect is emerging
regarding the possibility that some of the surgeries from the OMFS domain are also causing
OSA. The latest studies are suggesting that surgical treatment in the head and neck region
for causes other than OSA could possibly have a major impact on the emergence of newly
developed OSA [6–11]. On one hand, there are oncological surgeries where indications for
surgery are of vital importance, but due to tissue loss and reconstruction, they consequently
cause anatomical changes and abnormalities. Furthermore, trauma surgery in the OMFS
region has its own difficulties, especially regarding maintaining functionality, and in
complex fracture cases, it could also be a cause of OSA due to structural alterations. Lastly,
there is orthognathic surgery, which represents both a functional and aesthetical component
of OMFS with a significant impact on the morphology and anatomy of this specific region.
Even though the reasoning behind this possibly higher risk for OSA after OMFS is logical
due to anatomical deviations after certain surgical therapies, this subject has become a
hot topic only relatively recently. Hence, this review will focus on both the possibilities of
maxillofacial surgical treatments for OSA and on the treatments for other causes which
could possibly be triggering OSA.

2. Oromaxillofacial Surgery as a Cause of Obstructive Sleep Apnea

Recent studies are suggesting that treatment modalities for cancers in the head and
neck region, both surgical and conservative, could be a major risk factor for developing
OSA [6]. As aforementioned, surgery in this specific region causes structural alterations
that could possibly have severe consequences on airflow through the upper airway while
it was also shown that radiotherapy causes edema of the soft tissue and consequent
change of anatomic relations [6]. Several studies investigated the development of OSA
in patients with head and neck cancers [9,12–14]. The results of these studies greatly
vary due to the number of patients enrolled in the study or to the different treatments
for cancer. Nevertheless, all of the studies found that surgically treated patients have a
higher prevalence of developing OSA. A study by Loth et al. found that 25.49% of the
patients enrolled in their study developed OSA after the treatment of cancer regardless of
the type of treatment [12]. Furthermore, Friedman et al. estimated the prevalence of OSA at
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72.7% [13]. However, this study had a more heterogeneous population and did not exclude
pre-existing risk factors. A study conducted by Qian et al. investigated the prevalence of
OSA after cancer therapy, and they found that patients treated with surgery have a higher
prevalence of developing severe OSA compared to patients on chemo/radiotherapy. Still,
this study has limitations, such as a small sample size, incomplete matching in body mass
index, and primary tumor location [14]. Furthermore, Ralli et al. found that the prevalence
of OSA in head and neck cancer patients is significantly higher when compared to the
general population [6]. However, their study was conducted on all treatment modalities,
surgical and nonsurgical. Additionally, even though most of the aforementioned studies
focused on surgery as a cause of OSA from the cancer excision point of view, a recent study
was conducted on patients who were reconstructed with free flaps in the oral region. They
found that even the reconstruction technique could possibly influence the emergence of
OSA [9].

It is very important to highlight the fact that not only the surgical treatment of cancer
in the OMFS region causes OSA, but the tumor itself has a major impact. When growing
to the point that it causes anatomical alterations, it is possible that malignancies could
influence the development of OSA. Moreover, tumors are a major limitation of the studies
regarding OSA development after OMFS oncological surgeries. This limitation is due to
the fact that none of the involved participants had a precancer screening of OSA since
most of these patients are first screened after the cancer diagnosis; hence, it is impossible
to exclude pre-existing OSA and a tumor is a major bias for interpreting the influence
of surgery on OSA. Moreover, head and neck tumors as a cause of OSA are very poorly
investigated. Payne et al. found a strong association between OSA and oral cavity cancers
before the treatment, but they had a small sample of 17 patients included in the study [15].
Moreover, a case report by Gomez-Merino et al. presented a patient with pharyngeal
non-Hodgkin’s lymphoma whose first symptoms were sleep disorders, such as snoring
and breathing pauses during sleep [16]. Another interesting case report by Hockstein et al.
showed an interesting finding of retropharyngeal lipoma extended from the nasopharynx
to the upper mediastinum which also caused symptoms of OSA [17]. Since the tumor
was benign and the patient had several chronic diseases that made him high risk for
surgery, the only treatment was CPAP. There are several similar cases describing OSA as
the primary symptom of cancer [18–20]. However, this subject is very scarcely represented
in the literature, and future larger prospective studies are needed. Nevertheless, healthcare
workers involved in the diagnostics and treatment of OSA should always consider both
anamnestic details and potential illness as triggers for newly discovered OSA.

When it comes to OMFS trauma, it is often accompanied by injuries to other parts of
the body, and according to some studies, it is involved in up to 25% of polytraumatized
patients [21]. The most common cause of these injuries is traffic accidents while other
more frequent causes are assaults and falls. Furthermore, injuries in this region can range
from simple soft-tissue lacerations to complex bone fractures [22]. Fractures in OMFS
have both aesthetic and functional aspects, which makes them even more challenging.
As already mentioned, any surgical manipulation in this specific area can lead to both
hard and soft tissue impairments and subsequent morphologic alterations, which possibly
creates a predisposition for the development of OSA. A recent study conducted by Lupi-
Ferandin et al. investigated the prevalence of OSA after surgical treatment of maxillary
and zygomatic fractures [11]. They found that 54% of their participants developed OSA
in a period of three months after surgery. Furthermore, their study showed that OSA is
more common in patients with maxillary fractures (62%) than in patients with zygomatic
fractures (38%). Another recent study conducted by El-Anwar et al. also found that OSA is
connected with trauma in the OMFS region. Their study investigated mandibular fractures
and found that OSA was diagnosed in 35.8% of their patients, all with bilateral fractures [23].
Although both of these studies investigated OSA in OMFS trauma and their results are
suggesting a possible association between the development of OSA and OMFS trauma, it
must be noted that the data regarding this subject are still too scarce. While it is reasonable
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to assume that both the bone fractures and consequent surgical therapy could possibly
impact OSA, on the other hand, further larger studies are needed to evaluate this issue.

Besides trauma and cancer treatment surgeries, another important segment of OMFS
is orthognathic surgery. These OMFS procedures manipulate anatomical relations of the
maxilla and mandible in order to achieve certain functional and visual improvements
of deformities caused by dentofacial conditions or carried out purely for aesthetic rea-
sons [24]. While these types of surgeries require an advanced level of skills, some effects
of these surgeries are expected because of the manipulation of the mandible, anatomical
features, and morphology of the upper airway. Several studies found that mandibular
setback surgery has an impact on respiratory function, more precisely, a reduction in the
retrolingual airway space [25,26]. However, these findings are still controversial. A review
by Fernandez-Ferrer et al. analyzed the literature on this topic, and their observations are
rather interesting; they found that nasopharyngeal space does not change significantly
after maxillary surgery but only after mandibular setback [27]. It was shown that there are
significant changes in the volume of space in this area, yet there was no evidence found that
confirms the hypothesis that orthognathic surgeries predispose the development of OSA.
Another interesting point of view is comparing and analyzing the differences between
sexes after orthognathic surgeries. A retrospective study by Dahy et al. found that male
patients have a higher risk of developing OSA after mandibular setback surgery while
females have a higher risk after bimaxillary surgery [28]. One of the possible explanations
for these differences are purely morphological; several studies found that females have
smaller pharyngeal airways [29–31]. However, considering that this specific area is in a
dynamic interaction between muscular activity and anatomic relations, studies found that
the female upper airway is more stable [32–34].

3. Surgical Therapy for Obstructive Sleep Apnea

The anatomical reasons for OSA are very heterogeneous due to the multiple sites of
potential airway obstruction. Henceforth, various surgical treatment options have been es-
tablished, especially aimed at patients who have unsuccessfully undergone positive airway
pressure therapy. These surgical treatments aim to alleviate the upper airway obstruction
in the nose, nasopharynx, velopharynx, oropharynx, and hypopharynx. Moreover, in
the case of a severe OSA, the focus of surgery is on the hypopharyngeal or retrolingual
obstruction, which is most commonly associated with an enlarged tongue or maxillar
and/or mandibular deficiency (Figure 2). Surgical therapy success is defined as achieving a
reduction of the apnea–hypopnea index (AHI) greater than 50% and/or achieving an AHI
of less than 20 events per hour [35]. After the procedure, the success rate is based on the
polysomnography (PSG) results and the patient-reported quality of life.

While PSG is the main diagnostic tool for confirming OSA, on the other hand, it does
not give insight into the anatomical location of the obstruction. Hence, a presurgery patient
assessment needs to be conducted to identify the potential sites causing the obstruction.
There are several diagnostic methods that are used for this purpose, such as flexible fiberop-
tic nasopharyngoscopy, lateral cephalogram, 3D cone-beam CT scans, sleep endoscopy,
and cine-MRI [36]. The latter two are especially valuable since they give insight into the
dynamic aspect of the upper airway while sleeping.
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TPA—trans palatal advancement pharyngoplasty; LP—lateral pharyngoplasty; ESP—expansion
sphincter pharyngoplasty; PIS—Pillar implant system; UPPP—Uvulopalatopharyngoplasty.

3.1. Maxillomandibular Advancement

Maxillomandibular advancement (MMA) is typically used for the treatment of refrac-
tory or severe OSA or for those with evident and significant maxillomandibular deficiency.
The advancement is performed after a Le Fort I osteotomy with a sagittal mandibular
split. This consequently enhances the airway space as it pushes forward both the tongue
base and the soft palate. MMA is assumed as a highly effective treatment choice for OSA
linked with substantial improvements in AHI and RDI [37]. In their meta-analysis, Zaghi
et al. reported that in the sample of 518 patients, they found that after MMA, 98.8% had
significant improvement in outcomes regarding OSA [38]. There was a significant improve-
ment in postoperative blood oxygen saturation and daytime sleepiness. Moreover, it was
found that patients with a more severe preoperative OSA had a lower tendency for surgical
success and OSA improvement. John et al. conducted a meta-analysis including details of
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462 patients extracted from 20 studies [39]. They showed that, according to AHI and RDI
outcomes, the surgical success of MMA was 100%.

Studies show that patients with the highest severity of OSA also have the highest
degree of improvement after MMA while, on the other hand, patients with less severe
OSA encounter a lesser degree of change in postoperative AHI or RDI, but they have the
greatest probability of curing OSA with MMA [38]. Furthermore, patients who have high
residual AHI and RDI scores are highly probable to benefit from MMA treatment [40].
MMA causes significant patient morphology change, which can be well-accepted or less
favorable, such as an excessively protrusive lower face. Regarding these aesthetic and
functional changes, it was advised to modify the MMA surgery technique, which led
to the development of the newest surgery adjustments [39]. Modification can consist of
a Le Fort I osteotomy with a segmentation or modified step design, counterclockwise
or clockwise rotation of the maxillomandibular compound, and reverse T mandibular
osteotomy (genioglossal advancement and advancing genioplasty) [41,42]. It is important
to highlight that, in general, MMA has a good risk–benefit ratio, and successful outcomes
can be achieved with minimal long-term treatment-related adverse outcomes [43]. The
advantages of MMA include improved aesthetics, improvement of OSA symptoms, and
correcting functional issues that ride along with malocclusion, and the disadvantages are
classic surgical adverse effects, such as wound site infection and bleeding, postoperative
pain, fixation plate infection, temporomandibular joint pain, limited mouth opening, and
sensitive and motor nerve deficit [44].

3.2. Maxillary Expansion and Maxillomandibular Expansion

Patients with a narrow or high-arched hard palate (i.e., transverse maxillary deficiency)
are predisposed to OSA and usually have malocclusion and dental crowding, which could
be treated with rapid maxillary expansion (RME). One of the characteristics of transverse
maxillary deficiency is asymmetric growth of the jaw and consequently discordant size of
the maxilla in relation to the mandible. These variations of the skeleton can consequently
cause a heightened nasal airflow resistance and a more posterior location of the tongue [45].
As a result of a higher nasal floor, these patients have a higher predisposition for developing
nasal airway obstruction, particularly if they also have a septal deviation or enlarged
inferior turbinates [46,47].

It was established that RME improves OSA in children [48]. In this population, RME is
generally managed without surgery by just using orthodontic apparatus, which often has
an expansion screw with numerous arms that administer forces precisely to the maxillary
suture through the anchor teeth. RME creates palatal widening, flattening of the palatal
arch, inferior movement of the maxilla, and change in the alignment of the mandible [49].
Machado-Júnior et al. conducted a meta-analysis regarding RME for OSA treatment in
children [50]. Their outcomes showed that there is a significant decrease in AHI after RME.
Moreover, this method improves nasal respiration, increases the maxillary dental arch,
and improves the tongue position, and all of these effects can contribute to a reduction
in AHI. Additionally, it could be hypothesized that after the broadening of the maxilla,
subsequently, there is a rise in the tension of the muscles attached to the palate, which
possibly has an alleviating impact on the collapsibility of the upper airway during sleep.

In their randomized controlled trial, Gokce et al. compared different kinds of rapid
maxillary expansion appliances on OSA, so they divided patients into three groups: tooth
tissue-borne, tooth-borne, and bone-borne expanders [51]. The AHI index did not show
any significant difference between the groups; hence, their conclusion was that this is not
an effective OSA treatment.

Anatomic and functional factors contribute to the multifactorial etiology of OSA.
Amid the soft tissue causes associated with upper airway anatomy, there are skeletal factors
described that could have a direct influence on OSA by changing the airway space [52,53].

The treatment modality of transverse maxillary hypoplasia for adults is surgically
assisted rapid maxillary expansion (SARME) or distraction osteogenesis maxillary expan-
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sion (DOME) [53]. SARME is a combination of orthodontics and surgery that creates an
enlargement of the maxillary apical base and the palatal vault, supporting space for the
tongue for correct swallowing. Nevertheless, there is a noticeable subjective improvement
in nasal breathing associated with the enlargement of the nasal valve. This procedure has
been used since 1938 and has become widely accepted as an effective and safe technique
for maxillary expansion with minor complications [54,55]. Vinha et al. published an article
about the SARME technique for the treatment of OSA in adult patients with good results re-
garding OSA symptoms, such as decreased rates of respiratory disturbances, desaturation,
microarousal, and reduced daytime sleepiness [52]. There are consequently some negative
outcomes connected to this surgical method, such as skeletal relapse, different kinds of
periodontal problems, lack of movement or failure, gingival recession, pain sensation, and
necrosis of the oral mucosa associated with the device [53]

DOME is a method where customized distractors for each patient are first created
using 3D cone-beam computed tomography (CBCT). Next, miniscrews are fixed through
the palatal roof of both cortical plates as close to the midline as possible. In the last
step, a LeFort I osteotomy is conducted. The expander is activated several days after the
surgery by using the axial screw, and on average, approximately 8–12 mm of maxillary
expansion is created [56]. Recently, Yoon et al. conducted a study on 75 subjects with a
narrow maxilla and nasal floor who underwent DOME. The outcomes showed that DOME
significantly relieves nasal obstruction, improves the amount of REM sleep, and decreases
AHI [56]. Prior to DOME, classic surgically assisted palatal expansion techniques were
used and frequently linked to major adverse effects, such as hemorrhage and a high rate
of relapse. Compared to that, DOME is less aggressive and has minimal side effects, such
as minimal asymmetry (which could be corrected with an orthodontic appliance) and
transitory paresthesia of V2 in the anterior maxilla that would resolve in 1–6 months [57].

In their systematic review and meta-analysis, Abdullatif et al. reported six articles
regarding maxillary expansion in adults, and they showed that the AHI in these studies has
significantly decreased [46]. They also reported outcomes of two studies regarding maxillo-
mandibular expansion which also showed a significant reduction in AHI. However, since
there were only 39 patients included in these studies, further, larger-scale investigations
with a larger sample should be conducted.

3.3. Septoplasty, Turbinate Reduction, and Polypectomy

Nasal anomalies, such as alar collapse, nasal valve compromise, bony deformities,
nasal polyps, inferior turbinate hypertrophy, and septal deviation, can boost negative
intraluminal pressure, initiating airway collapse at the oropharynx or hypopharynx [58].
Procedures used to overcome nasal obstruction include septoplasty, turbinate reduction,
and polypectomy.

Septoplasty implicates adjustment of the nasal septum with a lot of different techniques
that are used based on the type and the location of the deviation. Even a small reduction of
the frontal deviation has been found to cause a substantial improvement of the nasal airway
resistance while the restoration of a posterior deviation showed a significantly smaller
effect on the airway resistance.

Turbinate reduction is a method that decreases the dimension of the middle or inferior
turbinates. The techniques used for turbinate reduction include partial or submucous
resection, outfracture, superficial or submucosal cautery, laser treatment, radiofrequency
treatment, and endoscopic excision of the concha bullosa [59]. Disregarding the type of
nasal surgery, complications are largely the same, such as bleeding, postoperative pain and
discomfort, nasal septal perforation, empty nose syndrome, chronic nasal dryness, change
in the aesthetic appearance of the nose, etc. [60,61].

In their review, Cai et al. showed that septoplasty, turbinate reduction, rhinoplasty,
and sinus surgery subsequently improve OSA-related quality-of-life measures and CPAP
tolerance [62]. Takahashi et al. presented the results of patients who had chronic hyper-
trophic rhinitis and nasal septal deviation and underwent septoplasty and submucous
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turbinectomy [63]. The postoperative results showed a significant decrease in AHI and
the awakening response index while there was also an increase in the mean blood oxygen
saturation. However, on the contrary, the recent study by Migueis et al. found that after
nasal surgery, there were no differences between baseline and postsurgical values in the
frequency of respiratory disturbances, the total apnea time, the distribution of the apnea
time within the different apnea types (obstructive and nonobstructive), or the severity of
the nocturnal desaturations [64]. Equivalent to these results are outcomes by Kalam, who
found that nasal surgery alone, even when nasal obstruction is a predominant symptom,
may not be enough to produce a recognizable improvement [65]. These studies suggest
that nasal surgeries are possibly ineffective for OSA since they do not improve events
during polysomnography.

Furthermore, Hisamatsu et al. described a compound nasal surgery (CNS) method-
septoplasty combined with submucosal inferior turbinectomy and posterior nasal neurec-
tomy to assure low nasal resistance during sleep in a total of 45 patients [66]. This surgery
method, therefore, inhibits mucosal swelling and nocturnal nasal resistance under a cholin-
ergic dominant action. Regarding the allergy symptoms, it should be emphasized that
the outcomes showed improvement of these symptoms in patients who had severe and
moderate OSA. Furthermore, it can be concluded that from all nasal surgical procedures,
the CNS method of surgery could be the most helpful in patients with severe and moderate
OSA since it showed the most significant improvements in PSG findings [66].

Regarding polypectomy, Weder et al., in their literature review and case report, con-
cluded that there are only three articles investigating the association of antrochoanal polyps
in children and OSA [67]. In pediatric patients, antrochoanal polyps can be connected to
daytime sleepiness and problems with concentration as OSA symptoms and require further
investigation and more studies.

3.4. Surgeries of the Oropharynx

The oropharynx of some patients with OSA has excessive tissue that tends to be loose
and elongated. Hence, surgery of the oropharynx in the treatment of OSA aims to reduce
that excessive amount of the tissue and further stiffen it. The first upper airway surgery
that was employed as a treatment method for OSA was the surgery of the soft palate [68,69].
Uvulopalatopharyngoplasty (UPPP) was introduced by Fujita et al., and currently, it is, with
or without tonsillectomy, the most commonly implemented surgery for OSA in adults [70].
UPPP increases the upper airway space and alleviates the collapsibility of the pharynx by
partial resection of the uvula and the soft palate. It was also shown that UPPP lowers CPAP
pressure requirements and consequently improves CPAP compliance in some patients [71].
However, studies showed that the success rates after sole UPPP is highly questionable, and
there are several major complications related to UPPP surgery, such as edema of the upper
airway, bleeding, velopharyngeal insufficiency, and nasal regurgitation [72–74]. On the
other hand, it was established that the combination of UPPP and tonsillectomy is a highly
successful surgical treatment for OSA. There are several variations of the UPPP technique
as well as similar methods, such as laser-assisted uvulopalatoplasty and upper airway
radiofrequency treatment [75]. Complications reported with these procedures were pain,
localized edema of the tissues, mucosal sloughing, and oronasal fistulization. Recently, the
results of several studies showed that radiofrequency treatment has significant success in
the reduction of snoring but limited use for treating OSA [76–79]. However, another study
also showed that radiofrequency tissue reduction significantly improves the tolerance and
adherence of severe OSA patients using CPAP [80].

Over time, oropharyngeal surgical methods have advanced from excisional techniques
towards the more preservative remodeling of the oropharynx, particularly targeting the
lateral walls and conducting expansion of the velopharynx space [81]. Among the first of the
aforementioned methods was transpalatal advancement pharyngoplasty (TPA), a technique
introduced by Woodson et al. who intended it for patients who underwent unsuccessful
UPPP and were found to have lasting velopharyngeal collapse [82]. This technique is used
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to widen the retropalatal space by pulling and fixating the soft palate aponeurosis forward.
The results of the meta-analysis by Volner et al. have shown that TPA has significantly
improved the AHI in patients with OSA [83]. Furthermore, Cahali introduced lateral
pharyngoplasty (LP), a technique in which a suture is placed between the palatoglossal
and superior pharyngeal muscle while the latter was previously sectioned in the vertical
direction. This method splits the lateral walls of the pharynx and subsequently alleviates
the collapsibility of the velopharynx and oropharynx. Furthermore, while preventing excess
bleeding and maintaining optimal swallowing function are important when performing
any palatopharyngoplasty, on the other hand, this method was reported with the possibility
of transient dysphagia [84,85].

More recently, Pang and Woodson described the expansion sphincter pharyngoplasty
(ESP), a method that preserves the superior pharyngeal muscle, but the palatopharyngeal
muscle is split and fixated to the pterygoid hamulus [86]. This creates tension in the
lateral walls of the pharynx and consequently treats both the velopharynx and oropharynx
collapse and expands the retropalatal area. ESP is an alternative for patients who are not
eligible for CPAP. Recently, a meta-analysis showed that ESP has great results in treating
OSA and appears to have the lowest complication rates compared to other techniques [87].

Palate suture suspension is a more recent surgical technique for managing OSA which
aims to suspend the soft palate and stabilize the lateral walls of the pharynx by using
sutures for fixation. Up until now, there are several similar techniques described in the
literature, all of them applying sutures for suspension [88–95]. The main aim of these
techniques is pulling the soft palate forward and laterally while also achieving stabilization
of lateral walls by fixing the sutures to firm structures without implementing resection, and
due to this, they are considered less invasive compared to ESP or UPPP [96].

The Pillar implant system is a newer, minimally invasive technique for managing OSA.
There are several variations of this method, but the aim is to induce local stiffness and
prevent soft palate collapse in the state of muscle relaxation during sleep. That is achieved
by the insertion of artificial implants in the soft palate which significantly alleviates snoring
and treats OSA [97]. Disadvantages are foreign body sensation, swallowing difficulties as
well as risk for ulceration and implant extrusion. Zhang et al. have described a method
in which “U-shaped” titanium mesh and titanium screws are used as implants that are
positioned into a soft palate [98]. Its short-term efficacy is good in patients with moderate-
to-severe OSA and velopharyngeal obstruction.

3.5. Genioglossal Advancement

Genioglossal advancement (GA) was first described by Riley et al., and it is indicated
for patients with a narrow lower pharynx [99]. The procedure involves repositioning
the genial tubercle and genioglossus muscle forward, thus enlarging the airway in the
anteroposterior dimension. The osteotomy extends over the mandible to incorporate the
genioglossus attachment while also leaving the dentoalveolar process intact. The main
disadvantages of this procedure were the possibility of mandibular fracture, bony segment
necrosis, and a risk of lower incisor teeth damage, so several variations were proposed
to improve results and reduce complications [100–103]. They include diverse forms of
osteotomies and minor modifications in the transposition of the bony segment. Li et al. pre-
sented an alteration of the procedure making a “window” osteotomy by leaving an inferior
border of the mandible intact, thus reducing the potential of mandibular fractures [104].
Garcia Vega et al. presented a modified GA technique that reduces muscle damage but
is more complicated to perform, especially on smaller mandibles [100]. Nevertheless, the
main aim of the technique is the same, and outcomes have shown significant improvement
in OSA. A recent systematic review by Kezirian et al. reported a surgical success rate of 67%
when undergoing GA as a sole treatment [105]. The recent development of virtual simula-
tion surgeries using 3D technology has helped surgeons to plan more precise osteotomies,
thus minimizing the complications of conventional GA procedures [106].
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3.6. Hyoid Suspension

Forward movement of the hyoid complex can improve the hypopharyngeal airway
due to the excessively low position of the hyoid bone in patients with OSA. Riley et al.
described the original method for hyoid myotomy with suspension, and it involved an
inferior hyoid myotomy of the infrahyoid musculature followed by suspension of the hyoid
to the mandible using fascia lata [107,108]. Due to high morbidity, the technique was later
modified to move the hyoid bone forward inferiorly over the thyroid cartilage which is
known as hyoidthyroidpexia [109]. The goal of this modification is to increase the retrolin-
gual airway space [110]. Most recent alterations of this treatment include using a stainless
steel wire or titanium plates on the thyroid cartilage, thus preventing its damage [111,112].
The use of implantable devices for hyoid expansion was also reported, but no significant
improvements in sleep parameters were noted [113]. Serious postoperative complications
were rarely reported, and the most common ones were dysfunctions of pronunciation
and swallowing [114]. A meta-analysis by Song et al. showed that sole hyoid surgery
can reduce OSA severity in adults [115]. Their outcomes showed a significant decrease
in sleepiness and that AHI was reduced by 38% whereas for hyothyroidopexy, an AHI
reduction of 50.7% was achieved.

3.7. Tongue Base Reduction

Base of tongue (BOT) reduction may be performed through several approaches, such
as radiofrequency, surgery, endoscopy, and transoral robotic surgery (TORS) [116]. Ra-
diofrequency surgery has limited indications and is mostly used in cases of moderate
tongue base hypertrophy [117]. Midline glossectomy (MLG) involves removing parts of
the middle and back of the tongue (usually using a laser) [118]. It is mostly combined with
other surgical procedures, such as UPPP, palatoplasty, palatopharyngoplasty, or epiglot-
tidectomy. Submucosal minimally invasive lingual excision (SMILE) is a technique that
avoids damaging the mouth floor muscles while undergoing excision of excessive tongue
tissue using an endoscope and ultrasound for visualization [119]. A meta-analysis by
Murphey et al. showed improvement in outcomes when glossectomy is a part of multilevel
surgery in adults with OSA [120]. There are not many reports on the effect of glossectomy
as a single treatment, but the study by Suslu et al. showed that coblation MLG is a beneficial
procedure when carried out solely with a success rate of 52% [121]. Moreover, it was shown
that MLG was very successful when implemented solely in patients who failed UPPP.

With the improvement of new technologies, TORS has become a therapeutic alternative
for reducing tongue volume. It is useful due to an endoscope that enables a 3D visualization
of the surgical field and a robotic instrument that is handled to reduce the tongue base
in an area that is usually very difficult to access through classical surgical methods. The
reported complications are bleeding, dehydration, dysphagia, oropharyngeal stenosis,
tongue numbness, and dysgeusia [114,122]. In the study by Friedman et al., a comparison of
the outcomes between TORS, SMILE, and radiofrequency BOT reduction was conducted. It
was shown that TORS in combination with palatopharyngoplasty had a significantly higher
reduction of AHI scores [123]. Hwang et al. compared TORS with an endoscope-guided
coblation BOT reduction and found that there were no significant differences regarding the
outcomes [124]. Moreover, the results of the meta-analysis by Lechien et al. suggest that
TORS BOT reduction is associated with improvements in AHI and ESS irrespective of any
additional procedures performed [125].

3.8. Tongue Base Suspension

The tongue base suspension (TBS) is a minimally invasive surgical technique whose
goal is to reduce the tongue base collapse and enlarge the retrolingual airway [126]. A
standard procedure is carried out using a Repose system (Repose Surgical Kit, CKA Air
Vance, Medtronic, Inc.). Through a submental incision, a screw is placed into the mandible,
and the tongue is stabilized with a suture using a screw as an anchor [127]. Hsin et al.
most recently presented a transoral tongue base suspension (TOTS) method [128]. Its main
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advantage is using an intraoral vestibular incision and no need for screws. Even though
there are modifications of the procedure reported, TBS using a Repose system remains a
gold standard [129]. It was shown that it has a cure rate of 81.8% when combined with
UPPP in patients with multilevel airway obstruction, and it is a good alternative for other
more invasive operative procedures, such as GA or various BOT techniques [130]. The most
commonly reported complications have been sialadenitis, tongue base swelling, infection,
or suture-related problems [131].

3.9. Adenoidectomy and Tonsillectomy

A tonsillectomy is a common surgical treatment used for tonsillar infections and
inflammations or tonsillar malignant diseases. However, studies have shown that there
is an association between the volume and grade of the tonsils with the AHI and the
severity of OSA, but only a few studies have discussed isolated tonsillectomy as a surgical
treatment for treating OSA in adults [132–136]. Still, it is important to highlight that the
outcomes of several studies imply an association between tonsillar hypertrophy and OSA,
and this suggests that tonsillectomy alone is an effective treatment for OSA in adults with
tonsil hypertrophy [133,137]. It is considered a simple procedure with few complications,
such as temporary pain and dysphagia. Several studies showed that a tonsillectomy
considerably reduced the AHI and improved daytime sleepiness and the severity of OSA
in these patients [134,138]. Nevertheless, for the management of OSA, tonsillectomy
is more commonly applied in combination with UPPP [139,140]. Evidence is showing
that the efficacy of UPPP is significantly amplified when joined with a tonsillectomy,
and studies established that it leads to an additional improvement of the AHI, snoring,
and daytime sleepiness [141]. Regarding pediatric OSA, adenotonsillectomy is the first
line of treatment [142]. It is suggested as a safe day-case surgery in carefully selected
patients [143]. The results of most secondary analyses suggest that children who underwent
adenotonsillectomy experienced the greatest improvements in symptom burden, sleepiness,
parent-reported behavior, and quality of life.

3.10. Tracheostomy

A tracheostomy is a procedure that involves creating an opening in the trachea to
bypass the upper airway. It was first introduced as a treatment for OSA in 1969, and
until then, there were no other surgical options for treating OSA [144]. Since patients
with a tracheostomy avoid the whole upper airway, it is the most effective surgical pro-
cedure for treating OSA [145]. However, it was shown that patients with concomitant
cardiopulmonary diseases or chronic obstructive pulmonary diseases may have residual
indispositions [146]. A systematic review by Camacho et al. found that a tracheostomy
substantially reduces the AHI and daytime sleepiness while also improving oxygen desat-
uration index and cardiovascular mortality in patients with OSA [147]. Nevertheless, a
permanent tracheostomy tube requires delicate care, and it restricts daily living activities
and social interaction. Hence, it should be used as a treatment for OSA only in carefully
chosen patients who do not have other surgical options. On the other hand, a temporary tra-
cheostomy can be performed on patients as a preliminary prophylactic measure. Presently,
tracheostomy is mostly retained for patients who are not eligible to use CPAP and/or do
not have a verifiable upper airway abnormality [148,149].

4. Conclusions

There are a lot of surgical methods and modalities for treating OSA, and they all have
advantages and disadvantages. Even though, according to the literature, some surgical
methods seem more successful, on the other hand, due to the fact that the anatomical causes
of OSA are very heterogeneous, every patient should be approached individually, and the
best surgical method should be chosen for his specific needs.

Regarding the possibility that surgical therapy from the OMFS domain could be a
trigger for developing OSA, the literature is still too scarce on this subject, and only lately
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more attention has been drawn to this issue. Nevertheless, the results of several recent
studies are implying that oncology, traumatology, and orthognathic surgery could really
be impacting OSA. Henceforth, further studies, especially systematic reviews, are needed
regarding this important subject.
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Abstract: Background and objective: Obstructive sleep apnea (OSA) can be related to high ghrelin
hormone levels that may encourage additional energy intake. Herein, a new systematic review and
meta-analysis were performed to check the changes in serum/plasma levels of ghrelin in adults with
OSA compared to controls, as well as before compared after continuous positive airway pressure
(CPAP) therapy in adults with OSA. Materials and methods: Four main databases were systematically
and comprehensively searched until 17 October 2022, without any restrictions. For assessing the
quality, we used the Joanna Briggs Institute (JBI) critical appraisal checklist adapted for case–control
studies and the National Institutes of Health (NIH) quality assessment tool for before–after studies.
The effect sizes were extracted by the Review Manager 5.3 software for the blood of ghrelin in
adults with OSA compared with controls, as well as before and after CPAP therapy. Results: Fifteen
articles involving thirteen studies for case–control studies and nine articles for before–after studies
were included. The pooled standardized mean differences were 0.30 (95% confidence interval (CI):
−0.02, 0.61; p = 0.07; I2 = 80%) and 0.10 (95% CI: −0.08, 0.27; p = 0.27; I2 = 42%) for case–control
and before–after studies, respectively. For thirteen case–control studies, nine had moderate and
four high qualities, whereas for nine before–after studies, five had good and four fair qualities.
Based on the trial sequential analysis, more studies are needed to confirm the pooled results of the
analyses of blood ghrelin levels in case–control and before–after studies. In addition, the radial plot
showed outliers for the analysis of case–control studies that they were significant factors for high
heterogeneity. Conclusions: The findings of the present meta-analysis recommended that the blood
levels of ghrelin had no significant difference in the adults with OSA compared with the controls, nor
did they have significant difference in adults with OSA before compared with after CPAP therapy.
The present findings need to be confirmed in additional studies with more cases and higher qualities.
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1. Introduction

Obstructive Sleep Apnea (OSA) is a state determined by repeated episodes of partial
or complete airway obstruction over sleep [1,2]. Apnea–Hypopnea Index (AHI) or the
number of apneas/hypopneas per hour of sleep is the basic metric for identifying OSA that
this is evaluated by Polysomnography (PSG) or other shapes of sleep monitoring [3]. The
overall prevalence of OSA in adults (AHI ≥ 5 events/h) ranged from 9–38% in the public
adult population and was more in men [4]. In addition, the OSA prevalence was calculated
to be 56.0% in patients with type 2 diabetes [5].

Obesity, smoking, alcohol consumption, higher age, and male gender can be the risk
factors for OSA [6]. It has been shown the impact of ethnicity on the prevalence and
severity of OSA that this impact can be related to ethnic differences in adipose tissue
distributions [7]. Apart from the environmental and demographical factors, the studies
reported that genetic [8–11] and blood [12–19] factors could also affect the prevalence or
development of OSA.

Ghrelin (a 28 amino acid hormone or orexigenic neuropeptide involving an n-octanoyl
group on the serine in position 3) [20] is known as an endocrine pathway in controlling
nutrition and energy balance that is secreted by a large number of tissues, but its dominant
source is the gastric mucosa [21,22]. Ghrelin is in both acylated and unacylated forms [23].
Acylated ghrelin is the active shape of ghrelin [24] (acylation is essential for the ghrelin
binding and function [25]) with some metabolic functions such as appetite stimulation, re-
duced insulin secretion from pancreatic, elevated growth hormone secretion, reduced body
energy consumption, and environmental growth and metabolism, especially carbohydrates
and fats [22].

The OSA is related to hormonal features and is illustrated by high levels of ghrelin
and leptin hormones that may provoke additional energy intake [26]. In men with OSA,
energy expenditure relative to body weight reduces with elevating severity of oxygen
desaturation that can contribute to a positive energy balance [27]. The studies [28,29]
reported different results for blood levels of ghrelin in adults with OSA in comparison with
controls. The relationship between OSA and plasma/serum levels of ghrelin is controver-
sial [30]. Obesity [31], cardiovascular diseases [32], diabetes and metabolic syndrome [33],
and hypertention [34] are associated with blood ghrelin levels and on the other hand, OSA
is related to these disorders or diseases [35–37]. Therefore, finding a link between ghrelin
levels with OSA development can be useful for prediction of related diseases with OSA
and possible treatments.

The OSA cases treated by nasal Continuous Positive Airway Pressure (CPAP) re-
quire using CPAP therapy to stop the recurrence of symptoms [38]. The changes in
energy metabolism accrue after CPAP therapy for OSA [39]. The studies [40–42] re-
ported the impact of CPAP therapy on the blood levels of ghrelin in adults with OSA
with different results.

Based on our knowledge of English literature, there was a meta-analysis [30] related
to this subject—searching three databases until 2018—with eight case–control and six
before–after studies. Therefore, a new systematic review and meta-analysis in four main
databases were conducted with more studies (thirteen case–control and nine before–after
studies) and additional analyses than the previous meta-analysis for findings potentially
effective factors on heterogeneity and bias (radial plot analysis, meta-regression, and trial
sequential analysis (TSA)) to check the changes of serum/plasma levels of ghrelin in adults
with OSA compared to controls, as well as before compared after CPAP therapy in adults
with OSA with more details. In addition to a few new studies, the previous meta-analysis
missed several articles before 2018 that could be due of the choices of database or the
searching criteria.

2. Materials and Methods

To design of the present meta-analysis, it was followed the PRISMA-P items [43].
The PECO question [44,45] was: Are blood ghrelin levels different in adults with OSA
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in comparison to controls? (P: human adults with and without OSA, E: OSA disorder,
C: adults with OSA compared to controls; O: and the plasma/serum ghrelin level). The
clinical PICO (Population, Intervention, Comparator, and Outcome) question was: What
is the impact of CPAP therapy on serum/plasma levels of ghrelin in adults with OSA?
(P: human adults with OSA, I: CPAP therapy, C: adults with OSA before and after CPAP
therapy; O: and the plasma/serum ghrelin level).

2.1. Search Strategy

Four databases (PubMed, Web of Science, Scopus, and Cochrane Library) were system-
atically and comprehensively searched until 17 October 2022, without any restrictions by
one reviewer (M.S.). The search terms were as: (“obstructive sleep apnea” or “sleep apnea”
or “OSA” or “obstructive sleep apnea syndrome” or “OSAS” or “obstructive sleep apnea-
hypopnea syndrome” or “OSAHS”) and (“ghrelin”). The citations of all types of articles
linked to the subject and “Google Scholar” were checked to ensure no study was missed.

2.2. Eligibility Criteria

Inclusion criteria: (1) studies including both adults with OSA and controls aged ≥18 years
without any treatment or adults with OSA under CPAP therapy, (2) studies reporting
plasma/serum ghrelin levels in OSA and controls or adults with OSA before and after
CPAP therapy, (3) PSG was applied to diagnose OSA, defined as AHI ≥5 events/h for
adult, (4) adults with OSA did not have other systemic diseases (diabetes mellitus, cardio-
vascular diseases, heart, hepatic, and renal failures, and lung diseases, any malignancy,
and infectious diseases, other sleep disorders), (5) controls did not have OSA or systemic
disease (see the previous criterion), and (6) venous blood was took in the fasting state
on the morning to measure ghrelin. Exclusion criteria: (1) meta-analyses, book chapters,
conference papers, the letter to the editor, commentary, and reviews, (2) studies without
complete data, (3) studies in the absence of a control group or the control group had AHI
was more than 5 events/h, (4) studies including participants aged less than 18 years old,
and (5) studies including adults with OSA with any another disease.

2.3. Data Collection

The data were extracted for any study involved in the meta-analysis by two inde-
pendent reviewers (A.G. and M.S.). The differences between reviewers were resolved by
third reviewer (S.B.). Extracted data were the country and ethnicity of participants, the
first author, the publication year, ghrelin sampling, the sample size of adults with OSA and
controls, quality or quality score, means BMI, age, and AHI the groups, follow-up duration
of CPAP therapy, mean AHI before and after CPAP therapy, and mean of blood levels of
ghrelin in all groups.

2.4. Quality Assessment

For assessing the quality, we used the Joanna Briggs Institute (JBI) critical appraisal
checklist adapted for case–control studies including ten questions or ten scores as Low:
1–4 scores, Moderate: 5–7 scores, High: 8–10 scores [46] and the National Institutes of
Health (NIH) quality assessment tool for before–after studies with twelve question or
twelve scores as Good: 9–12 scores, Fair: 5–8 scores, Poor: 1–4 scores [47] (See Supplemen-
tary File S1). The quality score were performed by two independent reviewers (M.M.I. and
M.S.). The differences between reviewers were resolved by third reviewer (M.K.C.).

2.5. Statistical Analyses

The Review Manager 5.3 (RevMan 5.3) software was applied to extract the effect sizes
(standardized mean difference (SMD) and 95% confidence interval (CI)) of blood levels of
ghrelin amongst adults with OSA and controls, as well as before and after CPAP therapy
by one reviewer (M.S.). The p-value (2-sided) of less than 0.05 was considered a significant
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value. A Pheterogeneity < 0.1(I2 > 50%) reported a significant heterogeneity that in this state,
a random-effects model [48], otherwise, a fixed-effect model [49] was used.

The subgroup and random-effect meta-regression analyses were done based on several
variables and evaluating the stability of initial pooled SMDs, both “one-study-removed”
and “cumulative” analyses as sensitivity analyses were utilized.

The Begg’s funnel plot by Begg’s test was applied to test potential publication bias [50]
and the Egger’s test to report degree of asymmetry [51] that the p-values of both tests
and the data for sensitivity analyses were extracted by the Comprehensive Meta-Analysis
version 2.0 (CMA 2.0) software and a p-value (2-sided) less than 0.10 recommended the
existence of the publication bias.

To report the potential random error (false-positive and -negative results) in meta-
analysis [52], trial sequential analysis (TSA) was accomplished using TSA software (version
0.9.5.10 beta) [53]. The futility threshold can show a no-impact result before attaining the
information size. An α-risk of 5%, a β-risk of 20%, and a 2-sided border type reporting the
mean difference and variance were based on empirical assumptions created automatically
by the software, were used to calculate the required information size (RIS). If the Z-curve
reached the RIS line, enough participants were included in the studies and the conclusion
was trustworthy or crossed the borderlines the results could be robust. Differently, the
volume of information was not large enough and more evidence was needed.

The effect sizes for the studies including the required data just on a graph were
extracted from the graph utilizing GetData Graph Digitizer 2.26 software.

3. Results
3.1. Search Strategy

To search in the databases, 362 records were identified and after deleting duplicates
and irrelevant records, 28 full-text articles were evaluated (Figure 1). Then, 13 articles were
excluded with reasons (one was a meta-analysis, three were reviews, two did not report
a control group or adults with OSA under CPAP therapy, two had no relevant data, two
included a control group with AHI >5 events/h, one reported geometrical data, and two
were reported in children). At last, 15 articles involving 13 studies for case–control studies
and 9 articles for before–after studies were included. All studies reported total ghrelin
levels except one study [42] that reported acylated ghrelin.

3.2. Characteristics of the Studies

Based on fifteen articles [28,29,39–42,54–62], Tables 1 and 2 display the characteristics
of the case–control and before–after studies in the analysis, respectively. With regard to
thirteen case–control studies, nine studies were reported in Caucasians, three in Asians,
and one in a population with mixed ethnicity, whereas in nine before–after studies, four in
Caucasians, four in Asians, and one in a population with mixed ethnicity. In case–control
studies, seven studies reported plasma levels of ghrelin and six serum levels, whereas in
before–after studies, six plasma levels and three serum levels. Data of other variables such
as sample size, mean BMI, mean age, mean AHI, and follow-up duration are reported
in Tables 1 and 2.

3.3. Pooled Analyses

Figures 2 and 3 show the forest plot analyses of blood ghrelin levels in adults with OSA
in comparison to controls and adults with OSA before and after CPAP therapy, respectively.
The pooled SMDs were 0.30 (95% CI: −0.02, 0.61; p = 0.07; I2 = 80%) and 0.10 (95% CI: −0.08,
0.27; p = 0.27; I2 = 42%) in case–control and before–after studies, respectively. Therefore, the
results recommended that there were no significant differences between adults with OSA
and controls, moreover between adults with OSA before and after CPAP therapy (there
was no effect of CPAP therapy on OSA).
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quality assessment tool for before–after studies, respectively. The questions of the JBI crit-
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Figure 2. Forest plot analysis of serum/plasma ghrelin levels in adults with obstructive sleep
apnea versus controls. The diamond at the bottom of the forest plot represents the result when all
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marked with i and ii.
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Figure 3. Forest plot analysis of serum/plasma ghrelin levels in adults with obstructive sleep apnea
before and after continuous positive airways pressure therapy. The diamond at the bottom of the
forest plot represents the result when all the individual studies are combined together and averaged.
Names of studies are shown on the left, std. mean differences (green boxes) and confidence intervals
(horizontal lines) on the right. The left column shows the first author’s names and publication years
of studies for six articles [39–42,59,62] included in the analysis. three articles [39,40,59] included two
independent studies each one marked with i and ii or iii and iv.

3.4. Quality Scores

Tables 3 and 4 show JBI critical appraisal checklist for case–control studies and NIH
quality assessment tool for before–after studies, respectively. The questions of the JBI
critical appraisal checklist and the NIH quality assessment tool have been reported in the
Supplementary File S1. Of thirteen case–control studies, nine had moderate and four had
high qualities. Of nine before–after studies, five had good and four had fair qualities.
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Table 3. The Joanna Briggs Institute (JBI) critical appraisal checklist for case–control studies.

First Author,
Publication Year

The Joanna Briggs Institute (JBI) Critical Appraisal Checklist Quality (Total
Quality Score)

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

De Santis, 2015 [40] No Yes Yes Yes Yes No No Yes Yes Yes Moderate (7)

Liu, 2014 [57] No Yes Yes Yes Yes No No Yes Yes Yes Moderate (7)

Ciftci, 2005 [55] No Yes No Yes Yes No No Yes Yes Yes Moderate (6)

Yang, 2013 [61] Yes Yes Yes Yes Yes No No Yes Yes Yes High (8)

Zhang, 2018 [29] Yes Yes Yes Yes Yes No No Yes Yes Yes High (8)

Sánchez-de-la-Torre,
2012 (i) [59] No No Yes Yes Yes No No Yes Yes Yes Moderate (6)

Sánchez-de-la-Torre,
2012 (ii) [59] No No Yes Yes Yes No No Yes Yes Yes Moderate (6)

Papaioannou, 2011 [58] Yes Yes Yes Yes Yes No No Yes Yes Yes High (8)

Öztürk, 2022 [28] No No Yes Yes Yes No No Yes Yes Yes Moderate (6)

Bİçer, 2021 [54] Yes No Yes Yes Yes No No Yes Yes Yes Moderate (7)

Ursavas, 2010 [60] No Yes Yes Yes Yes No No Yes Yes Yes Moderate (7)

Gharraf, 2019 [56] No No Yes Yes Yes No No Yes Yes Yes Moderate (6)

Garbuio, 2009 [41] Yes Yes Yes Yes Yes No No Yes Yes Yes High (8)

Low: 1–4 scores, Moderate: 5–7 scores, High: 8–10 scores.

Table 4. The National Institutes of Health (NIH) quality assessment tool for before–after studies.

First Author,
Publication Year

The National Institutes of Health (NIH) Quality Assessment Tool Quality (Total
Quality Score)Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12

Tachikawa, 2016 (i) [39] Yes Yes NR Yes Yes Yes Yes NR Yes Yes Yes No Good (9)

Tachikawa, 2016 (ii) [39] Yes Yes NR Yes Yes Yes Yes NR Yes Yes Yes No Good (9)

Takahashi, 2008 [42] Yes Yes NR Yes No Yes Yes NR Yes Yes Yes No Fair (8)

Yang, 2013 [62] Yes Yes NR Yes No Yes Yes NR Yes Yes Yes No Fair (8)

Sánchez-de-la-Torre,
2012 (iii) [59] Yes Yes Yes Yes No Yes Yes NR Yes Yes Yes No Good (9)

Sánchez-de-la-Torre,
2012 (iv) [59] Yes Yes Yes Yes No Yes Yes NR Yes Yes Yes No Good (9)

Garbuio, 2009 [41] Yes Yes Yes Yes No Yes Yes NR Yes Yes Yes No Good (9)

De Santis, 2015 (i) [40] Yes Yes NR Yes No Yes No NR Yes No Yes No Fair (6)

De Santis, 2015 (ii) [40] Yes Yes NR Yes No Yes No NR Yes No Yes No Fair (6)

Good: 9–12 scores, Fair: 5–8 scores, Poor: 1–4 scores. NR = not reported.

3.5. Subgroup Analyses

Tables 5 and 6 report the subgroup analyses (for finding probably effective factors for
heterogeneity) for the case–control and before–after studies, respectively. The subgroup
analysis based on ethnicity, blood sample, sample size, mean BMI of adults and mean age
of adults with OSA and controls, mean AHI of adults with OSA, and quality as important
factors in adults with OSA and also checked factors in most studies were checked for
case–control studies. The results showed that blood sample, sample size, mean age of
adults with OSA, and quality were effective factors for the pooled analysis of the blood
levels of ghrelin in adults with OSA in comparison to controls, as well as heterogeneity
across the studies. In addition, the subgroup analyses based on ethnicity, blood sample,
sample size, mean BMI, mean age, mean AHI of adults with OSA before treatment, and
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quality were checked for before–after studies. The results showed that just mean AHI
before treatment was an effective factor for the poled analysis of blood levels of ghrelin in
adults with OSA before in comparison to after CPAP therapy.

Table 5. Subgroup analysis of the correlation between blood levels of ghrelin and several variables in
the case–control studies in the meta-analysis.

Variable Subgroup (N) SMD
95% CI

p-Value I2, % Pheterogeneity
Min. Max.

Ethnicity

Caucasian (9) 0.32 −0.06 0.70 0.90 80 <0.00001

Asian (3) 0.06 −0.55 0.66 0.85 76 0.02

Sample

Serum (6) 0.56 0.09 1.03 0.02 79 0.0003

Plasma (7) 0.03 −0.15 0.22 0.73 36 0.15

Sample size

≥100 (3) 0.32 −0.67 1.30 0.53 96 <0.00001

<100 (10) 0.28 0.08 0.47 0.005 0 0.58

Mean BMI of adults with
OSA, kg/m2

≥30 (8) 0.19 0.00 0.38 0.05 0 0.54

<30 (5) 0.36 −0.35 1.08 0.32 91 <0.00001

Mean BMI of
controls, kg/m2

≥30 (6) 0.20 −0.02 0.41 0.07 16 0.31

<30 (7) 0.31 −0.23 0.86 0.26 88 <0.00001

Mean age of adults with
OSA, year

≥45 (7) 0.88 −0.26 0.86 0.30 88 <0.00001

<45 (5) 0.22 0.00 0.44 0.05 22 0.27

Mean age of adults with
OSA, year

≥45 (3) 0.02 −0.65 0.69 0.95 76 0.02

<45 (9) 0.42 0.04 0.79 0.03 79 <0.00001

Mean AHI of adults with
OSA, events/h

≥40 (7) 0.22 −0.02 0.45 0.07 0 0.50

<40 (5) 0.41 −0.29 1.11 0.25 91 <0.00001

Quality

Moderate (9) 0.25 −0.16 0.67 0.23 85 <0.00001

High (4) 0.36 0.04 0.68 0.03 34 0.21

SMD: Standardized mean difference. CI: Confidence interval. BMI: Body mass index. AHI: Apnea–hypopnea
index. N: number of studies. Bold number means statistically significant (p < 0.05).
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Table 6. Subgroup analysis of the correlation between blood levels of ghrelin and several variables in
the studies reporting before and after continuous positive airways pressure (CPAP) therapy in the
meta-analysis.

Variable Subgroup (N) SMD
95% CI

p-Value I2, % Pheterogeneity
Min. Max.

Ethnicity

Caucasian (4) −0.13 −0.47 0.20 0.43 50 0.11

Asian (4) 0.15 −0.07 0.36 0.18 0 0.42

Sample

Serum (3) −0.15 −1.25 0.95 0.80 80 0.007

Plasma (6) 0.13 −0.06 0.31 0.19 0 0.66

Sample size

≥20 (6) 0.13 −0.06 0.31 0.19 0 0.66

<20 (3) −0.15 −1.25 0.95 0.80 80 0.007

Mean BMI, kg/m2

≥30 (2) 0.33 −0.52 1.17 0.45 65 0.09

<30 (5) 0.15 −0.05 0.34 0.15 0 0.59

Mean age, year

≥45 (5) 0.12 −0.08 0.32 0.24 0 0.52

<45 (2) 0.34 − 0.10 0.78 0.13 44 0.18

Mean AHI before treatment,
events/h

≥40 (5) 0.09 −0.11 0.30 0.37 0 0.48

<40 (2) 0.46 0.03 0.89 0.04 0 0.86

Follow-up duration, month

≥3 (6) 0.09 −0.29 0.47 0.63 59 0.03

<3 (3) 0.09 −0.20 0.37 0.55 0 0.46

Quality

Good (5) 0.09 −0.11 0.30 0.37 0 0.48

Fair (4) −0.02 −0.70 0.65 0.94 71 0.02

SMD: Standardized mean difference. CI: Confidence interval. BMI: Body mass index. AHI: Apnea–hypopnea
index. N: number of studies. Bold number means statistically significant (p < 0.05). OSA: Obstructive sleep apnea.

3.6. Meta-Regression Analyses

Tables 7 and 8 include the data of the meta-regression analyses for the case–control and
before–after studies, respectively. The results represented that publication year, sample size,
mean AHI of adults with OSA, and quality were confounding factors for the blood levels
of ghrelin in adults with OSA versus controls (increasing publication year and sample size,
the level of ghrelin significantly increased, but increasing mean AHI of adults with OSA
and quality score, the level of ghrelin significantly decreased. Among the factors checked in
before–after studies, there was no confounding factor. Therefore, publication year, sample
size, mean AHI of adults with OSA, and quality can affect the ghrelin levels and these
factors can be probably effective factors for heterogeneity across the studies.
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Table 7. Meta-regression analysis of the correlation between blood levels of ghrelin and several
variables in the case–control studies in the meta-analysis.

Variable Point
Estimate

Standard
Error

Lower
Limit

Upper
Limit Z-Value p-Value

Publication year 0.04139 0.01348 0.01497 0.06780 3.07068 0.00214

Sample size 0.00524 0.00100 0.00327 0.00721 5.22125 <0.00001

Mean BMI of adults
with OSA −0.00468 0.00894 −0.02221 0.01284 −0.52393 0.60033

Mean BMI of controls 0.01264 0.01316 −0.01316 0.03844 0.96033 0.33689

Mean age of adults
with OSA 0.01202 0.00886 −0.00534 0.02938 1.35746 0.17463

Mean age of controls 0.01017 0.00863 −0.00674 0.02708 1.17857 0.23850

Mean AHI of adults
with OSA −0.01818 0.00795 −0.03375 −0.00260 −2.28733 0.02218

Quality score −0.31009 0.09887 −0.50387 −0.11630 −3.13616 0.00171
BMI: Body mass index. AHI: Apnea–hypopnea index. Bold number means statistically significant (p < 0.05).

Table 8. Meta-regression analysis of the correlation between blood levels of ghrelin and several
variables in the studies reporting before and after continuous positive airways pressure (CPAP)
therapy in the meta-analysis.

Variable Point
Estimate

Standard
Error

Lower
Limit

Upper
Limit Z-Value p-Value

Publication year −0.05749 0.03383 −0.12379 0.00881 −1.69959 0.08921

Sample size −0.00738 0.00456 −0.01631 0.00155 −1.61907 0.10543

Mean BMI 0.01806 0.03137 −0.04342 0.07954 0.57583 0.56473

Mean age −0.00853 0.00883 −0.02583 0.00877 −0.96615 0.33397

Mean AHI before
treatment −0.02764 0.01775 −0.06242 0.00714 −1.55739 0.00938

Quality score 0.15786 0.10484 −0.04763 0.36334 1.50569 0.13215
AHI: Apnea–hypopnea index. BMI: Body mass index.

3.7. Radial Plots

Figure 4 identifies the radial plots for the case–control and before–after studies, re-
spectively. The radial plot confirmed the high heterogeneity between the case–control
studies. Two studies [28,57] were outliers and removing these studies as a sensitivity
analysis, there was a lack of heterogeneity. Therefore, outliers are a significant effective
factor for high heterogeneity between the studies. The radial plot confirmed that there was
no heterogeneity due to outliers for before–after studies.

3.8. Sensitivity Analyses

The sensitivity analyses reported stability of the pooled results for both case–control
and before–after studies. There were two outliers [28,57] for the case–control studies that
removed them, pooled SMD became 0.22 (95% CI: 0.05, 0.39; p = 0.010; I2 = 0%). The result
showed a significantly high level of ghrelin in adults with OSA vs. controls.

3.9. Trial Sequential Analyses (TSAs)

Figure 5 shows TSAs for the case–control and before–after studies. The result of TSA
showed that the cumulative Z-curve crossed both the conventional boundary and the trial
sequential monitoring boundary, which recommended that the result of the analysis of
blood ghrelin level in adults with OSA vs. controls is robust with 1009 cases. Although
the actual sample size did not exceed the RIS of 1280 cases, therefore definite result could
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not be obtained for this analysis, and more studies with sufficient evidence are needed.
The results did not confirm the sufficient cases and evidence for the pooled analyses of the
blood levels of ghrelin in before–after studies. Because Z-curve did not cross the RIS line or
monitored the boundaries in the analysis of before–after studies. Therefore, more studies
with sufficient evidence are needed in the future to confirm this result of the analysis of
blood ghrelin levels before compared with after CPAP therapy in adults with OSA.
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Figure 4. Radial plots of serum/plasma ghrelin levels. (A) Adults with obstructive sleep apnea
vs. controls. (B) Before and after continuous positive airways pressure therapy in adults with
OSA. Each number shows one study that the studies with related numbers are represented in right
side. Each number in up and right shows one study that (A) shows thirteen studies from twelve
articles [28,29,40,41,54–61] and (B) ahows nine studies from six articles [39–42,59,62]. The articles
with two independent studies [39,40,59] have marked with i and ii or iii and iv.
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Figure 5. Trial sequential analysis of serum/plasma ghrelin levels. (A) Adults with obstructive sleep
apnea compared to controls (D2 = 98%). (B) Before and after continuous positive airways pressure
therapy (D2 = 81%) in adults with OSA. The red horizontal lines show monitoring boundaries for
benefit (upper line), monitoring boundaries for harm (lower line), and futility boundaries (middle
lines). The red vertical line is related to the required sample size.

3.10. Publication Bias

Figure 6 represents the funnel plots of serum/plasma ghrelin levels in both case–
control and before–after studies. The results display no publication bias among case–control
(p-values: Egger’s = 0.357 and Begg’s = 0.714) and before–after (p-values: Egger’s = 0.891
and Begg’s = 0.834) studies.
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Figure 6. Funnel plots of serum/plasma ghrelin levels. (A) Adults with obstructive sleep apnea
compared to controls. (B) Before and after continuous positive airways pressure therapy in adults
with OSA. SMD: Standardized mean difference. SE: Standard error. Circles represent individual
studies. The diagonal dashed lines represent the pseudo 95% confidence intervals around the pooled
SMD for each standard error of the ordinate vertical axis values. The vertical dashed line represents
the pooled SMD.

4. Discussion

The relationship between OSA and plasma/serum ghrelin levels and the effect of
CPAP therapy on ghrelin levels have remained controversial [30]. The main results of
the present meta-analysis recommended that the serum/plasma levels of ghrelin had no
significant difference in the adults with OSA compared to the controls, moreover in adults
with OSA before compared to after CPAP therapy. Removing outliers, the serum/plasma
levels of ghrelin were significantly higher in the adults with OSA compared to the controls.
Two analyses included low sample sizes based on TSA results. Blood sample, sample size,
quality scores, means age, and AHI of adults with OSA were effective factors in case–control
studies, and the mean AHI of adults with OSA before CPAP therapy in before–after studies.
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Therefore, the present findings require to be confirmed in additional studies with more
cases and higher qualities.

Among thirteen case–control studies, three studies [28,41,61] showed a significantly
high level of ghrelin, whereas other studies did not find any significant difference between
in adults with OSA versus controls. Among all before–after studies in the present meta-
analysis, the CPAP therapy had a significant defect in increasing [40] and decreasing [41]
the blood levels of ghrelin, but other studies did not find any effect of CPAP on the levels
of ghrelin in adults with OSA.

A systematic review recommended the positive impact of older age, male gender, and
higher BMI on OSA prevalence [4]. Research showed that plasma ghrelin decreased in
obese people and increased in lean people [63]. Ciftci et al. [55] revealed that serum ghrelin
level has a positive correlation with BMI and AHI. Other studies confirmed the positive
correlation of serum ghrelin levels with BMI [40] and AHI [60]. However, a number of
studies did not confirm the correlation of serum ghrelin level with BMI [56] and AHI [40,56].
Whatever the present meta-analysis showed the correlation of AHI and age with blood
ghrelin levels in adults with OSA, but it did not find any significant correlation between
blood levels of ghrelin and BMI.

One study [28] reported a significant association between serum ghrelin levels and the
severity of OSA as serum level of ghrelin was significantly higher in adults with severe
OSA vs. moderate OSA and moderate OSA compared to mild OSA. Unfortunately, most
studies did not report the blood levels of ghrelin based on OSA severity and therefore we
could not analyze the association between the blood ghrelin levels and the severity of OSA.
The researchers need to perform this analysis among adults with OSA in their original
articles in the future. In addition, results of this current meta-analysis were in line with the
previously published meta-analysis [30].

There were three significant limitations during the meta-analysis design. (1) A low
number of participants in the studies and low included studies in each analysis. (2) Less
number of studies had high quality. (3) High heterogeneity among case–control studies.
In contrast, there were two important strengths. (1) The stability of results. (2) A lack of
publication bias across the studies.

5. Conclusions

The present meta-analysis recommended that the blood levels of ghrelin had no
significant difference in the adults with OSA vs. the controls, moreover in adults with
OSA before vs. after CPAP therapy. Notwithstanding the low number of individuals in the
analyses, the study reported that blood sample, sample size, quality scores, mean age, and
mean AHI of adults with OSA were effective factors in case–control studies, and mean AHI
of adults with OSA before CPAP therapy in before–after studies. Therefore, the present
findings require to be accepted in additional studies with more cases and higher qualities.
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Abstract: In this study, we aimed to observe the effects of positive airway pressure (PAP) on individual
levels of obstruction during drug-induced sleep endoscopy (DISE) of the upper airways (UA), to
evaluate at which pressures the obstruction disappeared or worsened, and to identify cases in
which PAP was ineffective. This prospective study was conducted from June 2018 to June 2022.
PAP testing was performed during DISE in patients with moderate and severe OSA. The pressure
was gradually increased over the range from 6.0 to 18.0 hPa. Our findings were evaluated using
the VOTE classification. The examination was performed in 56 patients, with a median apnea–
hypopnea index (AHI) of 26.4. Complete obstruction of the soft palate was observed in 51/56 patients
(91%), oropharyngeal obstruction in 15/56 patients (27%), tongue base obstruction in 23/56 patients
(41%), and epiglottic collapse in 16/56 patients (29%). PAP was most effective in cases of complete
oropharyngeal obstruction, and least effective in cases of epiglottic collapse, where it was ineffective
in 11/16 patients. DISE with PAP is a simple diagnostic method that can be helpful for identifying
anatomic and dynamic reasons for PAP intolerance. The main indication is ineffective PAP treatment.

Keywords: obstructive sleep apnea; drug-induced sleep endoscopy; positive airway pressure

1. Introduction

For adults with moderate and severe obstructive sleep apnea (OSA), treatment with
positive airway pressure (PAP) is currently considered the “gold standard” [1,2]. Despite this
consensus, some of the patients show poor compliance for a variety of reasons—including psy-
chological reasons, allergic contact dermatitis to the mask material, latex allergy, anatomical
abnormalities, rhinitis, etc. Additionally, PAP is ineffective in some patients, or works only
at intolerably high pressures [3,4]. These patients are then exposed to the risks associated
with untreated OSA, which can be life-threatening. In addition, it is assumed that the
application of PAP affects all areas of the upper respiratory tract equally, regardless of the
individual characteristics of the patient. Therefore, factors such as the location and range of
obstruction may often be ignored [4,5].

Drug-induced sleep endoscopy (DISE) is currently the main diagnostic method for
identifying sites of obstruction in patients with OSA [6,7]. Since it is mainly performed
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before planned surgical treatment [7,8], the majority of PAP-treated OSA patients do not
undergo DISE [4,5].

PAP performed during DISE is a new combination of diagnostic methods that allows
the direct visualization and evaluation of how PAP affects individual collapsing areas of
the airway. This method can provide a better understanding how PAP actually works, and
possibly predict a good response to and compliance with future PAP treatment [4,5,9–11].

A limited number of studies have dealt with this issue. According to the preliminary
results of these studies, it appears that overpressure ventilation is more effective in cases of
obstruction of the soft palate and oropharynx compared to obstructions of the base of the
tongue or cases of epiglottic collapse. These results logically suggest that for certain sites of
obstruction, surgical treatment might be more appropriate compared to PAP, regardless of
factors such as AHI, BMI, etc. [5,10,11].

In the present study, we aimed to observe the effects of PAP on individual levels of
airways obstruction during DISE, to evaluate the reaction of obstruction upon overpressure,
and to identify cases in which PAP is ineffective.

2. Materials and Methods

This prospective study was performed in accordance with the Declaration of Helsinki
and the requirements of Good Clinical Practice, and was approved by the Ethics Committee
of the University Hospital Ostrava (identifier: 360/2021). The study was registered in
ClinicalTrials under the number NCT02855515. Written informed consent was obtained
from each patient before any procedure was initiated.

2.1. Study Design and Patients

This prospective study was performed at the tertiary referral center University Hos-
pital Ostrava from June 2018 to June 2022. We consecutively enrolled adult patients with
moderate or severe OSA with an apnea–hypopnea index (AHI) of ≥15 episodes/hour. Pa-
tients were excluded if they had major comorbidities representing excessive risk for general
anesthesia (decompensation phase)—cardiac, liver, or kidney disease, cancer; craniofacial
malformations; neurological pathologies; if they were pregnant; or if they did not agree to
be included in the study.

Sixty-four consecutive patients were included in the study; eight patients were ex-
cluded and examination was performed in fifty-six patients.

2.2. Clinical Evaluation

Patients were evaluated by collection of a comprehensive history that covered sleep
habits and disturbances. As a subjective measure of a patient’s sleepiness, the Epworth
sleepiness scale (ESS) was used. Clinical evaluation included a complete head and neck
examination. The upper airways and digestive tract were examined using a flexible videoen-
doscope with a 3.5 mm diameter (Olympus, Tokyo, Japan).

2.3. Drug-Induced Sleep Endoscopy

Sleep endoscopy was performed in the operating room. Intramuscular administration
of Dormicum (midazolam) 5 mg and atropine 0.5 mg was performed 30 min before the
sleep endoscopy. Subsequently, the patient was induced to sleep with intravenous propofol
(an initial 1 mg/kg bolus, followed by 20–30 mg every 3–5 min). The depth of anesthesia
was measured using the bispectral index. Vital signs were monitored. Sleep endoscopy
was performed using a flexible videoendoscope with a diameter of 3.5 mm (Olympus,
Tokyo, Japan). The examination length was 15–20 min. The results were evaluated using
the Kezirian VOTE classification, for which obstruction is evaluated in the four localities of
the upper airways [12].
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2.4. Positive Airway Pressure Titration during the Sleep Endoscopy

Titration was performed using the BiPAP A40 (Philips Respironics, Florida, USA) in
PAP mode. PAP titration was performed immediately after DISE. An appropriately sized
overpressure ventilation mask (Respironics PerforMax Full-face mask; Philips Respiron-
ics, Florida, USA) was applied to the patient’s face. A special connecting valve (Philips
Respironics, Florida, USA) was inserted between the mask and the device hose, through
which a flexible endoscope was inserted into the nasopharynx and upper airways (Figure 1).
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Figure 1. Drug-induced sleep endoscopy (DISE) with simultaneous positive airway pressure (PAP);
external view.

Sleep endoscopy was then performed under overpressure ventilation. The examina-
tion started at a pressure of 6.0 hPa. The pressure on the PAP was gradually elevated (in
the range of 6.0, 8.0, 10.0, 12.0, 14.0, and 18.0 hPa (Figure 2). The efficiency of treatment was
visually assessed, with simultaneous monitoring of the blood oxygen saturation. At each
tested PAP pressure, the VOTE classification was used for evaluation [12].
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We compared the findings among the examined patients. Notably, we observed which
areas of the upper airways responded better to PAP treatment and in which areas PAP had
worse effects.
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2.5. Statistical Analysis

Numerical variables were presented as the median and interquartile range (IQR).
Categorical variables were presented as absolute and relative frequencies (%). The chi-
square test for equality of proportions was used for the comparison of the effect of PAP.
The significance level was set to 0.05 and all statistical analyses were performed using R
software (version 4.2.1).

3. Results
3.1. Patients Characteristics

This study included a total of 56 patients (9 women, 47 men) aged 22–59 years. The
median AHI was 26.4, and median BMI was 29.2 kg/m2 (Table 1). During DISE, complete
obstruction was observed in the soft palate region in 51/56 patients (91%), in the oropharynx
in 15/56 patients (27%), in the tongue base in 23/56 patients (41%), and due to the epiglottis
(epiglottic collapse) in 16/56 patients (29%) (Table 2).

Table 1. Demographic data, entrance limited polygraphy, and ENT examination while conscious.

Median (IQR) or n (%)

Age, years 46.0 (39; 55)
BMI, kg/m2 29.2 (27.4; 31.3)

AHI 26.4 (18.9; 31.8)
T90, % 2.3 (0.6; 9.1)

Soft palate obstruction 53 (94.6)
Oropharynx obstruction 13 (23.2)
Tongue base obstruction 39 (69.6)

Epiglottic pathology —

Mallampati
I 2 (3.6)
II 10 (17.9)
III 30 (53.6)
IV 14 (25.0)

Friedman
0 4 (7.1)
1 28 (50.0)
2 22 (39.3)
3 2 (3.6)

The values represent the median and interquartile range (IQR) or absolute and relative frequencies (%). AHI =
apnea–hypopnea index; T90 = time under SaO2 < 90%.

Table 2. Degree and type of obstruction and analysis of the overall improvement with PAP.

Soft Palate Oropharynx Tongue Base Epiglottis p

Obstruction—degree
Complete 51 (91.1) 15 (26.8) 23 (41.1) 16 (28.6)

Partial 4 (7.1) 27 (48.2) 17 (30.4) 5 (8.9)
No 1 (1.8) 14 (25.0) 16 (28.6) 35 (62.5)

Obstruction—type
Concentric 33 (58.9) — — —

Laterolateral 2 (3.6) 42 (75.0) — 2 (3.6)
Anteroposterior 20 (35.7) — 40 (71.4) 19 (33.9)

No 1 (1.8) 14 (25.0) 16 (28.6) 35 (62.5)

Improvement 38/51 (74.5) 15/15 (100.0) 20/23 (87.0) 5/16 (31.3) <0.001
The numbers represent absolute frequencies and relative frequencies (%). The p value was obtained using the
chi-square test for equality of proportions.
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3.2. Effect of PAP

PAP was most effective in complete oropharyngeal obstruction, where we observed
improvement in all 15 (100%) obstructions. PAP was least effective in epiglottic collapse,
with improvement observed in only 5/16 cases with obstruction due to the epiglottis. PAP
was ineffective in the remaining 11/16 cases with epiglottic collapse (Table 2).

Single-level obstruction was detected in 3/56 patients (5%), and multilevel obstruction
(two or more regions) in 53/56 patients (95%). Obstruction was observed at three sites in
25/56 patients (45%), and at all four locations in 11/56 patients (20%).

Within the area of the soft palate, we observed all three types of obstruction (Table 2).
Among the 20 patients with anteroposterior obstruction, 16 (80%) exhibited a median
opening pressure of 10 hPa, while PAP had no effect on the remaining 4 (20%). Among the
33 patients with concentric obstruction, 21 (64%) exhibited a median opening pressure of
10 hPa, while PAP was ineffective in the remaining 12 (36%) (p = 0.343) (Figure 3, Table 3).
In two patients with concentric obstruction, the application of higher pressure (10.0 hPa)
resulted in a change of the obstruction to the anteroposterior configuration. Moreover, at a
pressure of 12.0 hPa, these patients no longer had obstruction in this area.
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Figure 3. Analysis of the association between concentric and anteroposterior obstruction of the soft
palate and the pressure at which improvement occurred.

Table 3. Median opening pressure in individual areas, and analysis of the inefficiency of the PAP.

Level of Obstruction Type of Obstruction Median Opening
Pressure (hPa)

Ineffectiveness of
PAP (% Patients)

Soft palate
Anteroposterior 10 20.0

Concentric 10 36.4

Oropharynx Laterolateral 12 0.0

Tongue base Anteroposterior 12 13.0

Epiglottis Anteroposterior
(collapse) 14 68.8

PAP yielded improvement in all 15 patients (100%) with complete oropharyngeal
obstruction; the median opening pressure was 12 hPa. Among the 23 patients with complete
obstruction in the region of the base of the tongue, PAP was effective in 20 patients, and
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the median opening pressure was 12 hPa; in the remaining 3 patients, PAP had no effect
at all, even with the highest tested pressure of 18.0 hPa. Among the 16 patients with
epiglottic collapse, simultaneous PAP yielded improvement in 5 (31%), with a median
opening pressure of 14 hPa. In the remaining 11 patients, PAP was ineffective, and resulted
in the epiglottis being pushed even more strongly against the back wall of the pharynx,
which was clinically correlated with persistence of apnea and simultaneous drop in SpO2.
Figure 4 and Table 3 summarize the results regarding the mean opening pressure required
to overcome obstructions in the individual upper airway regions.
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3.3. Ineffectiveness of PAP

PAP was ineffective in 45% cases of complete soft palate obstruction, in 13% cases of
complete tongue base obstruction, and in 69% cases of complete epiglottic collapse.

4. Discussion

DISE was first described in 1991 [13,14]. Since then, it has gradually become the most
widely used method for upper airway examination while sleeping [8,15]. DISE is currently
the main diagnostic method for determining the location of upper airways obstruction,
and these findings can help with treatment optimization [6–8,16–19]. DISE is based on the
assumption that the upper airway configuration differs when a person is awake versus
sleeping, which has been proven by many authors [7,8,13,15]. DISE is mainly indicated in
patients under consideration for surgical treatment of OSA [7,8]; it is also performed in
patients who have either failed or are noncompliant with PAP therapy [20]. Over recent
years, it has been demonstrated that DISE can be effectively used simultaneously with a
PAP device, where optical control enables the direct monitoring of the effect of PAP [4,5].
However, only a limited number of studies have examined the importance of DISE in the
current use of PAP [5,10,11].
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PAP, which is considered a treatment of choice for patients suffering from moderate to
severe OSA, is not easily accepted. Many diverse factors may cumulate leading to patients’
failure to initiate PAP or non-compliance [21]. There are numerous factors that may affect
adherence to PAP treatment. For instance, several demographic and clinical variables, e.g.,
age, sex, BMI (body mass index), race, AHI, ESS score, and the presence of comorbidities,
were shown to have an effect on compliance [22]. However, there are few studies that deal
with the effect of PAP on individual locations of the upper airways. Too high an excess
pressure, which in some cases is necessary to overcome an obstruction in a certain location
of the upper airways, can be a particularly significant factor affecting PAP compliance [4,5].

According to current knowledge, overpressure ventilation is more effective in cases
of obstructions of the soft palate and oropharynx, compared to obstructions of the base
of the tongue or cases of epiglottic collapse [5,10,11]. In a study of 30 patients, Jung et al.
confirmed that the oropharynx has a major influence on the effectiveness of PAP [10].
Accordingly, Schwab et al. assessed PAP effectiveness by conducting MRI examinations
at different pressure levels (0.0, 5.0, 10.0, and 15.0 hPa), and observed that PAP had the
greatest effect on lateral oropharyngeal walls [23].

Torre et al. also reported that PAP treatment is most effective for laterolateral oropha-
ryngeal obstruction [5]. They found that in cases with complete concentric obstruction of
the soft palate, the application of higher pressure led to a change in the anteroposterior
configuration. With this type of obstruction, channels are laterally created, which enables
airflow, such that PAP is effective. Their study also revealed that a mean pressure of
10.0 hPa was required for PAP to be effective in two-level obstruction of the soft palate
and oropharynx. However, their work also describes the case of a patient with multilevel
obstruction with hypertrophic palatine tonsils that completely blocked the upper airways.
In that case, a pressure of up to 15.0 hPa was needed to open the upper airways. As
this pressure was uncomfortable for the patient, a bilateral tonsillectomy was performed,
which enabled the patient to tolerate the PAP pressure [5]. This case further illustrates
the importance of PAP examination under the control of DISE. Direct visualization of the
upper airways, with the simultaneous use of PAP, enables the detection of any anatomical
abnormalities that could be surgically or orthodontically resolved to enable the reduction
of PAP pressure with subsequent better tolerance of treatment. Torre et al. also reported
that obstructions of the base of the tongue and epiglottic collapse require higher pressure
to open the upper airways, with an average pressure of 15.0 hPa required to eliminate
obstruction of the base of the tongue. PAP did not resolve primary epiglottic collapse,
and was particularly ineffective in cases of laterolateral epiglottic obstruction, where the
problem persists even with pressures higher than 15.0 hPa [5].

Lai et al. also reported that higher pressure is needed in cases where the obstruction
is in the area of the base of the tongue, and that the area of the base of the tongue is
essential for correct PAP setting [24]. In cases of primary epiglottic collapse, several studies
have confirmed that increased PAP pressure leads to exacerbation of the obstruction,
with the epiglottis being pushed onto the back wall of the pharynx [9,25–27]. Epiglottic
collapse has been found in 15.0–31.4% of adult patients with OSA in whom PAP treatment
was ineffective [2,26,28,29]. Unfortunately, epiglottic collapse is not observed during the
examination of an awake patient. Our present results confirmed that PAP was most effective
in the oropharynx, particularly in cases of its laterolateral obstruction, while PAP was least
effective against obstructions caused by the epiglottis and the base of the tongue.

Overpressure must be correctly set to achieve a therapeutic effect, sufficient adherence
to treatment, and a low level of side effects. Insufficient pressure reduces the number of
apneas, but leaves hypopnea and awakening reactions, with the associated high cardio-
vascular risk. Insufficient positive pressure also fails to eliminate the subjective symptoms
of OSA, resulting in low willingness to regularly use PAP. In contrast, excessively high
overpressure can burden the patient with treatment-induced central sleep apnea, middle
ear ventilation disorders, and other problems that ultimately contribute to inadequate
treatment or low compliance [30].
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Although PAP is considered the gold standard of OSA treatment, some patients
experience no improvement and a persisting high residual AHI. Subjective problems can
lead to a patient refusing to use overpressure and treatment failure. DISE with PAP is a
very simple method that can be used to predict the success of PAP in individual patients.
It can also reveal the anatomical and dynamic causes of PAP dysfunction, which may be
resolved surgically to improve subsequent adherence to overpressure treatment [30].

This especially applies to cases involving the obstruction in the area of the epiglottis.
Based on both our present results and previously published studies, we are inclined to
recommend that when OSA is caused by epiglottis collapse, surgical treatment should be
indicated. Possible surgical options include epiglottidectomy (total, partial, or V-shaped) or
the more elegant and gentle method of transoral epiglottopexy [28,29,31–34]. Obstruction
on the level of the base of the tongue also seems to be less suitable for overpressure treat-
ment; therefore, additional care should be taken in setting up and following up treatment
of these patients.

Our present results are limited by the small number of patients, the effect of the
presence of optical fibers on PAP, and by the use of the VOTE classification, which is a
subjective evaluation system. However, it should be noted that this classification is recog-
nized worldwide, and we tried to account for its limitations by having two experienced
physicians independently evaluate our findings. Subjective video closure analysis could be
objectified by implementing DISE with type 3 PSG monitoring [35]. Another limitation of
the study is that the patient position was only supine and only an oronasal mask was used.
Some studies have suggested that higher PAP pressures may be required when this type of
mask is used [36]. For technical reasons, it was only possible to use an oronasal mask. Only
this type of mask is able to connect to a “connecting elbow” with a perforation for the entry
of the endoscope. The short period of DISE and the lack of different sleep phases (REM,
NREM) were other limitations, but the depth of anesthesia was monitored using the BIS
(bispectral index) within the specified range.

5. Conclusions

PAP performed in combination with DISE is a simple, valid, safe, effective, and easy-to-
use diagnostic method, which directly allows visualization of the effects of PAP ventilation
on different types of upper airway obstructions at specific sites. It can be helpful for
identifying anatomic and dynamic reasons for PAP intolerance or ineffectiveness. Our
present results indicated that PAP was most effective in cases of laterolateral oropharyngeal
obstruction, while PAP was least effective in cases of obstruction on the level of the epiglottis
and the base of the tongue. DISE and PAP could be used to improve PAP treatment
compliance and effectiveness.
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Simple Summary: Obstructive sleep apnoea (OSA) is an underdiagnosed disorder from which
many patients are suffering, and may lead to severe complications. The adipose tissue near the
upper airways is essential in upper-airway collapses and OSA severity. The present investigation
aimed to determine the correlations between upper-airway adipose tissue MRI parameters and OSA,
using artificial intelligence to analyse the pathophysiology of OSA and predict obstruction location.
Including anthropometric and MRI adipose tissue parameters, OSA and upper-airway obstruction
can be predicted with high precision. Artificial intelligence can effectively be used in OSA diagnostics
as it can analyse non-linear correlations; thus, it can be helpful for undiagnosed OSA cases.

Abstract: This study aimed to analyse the thickness of the adipose tissue (AT) around the upper
airways with anthropometric parameters in the prediction and pathogenesis of OSA and obstruction
of the upper airways using artificial intelligence. One hundred patients were enrolled in this prospec-
tive investigation, who were divided into control (non-OSA) and mild, moderately severe, and severe
OSA according to polysomnography. All participants underwent drug-induced sleep endoscopy,
anthropometric measurements, and neck MRI. The statistical analyses were based on artificial intelli-
gence. The midsagittal SAT, the parapharyngeal fat, and the midsagittal tongue fat were significantly
correlated with BMI; however, no correlation with AHI was observed. Upper-airway obstruction was
correctly categorised in 80% in the case of the soft palate, including parapharyngeal AT, sex, and neck
circumference parameters. Oropharyngeal obstruction was correctly predicted in 77% using BMI,
parapharyngeal AT, and abdominal circumferences, while tongue-based obstruction was correctly
predicted in 79% using BMI. OSA could be predicted with 99% precision using anthropometric
parameters and AT values from the MRI. Age, neck circumference, midsagittal and parapharyngeal
tongue fat values, and BMI were the most vital parameters in the prediction. Basic anthropometric
parameters and AT values based on MRI are helpful in predicting OSA and obstruction location using
artificial intelligence.

Keywords: obstructive sleep apnoea; MRI; obesity; parapharyngeal adipose tissue; artificial intelligence;
drug-induced sleep endoscopy

1. Introduction

Obstructive sleep apnoea is the most common sleep-related breathing disorder and, in
unattended cases, is a major public health problem due to the background comorbidities [1].
Its increasing prevalence can be explained by the dynamic increase in obesity, the most
crucial risk factor for OSA [2]. The prevalence of obesity has tripled since 1975. In 2016, 39%
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of adults were overweight and 13% obese, representing 1.9 billion and 650 million people,
respectively [3]. Obesity is typical for developed countries, and explained by increased
calorie intake, physical inactivity, and changes in the gut microbiome [4]. In addition to
OSA, obesity is also a risk factor for other conditions, such as insulin resistance, diabetes
mellitus, hypertension, atherosclerosis, stroke, or myocardial infarction [5]. Obesity can
be classified into visceral and general types, of which visceral obesity is critical due to
its decreasing effects on lung volumes and pharyngeal wall tension [6]. Although the
pathophysiology of OSA is complex and multifactorial, impaired dilator muscle functions,
ineffective loop gain, and low arousal threshold are its essential background [7]. Upper-
airway obstruction can be the result of deposits of adipose tissue near the upper airways,
which can be examined by CT or MRI. The significance of the parapharyngeal adipose
corpus was first mentioned by Wlofram-Gabel et al., in 1996 [8]. The parapharyngeal region,
the tongue, and subcutaneous adipose tissue of the neck lead to upper-airway obstruction
in different ways. The correlations between OSA, obesity, and anthropometric parameters
have been particularly investigated in several studies to analyse the pathophysiology of
OSA in a more detailed manner and to predict OSA. Of the anthropometric parameters,
BMI, neck, abdominal, and hip circumferences and waist–hip ratio are mainly investigated.
In the recent ELSA-Brasil study, which included 2059 patients, all parameters mentioned
above were found to be significantly higher in the OSA group than in the non-OSA group [9].
The Sleep Heart study, which included 6167 patients, observed significantly higher BMI
and neck and hip circumferences in the case of severe OSA. However, it was also concluded
that the BMI cut-off does not precisely represent the severity of obesity in different races
and sexes [10]. The predictive role of anthropometric parameters in OSA depends on the
sexes. In women, waist circumference and waist-to-height ratio were the most crucial
parameters in predicting OSA, while in men, neck circumference and waist-to-height
ratio were crucial in predicting mild OSA, and BMI in severe OSA [11]. The Wisconsin
Sleep Cohort study, conducted in the USA, including 1520 participants between 30 and
70 years of age, observed a higher prevalence of sleep-related breathing disorders in older
men with higher BMI values. Moreover, BMI was also the most strongly correlated with
sleep-disordered breathing in younger participants [12].

The anthropometric parameters and the parameters of the adipose tissue near the
upper airways can be analysed using medical imaging methods, resulting in large databases.
The complex pathophysiology behind OSA cannot be described using simple statistical
methods in all cases. Given the fast improvement in sciences, using artificial intelligence
is advantageous in diagnostics, prediction, and therapy. Although many possibilities
regarding OSA diagnostics are accessible (e.g., self-administered questionnaires, home
sleep tests, or polysomnography), the ratio of undiagnosed cases is still high.

In the last two decades, the improvement in bioinformatics and artificial intelligence
has allowed easy and rapid detection of OSA. At first, machine learning-based models
included essential risk factors for OSA (i.e., age, sex, BMI, or neck circumference) [13,14],
while others performed a prediction using anthropometric and faciocervical measure-
ments [15]. Regarding the methods, the most vital expectations were simplicity and
rapidity; therefore, ECG [16] and oxyhaemoglobin saturation [17], despite their effective-
ness in prediction, cannot be integrated into daily practice. Other studies investigated the
use of artificial intelligence to predict OSA using questionnaires [18]. The prediction of
OSA was also successful by 2D imaging [19] and 3D face reconstruction using artificial
intelligence [20].

In the present study, in addition to anthropometric parameters, the upper-airway
adipose tissue was examined using MRI in an OSA population to analyse its effects on OSA
pathogenesis. Furthermore, the prediction of OSA and upper-airway obstruction, including
the parameters mentioned above, was also investigated using artificial intelligence (the
Flexible Discriminance analysis and the Multivariate Adaptive Regression Splines).
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2. Materials and Methods
2.1. Participants

This prospective investigation was conducted at the Department of Otolaryngology
and Head and Neck Surgery of Semmelweis University, and included one hundred partici-
pants (74 men and 26 women, mean age ± SD, 42.15 ± 11.7 years). Those over 18 years of
age with snoring or suspected OSA, who gave their consent to participate in the investiga-
tion, were enrolled. Those who previously had oral or otorhinolaryngological surgeries,
those who had craniofacial malformations (e.g., Down syndrome), had claustrophobia,
soft tissue or thyroid gland disorders, neurological or psychiatric diseases, and those with
alcohol or drug abuse or pregnancy were excluded. All participants were examined us-
ing a general otorhinolaryngological examination, a sleep test (i.e., polysomnography),
drug-induced sleep endoscopy, and MRI of the neck region. The flow chart is presented in
Figure 1.
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The study was approved by the Hungarian Research Ethics Authority (National
Institute of Pharmacy and Nutrition, approval reference number: 2788/2019). All patients
gave their informed consent in writing.

Figure 1 shows the study population’s flow chart.

2.2. Anthropometric Measurements

Participants’ general anthropometric parameters, such as gender, age, body height,
weight, and BMI, were calculated. Neck circumference was measured in the cricothy-
roid membrane, hip circumference in the anterior superior iliac spine, and abdominal
circumference in the umbilicus, using a tape measure in each case.

2.3. Sleep Test

A SOMNOscreen Plus PSG device (SOMNOmedics GMBH Germany) was applied for
overnight polysomnography, at the Institute of Pulmonology Törökbálint, under medical
supervision. The examination results were adapted according to the American Academy of
Sleep Medicine. Apnoea is determined as a reduction of 90% or more airflow through the
oronasal thermistor for 10 s or more and hypopnoea as a reduction of 30% or more airflow,
accompanied by a desaturation or arousal of 3% or more oxyhaemoglobin. The severity
of OSA can be classified according to the apnoea-hypopnoea index (AHI) [21]. Due to the
relatively low number of participants, they were classified into control (AHI < 5), mild OSA
(5 ≤ AHI < 15), and moderately severe–severe OSA (AHI ≥ 15) groups.

2.4. MRI

The MRI examinations were performed at the Medical Imaging Centre of Semmelweis
University, using a Philips Ingenia 1.5 T MRI device. Neck MRI was conducted using
coronal T1 TSE (with 3.5 mm slice thicknesses without a gap), axial T2 SPIR, T1 TSE, and
DWI measurements (with 3 mm slice thicknesses with a 1.5 mm gap), and sagittal T2 TSE,
STIR, and T1 TSE analyses. Examinations were performed from the posterior nasal spine
to the hyoid bone. Participants were instructed to breathe normally through their nose
and avoid movements and swallowing. The images were analysed by an experienced
radiologist using a Philips IntelliSpace Portal (Philips Healthcare, Best, The Netherlands).

Parapharyngeal adipose tissue was defined as the largest extent of parapharyngeal
fat tissue in the axial plane on both sides of the parapharyngeal wall and its areas were
calculated using the region of interest (ROI) tool in the DICOM viewer. The thicknesses were
also determined in the axial plane, using T1-weighed measurements using the ruler tool of
the software. To calculate the estimated percentage of tongue fat, the area of the tongue
in the midsagittal axis of the T1-weighted images with the ROI tool was also measured.
In the next analysis step, the well-defined contiguous areas of the tongue adipose tissue
in the same plane were differentiated using the same tool. Then, the tongue area and the
areas of the tongue fat tissue were compared and a rough percentage of the ratio of the
adipose tissue to the tongue was calculated from the measured data. The neck SAT was
determined in the midsagittal region and was of the parapharyngeal AT in the axial plane,
using T1-weighed measurements and the contour of the analysed region [22–24]. The MRI
parameters are presented in Figure 2.
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Figure 2. (A) T1-weighed measurements in the axial plane showing parapharyngeal adipose tissue on
the left and right sides; (B,C) midsagittal axis of the T1-weighted MRI scans showing the midsagittal
subcutaneous adipose tissue of the neck and adipose tissue of the tongue (taken from our data).
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2.5. Drug-Induced Sleep Endoscopy

Drug-induced sleep endoscopy was performed in an operating room. A quantity
of 1.5 mg per kilogram of propofol was applied for sedation and an Olympus flexible
endoscope was inserted through the nose to the larynx. The results were adapted according
to the VOTE classification, making it possible to determine precisely the location, severity,
and configuration of the obstruction. Consequently, location could be determined as ‘V’,
velum; ‘O’, oropharynx; ‘T’, tongue base; and ‘E’, epiglottis. The severity of obstruction
could be 0, indicating that there is no obstruction; ‘1’, indicating a partial obstruction; or ‘2’,
a total obstruction. ‘X’ means that the obstruction cannot be visualised. Configuration ‘L’
means a lateral, ‘AP’ an anteroposterior, and ‘C’ a concentric type of obstruction [25].

2.6. Data Processing

The correlations were examined using linear regression analysis. The differences
between the grouping criteria were examined using the one-way analysis of variance
(ANOVA). A critical condition of ANOVA is the homogeneity of variances, which was
tested by Levene’s test. The test values were above the critical level of 0.05; therefore, the
homogeneity of variance criterion was satisfied. Based on this, the differences between
groups were analysed by the Bonferroni test. This is the most widely used test for multiple
comparisons, and is capable of detecting differences similar to the relatively conservative
tests (e.g., Schaffé’s S test) [26].

Our original idea was to determine the relationships between AHI and different pa-
rameters of the anthropometric and adipose tissue by a multivariable regression equation.
However, the correlations between the parameters of the adipose tissue (i.e., independent
variable) and the AHI values (i.e., dependent variable) were seen to be weak. This can be
explained by the relatively high variance of the independent variables. Similar results were
also obtained using the linear quadratic discriminant analysis. Consequently, more robust
methods were selected which are less sensitive to the variance of the input variables. There-
fore, each input variable was classified into three equal groups. In this case, the traditional
logistic regression method was unable to be applied, as the number of empty cells was
more than two-thirds of the total cells. At the same time, the unpredictable development
of artificial intelligence, generally, and specifically machine learning, offers new tools for
automatic, supervised patients’ classification in the case of AHI and obstructions based on
their demographic, anthropometric, and adipose tissue parameters. Different classification
algorithms have been tested, indicating an abundance of methods [27]. The efficiency of
the ‘classic’ machine learning algorithms (e.g., random forest method) was found to be rela-
tively poor. Therefore, the methods and algorithms developed for classification problems
in chemometrics were selected because, in this field, the number of independent variables
(inputs) is generally relatively high, compared to the number of samples (records) [28].
Consequently, it was possible to find algorithms to classify patients according to input
parameters with unexpected efficiency. The most favourable results were produced using
the Flexible Discriminance analysis and the Multivariate Adaptive Regression Splines. The
algorithms can be found in the freely downloadable ‘mda’ R-package [29]. Garson’s method
was used to test the relative significance of each parameter [30]. The cross-validation index
was applied to detect the location of the obstruction [31].

The present investigation, such as all academic endeavours, had to combine the
ambition to achieve well-founded results with the restriction of limited resources. Based on
our preliminary calculations, following the recommendations of Shuster, an ideal sample
should be three–five times larger [32]. This is a considerable difference, but we did not
achieve one order of magnitude. The relatively low but not extraordinarily small sample
size is an inherent limitation of the generalisability of results, although modern statistical
methods, mainly bootstrapping, offer a favourable possibility to evaluate the robustness of
results [33]. However, the application of cross-validation methods in sampling in the case
of classifications considerably contributes to increasing reliability. Notwithstanding this, it
should be noted that our results can only be considered to be preliminary. Validity must be
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further analysed and improved by increasing patients’ numbers and involving other races
with different craniofacial and obesity characteristics.

3. Results

Of the 100 participants, 36 belonged to the control, and 32 to the mild and 32 to the
moderately severe–severe OSA group. A male predominance was observed in all groups.
Additionally, a higher ratio of participants under 40 years of age and a lower BMI was
detected in the control group. Patients over 40 years of age and with higher BMI values
were found in the OSA groups.

3.1. Basic Demographic Values, Laboratory Test, and AT MRI Parameters

The groups’ basic demographic values, laboratory test parameters, and AT MRI
parameters are summarised in Table 1.

Table 1. Patients’ basic demographic, MRI, and laboratory test results. The parameters show the
mean ± SD values. *** indicates the significant difference at p < 0.01 level, while ** the significant
difference at p < 0.05 level and * the significant differences at p < 0.1.

Indicators Control Group
n = 36 (A) Mild OSA n = 32 (B) Moderately Severe +

Severe OSA n = 32 (C) p-Value Differences

Age (years) 38.42 ± 12.13 45.34 ± 11.17 43.16 ± 10.9 0.042 ** A-B

Weight (kg) 78.94 ± 13.15 93.03 ± 14.58 101.97 ± 17.21 0.000 *** A-B; A-C; B-C

Hip circumference (cm) 100.49 ± 11.97 106.28 ± 10.46 111.15 ± 10.96 0.001 *** A-C

Abdominal circumference (cm) 94.73 ± 12.7 104.97 ± 11.68 111.01 ± 12.51 0.000 *** A-B; A-C

Neck circumference (cm) 37.95 ± 4.12 40.69 ± 3.42 42.73 ± 3.33 0.000 *** A-B; A-C; B-C

Tongue fat midsagittal (cm2) 824.82 ± 159.43 928.64 ± 154.39 933.66 ± 176.27 0.01** A-B; A-C

Tongue fat (%) 0.33 ± 0.05 0.33 ± 0.05 0.33 ± 0.06 0.957 No significant
difference

Midsagittal SAT of the
neck (mm) 6.1 ± 1.69 6.62 ± 1.75 7.26 ± 1.57 0.019 ** A-C

Parapharyngeal AT on the right
side (cm2) 253.47 ± 62.88 269.89 ± 64.37 304.58 ± 61.64 0.004 ** A-C; B-C

Parapharyngeal AT on the left
side (cm2) 256.19 ± 63.67 285.45 ± 83.97 311.63 ± 60.54 0.006 ** A-C

Sum of the parapharyngeal
AT (cm2) 509.66 ± 121.96 555.34 ± 141.88 616.21 ± 110.07 0.003 ** A-C

Total cholesterol (mmol/L) 5.59 ± 1.15 5.9 ± 1.17 5.47 ± 1.01 0.279 No significant
difference

HDL-cholesterol (mmol/L) 1.31 ± 0.29 1.22 ± 0.32 1.13 ± 0.17 0.024 ** A-C

LDL-cholesterol (mmol/L) 3.58 ± 0.81 3.89 ± 0.82 3.7 ± 0.8 0.282 No significant
difference

Triglycerides (mmol/L) 1.82 ± 1.33 2.58 ± 1.8 2.04 ± 1.17 0.097 * A-B

As Table 1 reveals, in the case of the anthropometric and most MRI parameters, a
significant difference was observed between the OSA and control groups. Of the parameters
examined, only the values of tongue fat%, total cholesterol, and LDL-cholesterol did not
differ between the groups.

3.2. Correspondence between Demographic and MRI Parameters along with AHI and BMI

The correspondence between demographic and MRI parameters, along with AHI and
BMI, is presented in Table 2.
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Table 2. Pearson’s correlation coefficients (r2) between basic demographic values and MRI, and AHI
and BMI. The parameters show the correlation coefficients. ** indicates the significant difference at
p < 0.05 level.

Correlation with

Indicators BMI (kg/m2) AHI (events/hour)

p-Value p-Value

Age (years) 0.015 0.066

Hip circumference (cm) 0.793 ** 0.011

Abdominal circumference (cm) 0.872 ** −0.014

Neck circumference (cm) 0.357 ** −0.035

Tongue fat midsagittal (cm2) 0.358 ** −0.035

Tongue fat (%) 0.146 0.022

Midsagittal SAT of the neck (mm) 0.509 ** −0.167

Parapharyngeal AT on the right side (cm2) 0.311 ** −0.067

Parapharyngeal AT on the left side (cm2) 0.299 ** −0.125

Sum of the parapharyngeal AT (cm2) 0.322 ** −0.103

As Table 2 reveals, most anthropometric and BMI parameters were correlated with
BMI, of which the correlations with abdominal and hip circumferences and midsagittal
neck SAT were the strongest. However, no significant correlations with AHI were observed.

3.3. Prediction of Velopharyngeal Obstruction

The prediction of velopharyngeal obstruction using anthropometric and MRI parame-
ters is summarised in Tables 3 and 4.

Table 3. Prediction of velopharyngeal obstruction using anthropometric and MRI parameters. The
table presents the categorisation of real and predicted velopharyngeal obstruction, along with number
of patients in each group.

Reference

Non-Velopharyngeal
Obstruction

Velopharyngeal
Obstruction

Prediction
Non-Velopharyngeal Obstruction 16 5

Velopharyngeal Obstruction 15 64

Table 4. Relative significances of the parameters in the prediction of velopharyngeal obstruction,
applying two statistical approaches (i.e., general cross-validation and residual sum-square methods).
The table shows the role of different factors in predicting velopharyngeal obstruction, indicating the
relative importance of each parameter.

Number of Subsets General Cross Validation Residual Sum Squares

Sum of the parapharyngeal
AT (cm2) 100.0 100.0

Neck circumference (cm) 53.8 65.9

Age (years) 30.7 47.1

As Tables 3 and 4. present, in the case of both of the above-mentioned statistical meth-
ods, the most vital parameters were the parapharyngeal AT, followed by the circumference
and age. Velopharyngeal obstruction could be predicted in 80% of the cases using these pa-
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rameters. In the other 16% of the cases, the algorithm incorrectly predicted velopharyngeal
obstruction, and, in 5%, the algorithm did not detect the presence of obstruction.

3.4. Prediction of Oropharyngeal Obstruction

The correlation between oropharyngeal obstruction, and anthropometric and MRI
parameters and their predictive values, is presented in Tables 5 and 6.

Table 5. Prediction of oropharyngeal obstruction using anthropometric and MRI parameters. The
table presents the categorisation of real and predicted oropharyngeal obstruction, together with
patient numbers in each group.

Reference

Non-Oropharyngeal
Obstruction

Oropharyngeal
Obstruction

Prediction
Non-Oropharyngeal obstruction 20 9

Oropharyngeal obstruction 14 57

Table 6. Prediction of oropharyngeal obstruction using anthropometric and MRI parameters, by
general cross-validation index. The table shows the role of the different parameters in predicting
oropharyngeal obstruction in%, indicating the relative importance of each parameter.

Indicators General Cross-Validation Index Value Residual Sum of Squares

BMI (kg/m2) 100.0 100.0

Sum of the parapharyngeal AT (cm2) 44.1 68.4

Abdominal circumference (cm) 44.7 57.2

As can be seen from Table 5, the prediction of oropharyngeal obstruction was efficient
in 77% of cases using anthropometric and MRI parameters. In the other 14% of cases, the
algorithm indicated false obstruction, and in 9%, it was unable to predict the presence
of obstruction.

The relative importance of different parameters in predicting obstruction is sum-
marised in Table 6.

Table 6 shows that BMI played the most crucial role in the prediction, although
abdominal circumference and the sum of parapharyngeal AT also contained important
information. The relatively low confidence interval indicates that the possibility of an
obstruction in the case of higher BMI values is relatively high. In the case of lower BMI
values, the sum of the parapharyngeal AT parameter is essential to predict obstruction.

3.5. Prediction of Tongue-Based Obstruction

The prediction of tongue-based obstruction applying anthropometric and MRI param-
eters is summarised in Table 7.

Table 7. Prediction of tongue-based obstruction, including anthropometric and MRI parameters. The
table presents the 100 patients’ real and predicted categorisation of obstruction along with patient
numbers in each group.

Reference

Non-Tongue-Based
Obstruction

Tongue-Based
Obstruction

Prediction
Non-Tongue-based obstruction 12 4

Tongue-based obstruction 17 67

As shown in Table 7, the tongue-based obstruction could be predicted in 79% of cases,
using anthropometric and MRI parameters. However, the algorithm indicated a false
obstruction in 17% of cases and a false negative obstruction in 4% of cases.
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3.6. Prediction of OSA

The prediction of OSA, applying anthropometric, laboratory test, and MRI parameters,
and the relative significance of each parameter, were analysed using artificial intelligence
(i.e., the Garson test). The efficiency of OSA categorisation is presented in Table 8, while
the relative significance of each parameter is presented in Table 9.

Table 8. Prediction of OSA categories, including anthropometric, laboratory test, and MRI parameters.
The table presents 100 patients’ real and predicted OSA categorisation, along with patient numbers
in each group.

Estimated OSA Categories

Control Mild OSA Moderately Severe + Severe OSA

Non-OSA 34

Mild OSA 1 33

Moderately severe + Severe OSA 32

Table 9. Relative importance of different factors (%) by multivariate discriminant analysis in the
prediction of OSA subcategories, including anthropometric, laboratory test, and MRI parameters.
The table shows the role of the different parameters in predicting OSA in%, indicating the relative
importance of each parameter.

Indicators Importance (%)

Age (years) 10.8

Tongue fat midsagittal (cm2) 7.8

Neck circumference (cm) 7.7

Triglycerides (mmol/L) 7.5

HDL-cholesterol (mmol/L) 7.3

Parapharyngeal AT on the left side (cm2) 7.1

Total cholesterol (mmol/L) 6.8

Hip circumference (cm) 6.1

BMI (kg/m2) 5.65

Weight (kg) 4.9

Height (cm) 4.75

Abdominal circumference (cm) 4.5

LDL-cholesterol (mmol/L) 4.4

Tongue fat % 4.1

Parapharyngeal AT on the right side (cm2) 3.8

Gender 3.6

Midsagittal SAT of the neck (mm) 3.2

Including anthropometric, laboratory test, and MRI parameters, using artificial in-
telligence, the presence of OSA could be predicted in 99% of cases. This means that the
algorithm performed a false calculation in only one non-OSA case. To validate the results,
the data were randomly divided into ’teaching’ and ’test’ parts in a 75:25 ratio. After
hundreds of analyses, the average OSA prediction was over 90%. Age, tongue fat%, and
neck circumference were determined as the essential parameters in the prediction, followed
by laboratory test parameters (i.e., triglyceride and HDL-cholesterol). Left-sided parapha-
ryngeal AT was also essential in the prediction, preceding other parameters, such as BMI
and hip circumference.
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4. Discussion

OSA affects a significant proportion of society and the ratio of undiagnosed cases is
high; therefore, its diagnosis must be improved. Although many possibilities regarding the
diagnosis of OSA are accessible, the earliest diagnosis is essential, due to the appearance
of comorbidities. The primary purpose of diagnostic methods is to easily and quickly
screen for OSA or diagnose the disorder with high specificity and sensitivity. Efficient
screening is possible using self-administered questionnaires, of which the STOP-BANG (i.e.,
snoring, tiredness, observed apnoea, high blood pressure, BMI, age, neck circumference,
and male gender) is generally used with reliable results. This questionnaire contains
eight questions, and patients can answer with ‘yes’ or ‘no’ [34]. In addition, screening is
also possible using the Berlin, Epworth, or STOP questionnaires. A meta-analysis that
included 108 investigations with 47,989 participants determined a significantly higher
sensitivity of the STOP-BANG questionnaire, although its specificity was lower than that
of the Epworth questionnaire [35]. An alternative diagnostic approach is a home-sleep test
(HST, Types III or IV), which can be effectively used when there is a high risk of moderate
or severe OSA. The one-night polysomnography, in which sleep specialists interpret the
results, is essential in the follow-up of the effectiveness of therapy and the diagnosis of
OSA [36]. Notwithstanding the relatively low specificity of the questionnaires and their
time requirement, and the necessity for qualified staff for home sleep tests, alternative
methods, e.g., using artificial intelligence, are necessary. Previous results indicated that
anthropometric parameters, the Epworth questionnaire, and expired gas analysis using
machine learning could effectively predict OSA; only in 5.7% was a false mild instead of
severe classification found [13]. The prediction of OSA based on machine learning was
improved when the model was completed with physical examination parameters [14]. The
prediction based on anthropometric and craniofacial parameters and the STOP-BANG
questionnaire was more efficient in cases of moderate to severe OSA with no daytime
symptoms [15]. Based on the correspondences mentioned above, the examination of
vital OSA risk factors is not only essential regarding OSA pathophysiology, but using
modern statistical methods (e.g., artificial intelligence), their role in OSA prediction can
also be analysed.

The correlation between OSA and obesity is highly complex and has been particularly
investigated; however, there are still some questions remaining. The present study aimed
to investigate the role of anthropometric and AT MRI parameters of the neck, tongue, and
parapharyngeal regions in the pathogenesis and prediction of OSA, plus the obstruction
and location of the upper airways. Determining the correlation between BMI and AT
is relatively easy; however, the correspondence between OSA and AT is more complex,
as these correlations are not intuitive and cannot be described using simple functions.
Therefore, other methods must be applied to analyse the correspondence between AT and
anthropometric parameters (i.e., independent variables) and OSA (i.e., dependent variable)
and predictive values. Consequently, artificial intelligence (i.e., Flexible Discriminance
analysis and Multivariate Adaptive Regression Splines) was applied in our analyses.

The significance of the present investigation is that the use of artificial intelligence in
OSA diagnostics on a relatively large sample was analysed.

Based on the fact that obesity is one of the most critical risk factors for OSA and is also
correlated depending on age and sex with the severity of OSA, including anthropometric
and AT MRI parameters of the upper airways, the severity categories of OSA could be
correctly determined in 99% of cases. In the prediction, gender and hip circumference
showed the most vital role. Carlisle et al. also observed the effect of age on pharyngeal
morphology. In the case of older males, a higher retropharyngeal and retroglossal length
was observed, along with the cross-sectional area of the soft palate and the diameter and
cross-sectional area of the parapharyngeal fat pad, in that study [37,38]. The effect of age is
also presented in increased genioglossus muscle activity in older awake males [39], which
decreases during sleep, leading to vulnerability and collapsibility of the upper airways [40].
In the OSA prediction, age was a key factor based on the results of the current investigation,
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although no significant correlation with AHI and BMI was observed. Neck circumference
was defined as the second essential parameter in the OSA prediction of anthropometric
parameters. The literature contains conflicting data on neck circumference in OSA; some
investigations have concluded a strong correlation between neck circumference and OSA
severity [41,42], while others have not [43,44]. A meta-analysis regarding the correlation
between neck circumference and obesity stated a sensitivity of neck circumference in the
prediction of obesity of 80% and a specificity of 85% [45]. Neck circumference was defined
to correlate with age, BMI, and hip and waist circumference, in both men and women [46].

In the OSA prediction, the algorithm indicated the anthropometric and left-sided
parapharyngeal and tongue fat midsagittal MRI parameters as being the most crucial,
showing a strong correlation with obesity. Accumulation of AT near the upper airways (i.e.,
tongue, parapharyngeal space, and central region) in obesity leads to increased collapsibility
of the pharynx by mechanical effects and based on neuromuscular regulations in the
central nervous system [47]. Compared to other somatic muscles, AT accumulation in
the tongue showed a higher correlation with BMI and therefore, with obesity severity,
which is strongly correlated with OSA severity [48]. Jugé et al. found similar results, and
observed a significant positive correlation between tongue AT and BMI and older ages [49].
Our results showed that tongue fat% did not significantly differ between OSA categories
and the control group, but the midsagittal region fat% parameter did. The tongue fat%
neither correlated with AHI nor BMI; however, tongue midsagittal region fat% significantly
correlated with BMI. Kim et al. observed a significant positive correlation between tongue
fat volumes and AHI and BMI. Furthermore, a higher percentage of tongue fat% in the OSA
group was detected; however, there was no significant difference compared to the control
group [50]. Parapharyngeal AT is strongly correlated with obesity, highlighted by the
correlation between parapharyngeal AT and BMI. However, no correlation with AHI was
detected. Consequently, parapharyngeal AT parameters contained essential information
in the algorithm; however, they did not significantly correlate with OSA severity. Chen
et al. detected a significant correlation between AHI and the subglosso-supraglottic-level
parapharyngeal fat pad, independently of BMI and neck circumference parameters [51].
According to Gao et al., in patients with a BMI over 28 kg/m2, a significant positive effect
of age on parapharyngeal AT volumes was detected [52].

In predicting velopharyngeal obstruction, the algorithm determined parapharyngeal
AT as the most vital parameter, followed by neck circumference and age. Using these
parameters, by artificial intelligence, the velopharyngeal obstruction could be correctly
detected in 80% of cases. Jang et al. detected a higher percentage of retropalatal concentric
obstruction in patients with OSA with higher parapharyngeal AT volumes [53]. This is
in agreement with our results, referring to the significant role of parapharyngeal AT in
velopharyngeal obstruction.

The importance of parapharyngeal AT in predicting oropharyngeal obstruction was
not found, in contrast to the prediction of velopharyngeal obstruction, since BMI was
indicated as the most crucial parameter, followed by abdominal circumference and para-
pharyngeal AT, with the latter two showing the same importance. Applying these three
parameters, using artificial intelligence, the oropharyngeal obstruction could be predicted
in 77% of cases. However, interestingly, the algorithm did not determine the other anthro-
pometric and MRI parameters that are essential for prediction. Pahkala et al. highlighted
the importance of increased lateral pharyngeal collapsibility associated with accumulation
of parapharyngeal adipose tissue in obese patients, explained by impaired mechanisms
controlling passive collapse of the pharyngeal wall [54]. However, Li et al. determined the
increased mechanical loading of parapharyngeal AT on the lateral pharyngeal wall as a
possible background [22]. Chen et al. observed a strong correlation between subglosso-
supraglottic-level AT and lateral pharyngeal obstruction at the same level [51].

Regarding tongue-based obstruction, the higher tongue volume, the adipose deposits
accumulated in the tongue, and the decreased muscle activity during sleep can be defined,
and are also negatively influenced by the accumulated intramuscular AT [55]. To predict
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tongue-based obstruction, BMI was defined as the most vital parameter; thus, tongue-based
obstruction could be predicted in 79% of cases. The correspondence between BMI and
tongue volumes is highly complex; some researchers have indicated a strong correlation
between them [56], while others have not [50]. According to our investigation results,
tongue volumes significantly correlated with AHI and BMI in both sexes, while tongue fat
significantly correlated with BMI.

Finally, it can be concluded that an MRI of the adipose tissue surrounding the upper
airways can be an alternative examination of OSA when an MRI in the neck region is used
with another indication other than OSA. Both OSA and velopharyngeal obstruction can be
predicted using artificial intelligence. Compared to self-administered questionnaires, an
essential advantage of our algorithm is that the location of obstruction can be identified
with high precision and the examination is relatively fast compared to the home sleep test.
Our results are especially crucial in cases where MRI was performed and was previously
not diagnosed.

The present investigation had some limitations. First, the relatively low number of
participants did not allow for the division of OSA into categories based on its severity.
Moreover, the magnetic resonance examinations were performed on awake subjects and,
therefore, did not present the situations during physiological sleep.

5. Conclusions

Based on the results of the present investigation, the MRI-based AT and anthropomet-
ric parameters were not significantly correlated with OSA severity; however, a significant
correlation with BMI was detected. Parapharyngeal AT plays a significant role in the
presence of velopharyngeal obstruction and OSA pathophysiology. However, it has a
limited effect on oropharyngeal obstruction; moreover, it does not affect tongue-based
obstruction. The BMI was defined as the most vital parameter of oropharyngeal and
tongue-based obstruction; furthermore, its role in OSA pathophysiology is also signifi-
cant. Neck circumference is essential to predict velopharyngeal obstruction and OSA, and
abdominal circumference to predict oropharyngeal obstruction and OSA. In predicting
OSA, age was determined as the most vital parameter, followed by the tongue fat midsagit-
tal and neck circumference parameters, which had the same importance. In conclusion,
using anthropometric and MRI AT parameters, by artificial intelligence, OSA and upper-
airway obstruction can be predicted in 99% of cases, velopharyngeal obstruction in 80%,
oropharyngeal obstruction in 77%, and tongue-based obstruction in 79%.
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Abstract: The aim of this study was to compare the reliability of five sleep questionnaires in detecting
the occurrence of obstructive sleep apnea (OSA). The study was conducted on a group of 201 patients.
The patients completed five sleep questionnaires: the Epworth Sleepiness Scale (ESS), the STOP-
Bang questionnaire, the STOP questionnaire, the Berlin questionnaire (BQ) and the Pittsburgh Sleep
Quality Index (PSQI). Subsequently, the patients were examined using limited polygraphy, and the
sensitivity and specificity of the questionnaires were evaluated. The STOP-Bang, Berlin and STOP
questionnaires had the highest sensitivity for OSA detection (81.6%, 78.7%, and 74.2%, respectively),
while the sensitivities of PSQI and ESS were low (50.8% and 34.5%). The ESS, STOP-Bang, STOP
and Berlin questionnaires had the highest specificity (82.6%, 75%, 61.9%, and 61.9%). In our sample,
we found the STOP-Bang and Berlin questionnaires to be the most suitable for OSA screening
with the highest sensitivities (81.6%, 78.7%) and satisfactory specificities (75%, 61.9%). The STOP
questionnaire was also relatively reliable, especially given its time-saving nature; though short, it
preserved satisfactory sensitivity (74.2%) and specificity (61.9%). The ESS and PSQI were unsuitable
for OSA screening.

Keywords: obstructive sleep apnea; Berlin questionnaire; STOP-Bang questionnaire; STOP question-
naire; Epworth Sleepiness Scale; Pittsburgh Sleep Quality Index

1. Introduction

Obstructive sleep apnea (OSA) is the single most important preventable medical cause
of excessive daytime sleepiness and driving accidents. OSA may also adversely affect work
performance through a decrease in productivity and an increase in the injury rate. The
odds of having a work-related accident were found to be nearly double in workers with
OSA in comparison to controls [1]. An appropriate screening questionnaire for OSA could
help identify high-risk workers and reduce the risk of accidents at work through therapy.

The severity of OSA is determined by the apnea hypopnea index (AHI) value (number
of apneas/hypopneas per hour) and is divided into three grades of severity. An AHI range
of 5–14.9 (with the presence of subjective difficulties) is indicative of mild OSA in the adult
population, while patients with an AHI of 15–29.9 are considered to have moderate OSA,
and those with an AHI of 30 and above are considered to have severe OSA.

The prevalence of obstructive sleep apnea (OSA) is estimated at one billion people
worldwide, including over 400 million who have moderate-to-severe symptoms [2]. A
number of screening methods for OSA exist: questionnaires, clinical screening models, and
blood biomarkers to help identify patients with OSA [3–10]; however, until now, the gold
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standard for the diagnosis of OSA remains overnight monitoring performed by limited
polygraphy (PG) or polysomnography (PSG).

This study aimed at comparing five established sleep questionnaires regarding their
predictive probabilities for OSA: the Epworth sleepiness scale (ESS), STOP-Bang ques-
tionnaire, STOP questionnaire, Berlin questionnaire (BQ) and Pittsburgh Sleep Quality
Index (PSQI).

2. Materials and Methods
2.1. Materials

In a prospective study carried out between September 2018 and March 2020, we
examined a cohort of 237 consecutive patients in an outpatient clinic for snoring and sleep-
disordered breathing at the ENT department. Patients were most often referred by a general
practitioner, cardiologist, or an ENT physician. Some of them requested an observation
following their partner’s complaints and/or their partners observing sleep apnea.

Thirty-six patients were excluded from the study: three patients due to the presence of
central sleep apnea, 11 patients that did not undergo a limited polygraphy examination, and
22 patients that did not complete at least 3 of the 5 questionnaires. A total of 201 patients
were included in the study. We present the inclusion/exclusion process in Figure 1.

n=36

n=237 n=201
Patients with 
central sleep

apnea
n=3

Patients not 
examined with 

limited
polygraphy

n=11

Patients who
didn’t fill at least
3 questionnaires

n=22

Total number of patients: Patients included in the study:

Patients excluded from the study

Figure 1. Flow chart—the inclusion/exclusion process.

2.2. Descriptive Statistics and OSA of the Sample

A total of 143 men and 58 women were enrolled in the study. The mean age in years
was 51.56 and the median was 52. The mean age was higher for women: 55, in contrast to
50 for men. The youngest patient was 19 years old, and the oldest was 75 years old. The
mean and median BMI of patients were 30.9 and 30.5 kg/m2. The mean neck circumference
in the patients was 41.8 cm, and the median 42 cm (for details, see Table 1).
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Table 1. Basic indicators found in the whole group of patients (n = 201).

Indicators Mean Median SD Min Max

Age (years) 51.6 52 12.32 19 75
BMI (kg/m2) 30.9 30.5 5.53 17.6 53
Neck circumference (cm) 41.8 42 4.33 20 57

SD—standard deviation.

In our sample, OSA was not present in 11.9% of the patients (AHI below 5). We found
mild OSA (AHI 5–14.9) in 13.9% of the patients, moderate OSA (AHI 15–29.9) in 32.3% and
severe OSA (AHI 30 and over) in 41.8% (for details, see Table 2).

Table 2. OSA in the sample group examined by limited polygraphy.

AHI
Total Men Women

Number % Number % Number %

Total 201 100 143 100 58 100
<5 24 11.9 10 7 14 24.1
>5 177 88.1 133 93.0 44 75.9
Mild OSA 28 13.9 19 13.3 9 15.5
Moderate OSA 65 32.3 48 33.6 17 29.3
Severe OSA 84 41.8 66 46.2 18 31.0

2.3. Methods

Patients completed five written sleep questionnaires individually and were subse-
quently examined by limited polygraphy at the Department of Neurology. Manual polyg-
raphy validation was performed.

BMI (body mass index)—defined as body weight divided by the square of height.
AHI (apnea-hypopnea index)—defined as the total number of apnea and hypopnea

episodes in the course of 1 h.
Mild OSA—defined as 5 ≤ AHI < 14.9.
Moderate OSA—defined as 15 ≤ AHI < 29.9.
Severe OSA—defined as AHI ≥ 30.

2.4. Sleep Questionnaires Used in The Study
2.4.1. The Epworth Sleepiness Scale (ESS)

The ESS was developed and validated by Johns [11] as a simple tool to assess excessive
daytime sleepiness. The ESS consists of eight items that list various daily situations in
which the patient evaluates the probability of falling asleep or napping using a scale of 0–3.
The total score is the sum of the individual responses and is, therefore, in the range 0–24.
Excessive daytime sleepiness and a greater likelihood of OSA are observed in patients with
an ESS value > 10 [11,12]. In other studies, the sensitivity and specificity of the ESS vary,
between 39–66% and 33–71%, respectively [13–16].

2.4.2. STOP-Bang Questionnaire

The STOP-Bang questionnaire was developed by Chung et al. as a screening question-
naire for OSA [17]. It contains eight questions related to snoring, fatigue during the day,
sleep apnea, high blood pressure, BMI, age, neck circumference and gender. It is possible
to receive 0–1 points for each question. The total score is the sum of the individual answers
and ranges from 0 to 8.

A score of 0–2 points indicates a low risk of obstructive sleep apnea (OSA), whereas
3–4 points indicate a medium risk, and 5–8 points indicate a high risk. A high risk can
alternatively be indicated by a score of 2 for the first four questions plus BMI >35 kg/m2,
or a score of 2 for the first four questions plus neck circumference (43 cm for men, 41 cm for
women), or a score of 2 for the first four questions plus male gender.
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Shrestha et al. found the sensitivity and specificity of the STOP-Bang questionnaire to be
92% and 33%, respectively. In a systematic review and meta-analysis by Bianca Pivetta et al.,
the sensitivity and specificity were found to be 91% and 28%, respectively. In the study by
Costa et al., the sensitivity was lower, 68.4%, and the specificity was 85% [16,18,19].

2.4.3. STOP Questionnaire

The STOP questionnaire is a simpler version of the STOP-Bang questionnaire. It was
developed in 2008 in an attempt to establish an easy-to-use questionnaire for OSA screening
in surgical patients [17]. It contains four questions about snoring, fatigue during the day,
sleep apnea and high blood pressure. It is possible to receive 0–1 points for each question.
The total score is the sum of the individual answers and is, therefore, in the range of 0–4. A
high risk of OSA is indicated by a score ≥2. In the studies of Chung et al. and Patel et al.,
the sensitivity of the STOP questionnaire varied from 66 to 89% [17,20].

2.4.4. Berlin Questionnaire (BQ)

The Berlin questionnaire was developed in 1996 at the Conference on Sleep in Primary
Care in Berlin, Germany. It is a validated instrument that is used to identify individuals who
are at risk for OSA in primary and some non-primary care settings. It contains 10 questions,
which are divided into three categories. In the first category, there are five questions about
snoring and breathing during sleep. In the second category, there are three questions about
increased daily fatigue and drowsiness. In the last, third category, there are questions about
hypertension and BMI. Each category is evaluated separately; the total score is calculated
as the sum of points for each category and ranges from 0 to 3. A score of ≥2 indicates a
risk for OSA [21,22]. Two previous studies found varying degrees of the sensitivity and
specificity for the BQ: 73–83% and 22–44%, respectively [14,23].

2.4.5. Pittsburgh Sleep Quality Index (PSQI)

The PSQI was not originally designed to screen for OSA. Rather, it is focused on sleep
quality (sleep latency, sleep duration, sleep efficiency, sleep interruptions, use of sleep-
inducing drugs, and daily dysfunction related to poor sleep) [24]. It contains 10 questions,
which are divided into seven categories. Each category is evaluated separately using 0 to
3 points, and the total score is calculated as the sum of points for each category and ranges
from 0 to 21. Poor sleep quality, which is also expected in patients with OSA, is noted for
scores >5. The sensitivity of PSQI was shown to be low in two different studies (38–51%),
and the specificity was shown to be 67–76% [16,25].

Inclusion criteria: (1) age over 18 years, (2) OSA assessment (diagnosis, follow-up)
using PG, (3) completed three or more sleep questionnaires.

Exclusion criteria: (1) diagnosed with central sleep apnea, (2) OSA assessment per-
formed using methods other than PG, or incomplete data from PG, (3) completed less than
3 sleep questionnaires, or questionnaires that were not answered completely.

2.5. Statistical Methods

Descriptive statistics (numbers, arithmetic mean, median, standard deviation, min.
and max. value) were used to describe the data. Correlations between the results were eval-
uated using Spearman’s correlation coefficient. Furthermore, the sensitivity and specificity
of individual screening questionnaires were evaluated. Statistical tests were evaluated at a
significance level of 5%. The statistical program Stata version 13 was used for processing.

3. Results

For the Epworth Sleepiness Scale, 197 questionnaires were included and four excluded
(for details, see Table 3). The sensitivity of ESS was 34.5%, and specificity 82.6%.
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Table 3. Results of Epworth Sleepiness Scale.

Epworth Sleepiness Scale (n = 197)

Score

0–10 11–12 13–15 16–24
133 25 23 16
Mean Median SD Min. Max.
8.3 7 4.69 1 22
0–4.9 5–14.9 15–29.9 30–

PG 23 28 63 83

In the case of the STOP-Bang questionnaire scale, 183 questionnaires were included
and 18 not included, with the best sensitivity of 81.6% and specificity of 75% (for details,
see Table 4).

Table 4. Results of STOP-Bang questionnaire.

STOP-Bang Questionnaire (n = 183)

Score

Low Risk Intermediate High Risk
45 68 70
Mean Median SD Min. Max.
4.3 4 1.71 1 8
0–4.9 5–14.9 15–29.9 30–

PG 20 25 60 78

The STOP questionnaire scale had 184 included questionnaires and 17 not included
questionnaires, with sensitivity of 74.2% and specificity of 61.9% (for details, see Table 5).

Table 5. Results of STOP questionnaire.

STOP Questionnaire (n = 184)

Score

Low Risk High Risk
55 129
Mean Median SD Min. Max.
2.2 2 1.16 0 4
0–4.9 5–14.9 15–29.9 30–

PG 21 25 60 78

For the Berlin Questionnaire Scale, there were 185 questionnaires included and 16 not
included, with the second-highest sensitivity of 78.7% and specificity of 61.9% (for details
see Table 6).

Table 6. Results of Berlin questionnaire.

Berlin Questionnaire (n = 185)

Score

Low Risk High Risk
48 137
Mean Median SD Min. Max.
2.0 2 0.79 0 3
0–4.9 5–14.9 15–29.9 30–

PG 21 25 61 78

The Pittsburgh Sleep Quality Index had 147 included and 54 not-included question-
naires, and had the worst results, sensitivity of 50.8%, and specificity of 47.4% (for details,
see Table 7).
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Table 7. Results of Pittsburgh Sleep Quality Index.

Pittsburgh Sleep Quality Index (n = 147)

Score

0–5 6–21
72 75
Mean Median SD Min. Max.
6.4 6 3.5 1 19
0–4.9 5–14.9 15–29.9 30–

PG 19 21 47 60

The highest sensitivity was found in the STOP-Bang questionnaire, the Berlin ques-
tionnaire, and the STOP questionnaire (81.6%, 78.7%, and 74.2%, respectively). The ESS
and the PSQI had the lowest sensitivity (34.5% and 50.8%, respectively).

The ESS had the highest specificity (82.6%), followed by the STOP-Bang, STOP and
Berlin questionnaires (75%, 61.9%, and 61.9%, respectively). The PSQI has the lowest
specificity (47.4%) (for details, see Table 8).

Table 8. Sensitivity and specificity of questionnaires.

Sensitivity and
Specificity ESS BQ PSQI STOP

Bang STOP

Test Number % Number % Number % Number % Number %
False neg. 114 65.5 35 21.3 63 49.2 30 18.4 42 25.8
True pos. 60 34.5 129 78.7 65 50.8 133 81.6 121 74.2
Total 174 100 164 100 128 100 163 100 163 100
Sensitivity 34.5% 78.7% 50.8% 81.6% 74.2%
Test Number % Number % Number % Number % Number %
False neg. 19 82.6 13 61.9 9 47.4 15 75 13 61.9
True pos. 4 17.4 8 38.1 10 52.6 5 25 8 38.1
Total 23 100 21 100 19 100 20 100 21 100
Specificity 82.6% 61.9% 47.4% 75% 61.9%

4. Discussion

The aim of this study was to compare the predictive capabilities of five established sleep
questionnaires for OSA. The questionnaires tested in this study were the ESS, BQ, STOP and
STOP-Bang, as well as the PSQI. All questionnaires were filled in by patients presenting sleep
disorders. The scores were evaluated against limited polygraphy based on AHI.

One of the most commonly used questionnaires in sleep medicine, the Epworth
Sleepiness Scale, deals with only one of the presumed risk factors for OSA: excessive
daytime sleepiness [11,26]. The advantage of ESS is clarity; it is a simple evaluation method.
According to Johns et al., ESS scores significantly distinguished patients with primary
snoring from those with OSA, and ESS scores increased with the severity of OSA [27].
However, the association between AHI and ESS scores was not confirmed by Laub et al.
According to Laub et al., ESS is not a good questionnaire for the evaluation of the presence
or severity of obstructive sleep apnea [28]. Similarly, in a study by Mediano et al., excessive
daytime sleepiness measured by ESS was not invariably present in patients with OSA.
Patients with OSA and excessive daytime sleepiness were characterized by worse nocturnal
oxygenation than those without excessive daytime sleepiness. Both groups exhibited a
similar AHI [29].

In other studies the sensitivity and specificity of ESS varied between 39–66% and
33–71% [13–16,30]. The results of our study demonstrated that ESS had a lower sensitivity
for OSA (34.5%) and higher specificity (82.6%) in comparison to the findings by other au-
thors. The low sensitivity was not surprising given that the ESS is a standard questionnaire
designed to measure subjective excessive daytime sleepiness, which can occur secondary
to multiple causes other than OSA.
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The STOP-Bang questionnaire is widely used worldwide. [30] It is quick and simple.
According to a meta-analysis by Chiu et al. from 2017, it had a high sensitivity (88%), but
the specificity was low (42%) [30]. In an earlier study, it was found that the STOP-Bang
questionnaire had high sensitivity for detecting moderate and severe OSA (93% and 100%,
respectively), but the specificity of the STOP-Bang questionnaire was still low: 47% and 37%
for moderate and severe OSA, respectively, resulting in fairly high false-positive rates [17].
Silva et al. reported that the STOP-Bang questionnaire had the highest sensitivity for
moderate-to-severe (87.0%) and severe (70.4%) OSA in comparison to the ESS and the
STOP [13]. In other studies, the sensitivity and specificity of the STOP-Bang questionnaire
varied between 91–92% and 28–33% [16,18]. In our study, the sensitivity of the STOP-Bang
questionnaire for OSA was found to be 81.6%, and its specificity 75%, which was higher
compared to the study by Kee et al. (60% and 69%, respectively) [31].

The STOP questionnaire contains the first four questions from the STOP-Bang question-
naire. According to a meta-analysis from 2016, it had a sensitivity of 87% and a specificity
of 42% [30]. In other studies, the sensitivity of the STOP questionnaire varied between
66 and 89%. In a systematic review article, Abrishami et al. recommended the use of the
STOP-Bang and STOP questionnaires for their high-quality methodology and accurate
results, although the sensitivity and specificity were not significantly higher compared
to other questionnaires [32]. In our sample, the sensitivity of the STOP questionnaire for
OSA was found to be 74.2%, and the specificity 61.9%. According to the results of our
study, the STOP-Bang and STOP questionnaires were relatively suitable screening tools in
comparison with other questionnaires.

The Berlin questionnaire is more time-consuming compared to the ESS, STOP-Bang
and STOP questionnaires. Ahmadi et al. [33] tested the BQ with patients in a sleep clinic,
retrospectively. Out of the 130 individuals tested, only 26.2% had a respiratory disturbance
index (RDI) >10, whereas the BQ identified 58.5% as being at high-risk of having sleep
apnea, with a 62% sensitivity and 43% specificity. The discrepancy between these results
and our study could be attributed to the use of RDI rather than AHI at a higher cut-off
(i.e., >10). In other studies, the sensitivity and specificity of BQ varied between 73–83%
and 22–59%, respectively [14,23,30,31]. In our study, the sensitivity of the BQ for OSA
was found to be 78.7%, and its specificity was established as 61.9%. Due to its satisfactory
sensitivity and specificity, the BQ appears to be a suitable tool for OSA screening.

The PSQI is one of the most frequently used sleep questionnaires worldwide. Complet-
ing and evaluating the questionnaire is complex and time-consuming. The PSQI addresses
psychological symptoms and correlates OSA with the occurrence of depression, anxiety
or stress [34,35]. The PSQI is unsuitable for OSA screening. According to a study by
Scarlata et al., the sensitivity of the PSQI was only 37.8%, and its specificity 76.1% [25].
In a different study by Amado-Garzón, the sensitivity for OSA and central apnea was
80–85% [36]. Based on our results, the PSQI had lower sensitivity in comparison to the
STOP-Bang, STOP and BQ (50.8%,). The specificity was the lowest among all our question-
naires (47.4%).

A certain limitation of the study can be its monocentricity and the fact that not all
patients filled in all five questionnaires completely. Patients that completed less than (or did
not completely answer) three sleep questionnaires were excluded (see exclusion criteria).
Another limit of the study could be the missing gender differences evaluation for the
relatively small number of respondents (143 men and 58 women).

5. Conclusions

The STOP-Bang and Berlin questionnaires, which had the highest sensitivity (81.6%,
78.7%) and satisfactory specificity (75%, 61.9%), were found to be the most suitable for OSA
screening in our sample. The STOP questionnaire was also relatively reliable, especially
given its time-saving nature, which did not impair its satisfactory sensitivity (74.2%) and
specificity (61.9%). The Epworth Sleepiness Scale and the Pittsburgh Sleep Quality Index
had the lowest sensitivity (34.5%, 50.8%) and are unsuitable for OSA screening.
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Abstract: Drug-induced sleep endoscopy (DISE) reveals epiglottic collapse to be a frequent cause
of obstructive sleep apnea (OSA) and intolerance of positive airway pressure (PAP). These patients
require different management. This prospective study aimed to compare transoral laser epiglot-
topexy outcomes in patients with OSA caused by epiglottic collapse with the patients’ previous PAP
outcomes. Fifteen consecutive adult patients with OSA and epiglottic collapse during DISE were
included; ten were analyzed. Before inclusion, PAP was indicated and ineffective in six patients, one
of whom underwent unsuccessful uvulopalatopharyngoplasty. PAP was performed during DISE
in all patients before epiglottopexy and was uniformly ineffective. ENT control was performed at 1
week and 1 month, and control limited polygraphy to 6 months after surgery. The apnea–hypopnea
index (AHI) and Epworth Sleepiness Scale (ESS) were significantly improved (p < 0.001 and p = 0.003,
respectively) in all patients after epiglottopexy. Surgery was successful in 9/10 patients; the remaining
patient had a significantly decreased AHI and could finally tolerate PAP. Transoral laser epiglottopexy
is used to treat OSA in patients with epiglottic collapse. Unlike other methods, it significantly reduces
both AHI and ESS and should be considered for these patients. An active search for OSA patients
with epiglottic collapse is recommended to prevent treatment failure.

Keywords: obstructive sleep apnea; drug-induced sleep endoscopy; epiglottopexy; positive
airway pressure

1. Introduction

The role of the epiglottis in the development of obstructive sleep apnea (OSA) in
adults has been known for many years [1]. The most common type of epiglottic pathology
is “closing door” epiglottis, when the epiglottis collapses on the posterior wall of the
hypopharynx during inspiration [2].

In the past, the prevalence of epiglottic collapse evaluated by clinical examination
was estimated to be 12% in OSA patients [3]. In recent years, however, drug-induced sleep
endoscopy (DISE) has shown that the epiglottis is a much more common cause of OSA [4].

Currently, there is a lack of good understanding about the relationship between
epiglottic collapse and its most effective treatment. The treatment of OSA with positive
airway pressure (PAP) is considered the “gold standard” [5,6]. However, in cases of
epiglottic collapse, several studies have suggested that PAP may rather aggravate airway
obstruction by pushing the epiglottis further down into the laryngeal inlet (Figure 1) [1].
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Thus, these patients could require different management and it seems logical for surgery to
play a crucial role regardless of the severity of OSA.
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Figure 1. DISE with simultaneous PAP, endoscopic view. (a) Anterior–posterior obstruction of the
epiglottis as a cause of upper-airway obstruction, without PAP. (b) PAP failure: the pressure is
18 hPa and aggravates the upper-airway obstruction by pushing the epiglottis further down into the
laryngeal inlet.

Currently, there are insufficient data regarding the effect of epiglottis intervention [2,7,8].
Therefore, the aim of this prospective study was to evaluate the treatment outcomes of

transoral laser epiglottopexy in patients with OSA at different severities caused by epiglottic
collapse and to compare them with the outcomes of pre- and perioperative positive airway
pressure treatments in these patients.

2. Materials and Methods

This prospective study was performed with the consent of the Ethics Committee of the
University Hospital Ostrava and performed in accordance with the Declaration of Helsinki
and the requirements of good clinical practice. Written informed consent was obtained
from each patient before any procedure was initiated.

2.1. Study Design

This study was performed at the tertiary referral center.

2.2. Inclusion Criteria

Adult patients with OSA confirmed by limited polygraphy or polysomnography with
an AHI ≥ 5 episodes/h and epiglottic collapse during DISE.

2.3. Exclusion Criteria

Major comorbidities representing excessive risk for general anesthesia, craniofacial
malformations, neurological pathologies, patients who did not want surgery or did not
agree to their inclusion in the study, and patients in need of multilevel surgery (epiglot-
topexy and soft palate or oropharyngeal surgery).

2.4. Clinical Evaluation

Patients were evaluated by obtaining their comprehensive history covering sleep
habits and disturbances: shift work, sleep duration, sleep quality, lack of sleep, daily
sleepiness, and snoring. Excessive daytime sleepiness was estimated by the ESS. Each
patient’s body mass index (BMI) was also recorded.

Clinical evaluation included a complete head and neck examination that evaluated
the presence of soft palatal webbing, the presence of an elongated uvula, and the size of the
tonsils according to Friedmann. The relation of the base of the tongue to the soft palate was
evaluated using the Mallampati classification.

The upper airways and digestive tract were examined using a flexible videoendoscope
with a diameter of 3.5 mm (Olympus, Tokyo, Japan) in each patient. Laterolateral narrowing
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of the oropharynx, narrowing of the base of the tongue, and the presence of pathology in
the epiglottis were assessed according to Kezirian [9].

2.5. Drug-Induced Sleep Endoscopy

Sleep endoscopy was performed by an experienced otorhinolaryngologist and anesthe-
siologist in the operating room. After intramuscular administration of 5 mg of Dormicum
(midazolam) and 0.5 mg of atropine 30 min before the examination, the patient in supine po-
sition without neck extension was induced to sleep with intravenous propofol (a 1 mg/kg
bolus at the beginning, then 20–30 mg every 3–5 min). The depth of anesthesia was mea-
sured by the bispectral index throughout the examination and maintained in the range
of 50–70. Vital signs were monitored and included blood pressure, heart rate, electrocar-
diogram, oxygen saturation, and respiratory rate. Sleep endoscopy was performed using
a flexible videoendoscope with a diameter of 3.5 mm (Olympus, Tokyo, Japan), and the
length of the examination was 15–20 min. The Kezirian VOTE classification was used to
evaluate the results (Figure 2) [9].
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Figure 2. The VOTE classification according to Kezirian (2011). Obstruction in four upper-airway
areas is evaluated: the area of the soft palate, the lateral pharynx walls and the tonsils, the tongue
base, and the epiglottis. In each of these locations, the degree of obstruction (0, no obstruction; 1,
partial obstruction; 2, complete obstruction) and obstruction configuration (anteroposterior, circular,
laterolateral) are evaluated [7].

2.6. Positive Airway Pressure Titration during the Sleep Endoscopy

The BiPAP A40 (Philips Respironics, Murrysville, PA, USA) in PAP mode was used for
titration. PAP titration was performed immediately after DISE with the patient in supine
position. An overpressure ventilation mask (Respironics PerforMax Full-face mask, Philips
Respironics, Murrysville, PA, USA) of appropriate size was applied to the patient’s face. A
special connecting valve (Philips Respironics, Murrysville, PA, USA) was inserted between
the mask and the device hose, through which a flexible endoscope was inserted into the
nose and nasopharynx. The mask was subsequently fixed with straps.

Sleep endoscopy was then performed under overpressure ventilation. The start of the
examination was at a pressure of 6 hPa. Gradually, the PAP was elevated (always after at
least 30 s) in the range of 6, 8, 10, 12, 14, and 18 hPa. At each pressure tested, an evaluation
was performed by two physicians independently. The efficiency of overpressure ventilation
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was assessed visually, and at the same time the values of blood oxygen saturation measured
on a finger of the upper limb were monitored.

The Kezirian VOTE classification was used for evaluation at each PAP tested to observe
the effect of increasing pressure on the obstruction of the monitored localities.

2.7. Surgical Technique

In patients with an epiglottic collapse during sleep endoscopy, transoral laser epiglot-
topexy was subsequently performed under general anesthesia using an operating micro-
scope (Zeiss, Oberkochen, Germany). The patient lay in supine position and their superior
teeth were protected by a silicone protector. The base of the tongue and the entire epiglottic
vallecula and epiglottis were exposed by a laryngoscope.

Removal of the mucosa at the base of the tongue, epiglottic vallecula, and the lingual
surface of the epiglottis was performed using a Thulium laser (Revolix, Getz Health-
care, Singapore). The laser was set at 8–10 watts of delivered power. A rim of 5 mm of
healthy mucosa was left intact along the entire lingual surface of the epiglottis. After
de-epithelialization of the mucosa, the epiglottis was fixed to the base of the tongue with
two absorbable stitches (Figure 3A).
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Moderate perioperative bleeding was treated with cauterization. Due to the laser’s
ability to coagulate vessels, it was usually not necessary to deal with major perioperative
bleeding.

2.8. Postoperative Care

Antibiotics were administered intravenously for 24 h, and after that orally until the
7th postoperative day. Analgesics were also recommended for 1 week. If the patient had
no problems with swallowing, they were allowed to resume oral intake including liquids
from the first postoperative day.

2.9. Follow-Up

ENT control with a flexible videoendoscope (Olympus, Tokyo, Japan) was performed
1 week and 1 month after the surgery (Figure 3B). Control polysomnography or limited
polygraphy was performed 6 months after the surgery. The presence of complications
during follow-up was monitored.

2.10. Statistical Analysis

The primary analysis was performed using standard tools of exploratory data analysis.
For the description of numerical variables, the mean or the median was used. Categorical
variables were presented with absolute and/or relative frequencies. The success of surgery
and healing were evaluated according to Sher’s criteria [10,11]. Previous therapy was
chosen as a control for each patient. Statistical analysis was performed using R software
(version 3.6.0; R Core Team, R Foundation for Statistical Computing, Vienna, Austria). The
one-tailed Wilcoxon signed-rank test was used with a 5% significance level.

3. Results

Altogether, 15 consecutive patients were included in this study. Four patients had
to be excluded: three patients did not want surgery and were treated with a mandibular
advancement with partial effect, and one patient did not come for surgery. Surgery was
performed on 11 patients. One patient was lost to follow-up and had to be excluded
from analysis.

A total of 10 patients (eight males and two females) were analyzed. The mean age of
analyzed patients was 43.7 years. The patients had varying degrees of nonpositional OSA
(mean AHI: 25.9; mean ESS: 15.6), and their mean BMI was 28.6. There were no cases of
head and neck cancer or multiple system atrophy in these patients. Before their inclusion
in the study, positive airway pressure treatment was primarily indicated as the first-line
treatment in six patients and was not effective in any of them according to AHI and ESS. In
one patient, uvulopalatopharyngoplasty was primarily performed in another hospital, also
with no effect on OSA (Table 1).

According to the awake examination findings, including the use of a flexible endo-
scope, none of the patients had any epiglottic pathology. Positive airway pressure was not
effective during the DISE in any patient, even at the strongest pressure tested, resulting
in PAP treatment failure in all patients if it had been indicated, as was confirmed in those
six patients who underwent preoperative positive airway pressure treatment. In all cases,
positive airway pressure only aggravated the airway obstruction by pushing the epiglottis
further down into the laryngeal inlet.

Postoperative AHI and ESS were significantly improved in all patients 6 months after
epiglottopexy (Table 2; Figure 4). In total, 9/10 (90%) patients did not need further treatment
after surgery, and quality of life was significantly improved. Therefore, we assume that the
treatment was successful for them, which was also confirmed by Sher’s criteria. There was
an almost 40% decrease in AHI (from 46.5 to 28) in the one remaining patient with very
severe OSA, who had not tolerated previous PAP treatment. Postoperatively, the patient
could tolerate positive airway pressure treatment.
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Table 2. Analysis of AHI and ESS postoperative reduction.

Median (Min; Max)

Preoperative Postoperative Difference p *

AHI 24.9 (8.3; 46.5) 8.4 (1.3; 28.0) 14.4 (2.0; 45.2) <0.001
ESS 15 (11; 20) 4 (2; 12) 11 (7; 15) 0.003

Difference = Preoperative–Postoperative; AHI, apnea–hypopnea index; ESS, Epworth sleepiness scale. * The
p-value of the one-tailed Wilcoxon signed-rank test.
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Postoperative bleeding from the base of the tongue was noted in one patient 1 week
after surgery, and a revision was performed under general anaesthesia. No other peri-
operative or postoperative complication was observed. No patient had postoperative
swallowing problems. All patients started a liquid diet on the first postoperative day. A
soft non-irritating diet was started one week after surgery. All patients were transitioned to
a solid diet without any problems one month after surgery.

4. Discussion

The morphology of upper-airway structures plays a major role in the pathogenesis of
OSA [7,12]. In recent years, DISE has gained popularity in identifying specific anatomical
locations and patterns of obstruction. It allows examination of the dynamic status of upper
airways during sleep and has become an important part of the armamentarium of surgeons
to evaluate their OSA patients [12]. Specifically, it has a strength in identifying epiglottic
collapse, which is not easily predictable without sedation [3,4,13].

In the past, the prevalence of epiglottic collapse was estimated to be around 12% in
adult OSA patients. Later, and based on DISE, a significantly higher percentage of adult
patients with OSA were found to exhibit epiglottic collapse [2,4]. Fernandez-Julian et al.
compared surgical recommendations in 162 patients and found that the epiglottis was
involved in the obstruction of 36.4% of patients according to DISE, but of only 24.1–28.4%
according to awake examination [14]. Koutsourelakis et al. reported 49 OSA patients who
were evaluated during DISE before upper-airway surgery and found 36 patients (73.5%)
with some degree of epiglottic collapse [15]. Thus, epiglottic collapse seems to play an
important role in airway obstruction in patients with OSA [14,15].

The treatment of OSA with positive airway pressure is currently considered as the
“gold standard” for many patients [5,6,16]. Although PAP has high efficacy, the effectiveness
of the therapy is limited, as demonstrated by 46–83% of patients being non-adherent to
therapy (defined as >4 h of use per night) [16]. These patients very often lose interest
in further solutions and hope for their healing or are usually offered another possible
therapy that consists mainly of uvulopalatopharyngoplasty with or without surgery on the
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base of the tongue [9,17]. However, this type of surgery is very rarely successful in these
patients. Therefore, these patients are forced to take the considerable risks associated with
general anesthesia and uvulopalatopharyngoplasty and, ultimately, to live with their OSA.
Velopharyngeal OSA surgery has an increased risk of postoperative complications, such as
bleeding (sometimes life-threatening), foreign body sensation, dry throat, globus sensation,
problems with phlegm, and velopharyngeal insufficiency [17]. Only single-site case series
provide current estimates of the incidence of the perioperative complications of UPPP, with
a pooled crude serious complication rate of 3.5% and a crude mortality rate of 0.4% [18].
Haavisto et al. reported that as late as 1 year after surgery, 57% of patients had some kind
of problem in relation to the operation, the most common complaint being velopharyngeal
insufficiency (24%) [19].

According to the literature, a collapsing epiglottis has been found in 15–31.4% of
adult patients with OSA who did not tolerate positive airway pressure therapy or in whom
positive airway pressure treatment was ineffective [1,3,4,6]. In the case of epiglottic collapse,
several studies have shown that rising overpressure of positive airway pressure therapy
only pushes the epiglottis onto the back wall of the pharynx more and thus makes the
obstruction worse [2,11,20]. Torre et al. states that PAP does not resolve primary epiglottis
collapse and too high pressures are required to open it. Furthermore, PAP has been found
to be particularly ineffective in cases of latero-lateral epiglottis obstruction. In the case of
the latero-lateral epiglottis obstruction the problem persists even at pressures higher than
15.0 hPa [2].

It can be stated that positive airway pressure therapy is not an ideal choice for patients
with epiglottic collapse. Positional therapy or mandibular advancement seems to have
slightly more promising results. It has been shown that both methods affect epiglottic
collapse relatively positively, but only in patients with mild OSA. In patients with a higher
AHI these methods often fail and additional treatment is required [21–23]. Kent et al.
analyzed 35 consecutively screened adult patients with OSA with positive airway pressure
therapy intolerance and incomplete response to oral appliance therapy and found 20% of
them to have epiglottic collapse [21]. In addition, both treatment modalities (positional
therapy and mandibular advancement) require high compliance and do not solve their OSA
definitively [3,24]. Less compliant patients are thus at risk of not being properly treated
and exposed to all OSA complications.

It is interesting that patients with epiglottis collapse seem to be thinner than standard
patients with OSA and their AHI does not correlate with their BMI [25]. Likewise, epiglottis
collapse is not usually related to craniofacial deformities, which can also predispose patients
to OSA [17,25]. Patients with epiglottic collapse are often young and slim with a different
degree of OSA, in our experience. Therefore, especially with these patients, it is very
important to think about the possibility of a collapsing epiglottis [2,3].

Based on our results, transoral laser epiglottopexy seems to be an ideal therapeu-
tic option for these patients. There are multiple choices for epiglottic surgery including
epiglottidectomy (total, partial, and V-shaped) or transoral epiglottopexy [4,13,26,27]. How-
ever, transoral epiglottopexy (or glossoepiglottopexy) is the most gentle surgical technique
in terms of impairing the fundamental functions of the epiglottis, complications, and
postoperative morbidity [2,3,9,26–30].

Generally, many surgical approaches and techniques in this region are significantly
invasive and associated with a high rate of complications, such as bleeding, edema, persis-
tent dysphagia, dysgeusia, etc. However, new technologies (diathermy, CO2 laser, thulium
laser, and coblation) have allowed the introduction of innovative surgical techniques that
are relatively safe [2,3,9].

The functions of the epiglottis must be taken into account. The epiglottis is involved in
preventing food aspirations in two ways. It works as a mechanical closure of the laryngeal
aditus during swallowing. Its sensitive receptors, distributed over its surface, participate in
swallowing as well. In an effort to prevent unwanted complications such as aspirations, it
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is important from a technical point of view to leave a 3–4 mm rim of healthy mucosa along
the entire profile of the epiglottis [3,4,27].

However, to date, no serious complications associated with epiglottopexy have been
reported in the literature. In addition, it is a reversible method in case of unexpected
complications [3,9]

The most risky procedure is an intervention at the base of the tongue (risking injury to
the lingual artery with subsequent perioperative or postoperative bleeding). Therefore, it is
very important not to reduce the base of the tongue or expose the mucosa too laterally, but
to adhere strictly to the area around the midline [3,8,18,30].

Although our results are limited by the small number of patients, it can be stated
that correctly applied epiglottopexy seems to be a very effective first-stage treatment for
OSA caused by epiglottic collapse, with minimal risk of complications. What is more,
epiglottopexy can significantly improve the tolerance of PAP treatment in some cases
and prevent serious complications associated with other upper-airway surgeries (such
as tonsillectomy, uvulopalatopharyngoplasty, etc.) that incorrectly diagnosed patients
undergo unnecessarily [4,19,30]. A collapsing epiglottis is one of the very frequent reasons
for PAP intolerance and cannot be properly evaluated during clinical examination with
endoscopy. Thus, DISE should be considered in such cases.

5. Conclusions

A collapsing epiglottis is a relatively common cause of OSA and one of the reasons for
positive airway pressure intolerance. Since it cannot be detected while awake, DISE should
be recommended in these cases. Transoral laser epiglottopexy is an elegant technique that
significantly ameliorates the severity of OSA, or in some cases even cures OSA in patients
with epiglottic collapse. Unlike other methods, it significantly reduces both AHI and ESS
and should be the method of choice for these patients. Despite the intervention in the
larynx, it provides stable support to the epiglottis without affecting its function during
swallowing. Transoral laser epiglottopexy is thus a safe surgical technique. It is essential
to actively seek out patients with epiglottic collapse among other patients with OSA to
prevent treatment failure and lessen the risk of potential complications.
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Abstract: Background: There are increasing data linking sleep apnea with cognitive impairment. We
aimed to clarify the relationship between sleep-disordered breathing (SDB) and cognition. Detailed
attention was assigned to the potential role of central versus obstructive apneic pauses in cognitive
impairment. Methods: Patients with suspected SDB were prospectively enrolled, and a complex sleep
study was performed that included overnight polysomnography. A revised version of Addenbrooke‘s
Cognitive Examination (ACE-R) was used to assess cognition, evaluating overall cognition and
individual subdomains. Results: A total number of 101 participants were included in the study. In
multivariate binary logistic regression analysis, obstructive apnea index ([OAI], 95% CI: 1.009–1.057,
p = 0.008) was the only significant contributor to the model predicting attention deficit. The proportion
of N1 stage of NREM sleep was the only significant contributor to the model predicting impaired
verbal fluency (95% CI: 1.004–1.081, p = 0.029). No significant differences in sleep-related indices were
observed in the remaining ACE-R subdomains. Conclusion: Except for verbal fluency and attention,
we failed to find any significant association of sleep-related indices with the impairment in different
cognitive subdomains. Our data suggest that impairment observed in verbal fluency is associated
with a higher proportion of shallow NREM sleep, and attention deficit is associated with higher OAI.
Obstructive respiratory episodes seem to play a more important role in cognitive impairment when
compared to central ones.

Keywords: sleep-disordered breathing; cognition; cognitive deficit; polysomnography; central apneas;
obstructive apneas

1. Introduction

Sleep-disordered breathing (SDB) is a treatable disease that is frequent in the adult
population [1]. The most common form of SDB is obstructive sleep apnea (OSA), which
is characterized by recurrent upper airway obstruction, causing recurrent episodes of
apnea or hypopnea during sleep, increased daytime sleepiness, sleep fragmentation, and
intermittent hypoxia [2].

There is increased interest in investigating the impact of SDB on overall health and
its association with numerous diseases [3–5]. Studies are also trying to elucidate the
association between OSA and cognitive impairment (CI). Population studies evaluating
the relationship between SDB and CI in healthy individuals have mixed results [6,7]. A
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recent meta-analysis [8] has shown that individuals with SDB have a 26% increased risk of
cognitive deficit (risk ratio 1.26; 95% CI 1.05–1.50) when compared to the population without
SDB. There are contradictory findings from studies that examined which cognitive domains
are mostly impaired in patients with OSA [9]. Attention deficit and executive dysfunction
are generally observed in these individuals. On the contrary, memory impairment is less
prevalent in patients with OSA [10].

Furthermore, the role of SDB in the deterioration of overall cognition is not precisely
recognized. Sleep fragmentation, sleep deprivation, intermittent nocturnal hypoxia, and
disruption of sleep architecture are believed to be essential underlying mechanisms respon-
sible for cognitive impairment [10]. Our study aimed to clarify the relationship between
SDB and cognitive profile. Detailed attention was paid to the potential role of central versus
obstructive apneic pauses in cognitive impairment, which has not been described in detail
in previous works.

2. Materials and Methods
2.1. Participants

We consecutively enrolled patients who were suspected of suffering SDB and were hos-
pitalized in the sleep laboratory of the 1st Department of Neurology, Comenius University,
and University Hospital Bratislava (Old Town Hospital, Bratislava, Slovakia). From these
patients, participants were selected for our study after meeting the inclusion criteria: (a) age
between 18 and 80 years; (b) confirmed diagnosis of SDB by overnight polysomnography
(defined as apnea/hypopnea index [AHI] ≥ 5). The exclusion criteria were: (a) presence of
a cognitive deficit defined as Mini-Mental State Examination (MMSE) ≤ 24; (b) a known his-
tory of psychiatric illness, which may explain the presence of cognitive deficits (depression,
psychotic disorders, attention deficit hyperactivity disorder, posttraumatic stress disorder);
(c) use of drugs affecting sleep (hypnotics, sedatives, anxiolytics, steroids); (d) history of
treatment for sleep disorders. The baseline evaluation of all patients included assessment
of clinical and demographic characteristics including sex, age, neck circumference, and
body mass index (BMI). Medical records of all patients were reviewed to search for medical
conditions (arterial hypertension, diabetes mellitus, atrial fibrillation, stroke, dyslipidemia,
and thyroid disease) that could contribute to CI.

All participants agreed to participate in the study. The agreement was confirmed by
signing an informed consent prior to enrollment. The study was approved by the Ethics
Committee of the Old Town Hospital, University Hospital Bratislava.

2.2. Sleep Study

Overnight polysomnography was performed on all participants (Alice 6, Philips-
Respironics, Murrysville, PA, USA). The sleep specialist evaluated and scored polysomnog-
raphy based on standardized criteria [11]. Observed parameters were apnea/hypopnea
index (AHI), which was defined as the number of apneic or hypopneas pauses during an
hour of sleep; other variables were arousal index ([AI], number of arousals per hour of
sleep), desaturation index (number of all oxygen desaturations ≥3% per hour of sleep).
We evaluated the obstructive apnea index (OAI), defined as the number of obstructive
and mixed apneic pauses per hour of sleep, and the central apnea index (CAI), defined
as the number of central apneic pauses per hour of sleep. We also assessed the hypopnea
index, defined as the number of hypopneas per hour of sleep and the percentual duration
of snoring during sleep. The hypnogram and the percentage of particular sleep stages
(REM, NREM phases—N1, N2, and N3) were recorded. The diagnosis of SDB was defined
as AHI ≥ 5. The Epworth Sleepiness Scale (ESS) questionnaire was used to assess daytime
sleepiness [12], and the Pittsburgh Sleep Quality Index (PSQI) questionnaire was used to
subjectively assess sleep quality [13].
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2.3. Evaluation of Cognition

To assess the cognitive profile, we administered a psychometric examination of cogni-
tion in patients prior to polysomnography. An extended screening method was performed—
a revised version of Addenbrooke‘s Cognitive Examination (ACE-R) [14]. We evaluated
scores of overall cognition and particular cognitive subdomains: orientation/attention,
memory, verbal fluency, language, and visuospatial functions. We classified patients ac-
cording to the presence of an impairment in individual cognitive subdomains. Individual
impairment in different subdomains was defined as a subtest score for orientation and
attention ≤16; memory subtest score ≤17; verbal fluency subtest score ≤9; language subtest
score ≤23; subtest score for visuospatial abilities ≤14 [14].

2.4. Statistical Analysis

Statistical analysis was performed using SPSS, version 21 (SPSS Inc, Chicago, IL,
USA). Categorical variables were described as number and percentage (%), and continuous
variables were described as mean ± standard deviation or median and IQR (interquartile
range). To compare values of the continuous variables between two groups, we conducted
Student’s t-test if variables were normally distributed; otherwise, the Mann–Whitney test
was conducted. The Chi-square test was used for categorical variables. p-value < 0.05 was
considered statistically significant. In the binary logistic regression analysis, 95% confidence
intervals were reported to declare the statistical significance and strength of association
between deficit in particular cognitive subdomains (dependent variable) and the indepen-
dent variables (demographic variables: age, gender, body mass index, neck circumference,
presence of diseases: arterial hypertension, diabetes mellitus, atrial fibrillation, stroke,
dyslipidemia, thyroid disease, and sleep parameters: AHI, AI, desaturation index, the
proportion of particular sleep stages, OAI, CAI, hypopnea index, percentual duration of
snoring, ESS, and PSQI) was assessed. Variables with a p < 0.05 in the bi-variable binary
logistic regression analysis were considered for the multivariable analysis.

3. Results
3.1. Demographic and Cognitive Parameters

After meeting the inclusion criteria, 101 participants were included in the study.
Baseline characteristics of the population are shown in Table 1. The decline in ACE-R
subtest for orientation and attention was observed in six participants (5.9%). Memory
deterioration was present in seven patients (6.9%). Impaired verbal fluency was confirmed
in 11 participants (10.9%). Speech deficit was not observed in any individual in the study
group. Deterioration of visuospatial functions was observed in 13 patients (12.9%). A CI
found in at least one cognitive subdomain was present in 27 individuals (26.7%).

3.2. Comparison of Sleep Variables and Cognition

Our primary goal of the study was to compare sleep variables in groups divided
according to the presence of CI in different cognitive subdomains. Statistically significant
differences between observed sleep parameters were observed in individuals with attention
deficit and impaired verbal fluency (detailed results are shown in Table 2). No significant
differences in sleep parameters were found in CI subjects in other cognitive subdomains.
In participants with attention deficit, we proved that they had statistically higher value of
AHI (p = 0.035), AI (p = 0.039), and desaturation index (p = 0.024). In these patients, there
were also statistically more frequent obstructive apneic pauses (p = 0.025), as well as central
apneic pauses (p = 0.036). Furthermore, in participants with attention deficit, the ESS value
was statistically higher (p = 0.012). In patients with impaired verbal fluency, a statistically
higher percentage of the N1 NREM phase of sleep was observed (p = 0.014). In multivariate
binary logistic regression analysis, we found that OAI (95% CI: 1.009–1.057, p = 0.008) was
the only significant contributor to the model predicting attention deficit. The proportion of
the N1 NREM phase was the only significant factor in the model that predicted impaired
verbal fluency (95% CI: 1.004–1.081, p = 0.029).
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Table 1. Baseline characteristics.

Demographic Variables Sleep Parameters Cognitive Parameters

Number of participants (%) 101 (100%) AHI (n/hour) 31.8; 36.7
(5.8–157.2) MMSE 28; 2 (25–30)

Men’s representation (%) 70 (69.3%) Arousal index
(n/hour) 18; 25.3 (1.4–89) ACE-R 94; 7 (81–100)

Age (years) 55.08 ± 11.51 Desaturation index
(n/hour)

29.3; 39.2
(1.2–149.6)

Orientation-
attention 18; 1 (16–18)

BMI (kg/m2) 33.86 ± 6.67 REM (%) 8.5; 10.4 (0–30.4) Memory 23; 3 (13–26)
Neck circumference (cm) 42.37 ± 4.15 N1 (%) 34.1; 22.9 (1.9–74.6) Verbal fluency 12; 3 (7–14)
Arterial hypertension (%) 69 (68.3%) N2 (%) 27.8; 18.7 (6.3–82.7) Language 26; 0 (24–26)

Diabetes mellitus (%) 21 (20.8%) N3 (%) 23.5; 21.9 (0–58.1) Visuospatial
functions 16; 1 (12–16)

Atrial fibrillation (%) 9 (8.9%) OAI (n/hour) 5.72; 18.24
(0–132.28)

Stroke (%) 5 (5.0%) CAI (n/hour) 5.44; 12.87 (0–92.75)

Dyslipidemia (%) 31 (30.7%) Hypopnea index
(n/hour)

15.41; 18.17
(1.26–65.86)

Thyroid disease (%) 14 (13.9%) Snoring (%) 3.9; 10.65 (0–42.4)
ESS 7; 8 (0–24)

PSQI 5; 4 (0–17)

BMI—body mass index; ESS—Epworth Sleepiness Scale; PSQI—Pittsburgh Sleep Quality Index; AHI—
apnea/hypopnea index; REM—percentage of REM phase during the whole sleep; N1—percentage of N1 NREM
phase during the whole sleep; N2—percentage of N2 NREM phase during the whole sleep; N3—percentage of
N3 NREM phase during the whole sleep; OAI—obstructive apnea index; CAI—central apnea index; MMSE—
Mini-Mental State Examination; ACE-R—Addenbrooke‘s Cognitive Examination-Revised; Snoring—percentual
duration of snoring during sleep.

Table 2. Baseline characteristics in populations with and without a deficit in the particular cognitive
subdomain.

Variables
Attention Verbal Fluency

Without Deficit With Deficit p-Value Without Deficit With Deficit p-Value

Number of participants (%) 95 (94.1%) 6 (5.9%) 90 (89.1%) 11 (10.9%)
Men’s representation (%) 65 (68.4%) 5 (83.3%) 0.442 65 (72.2%) 5 (45.5%) 0.069

Age (years) 55.41 ± 11.17 49.83 ± 16.38 0.252 54.82 ± 11.30 57.18 ± 13.51 0.524
BMI (kg/m2) 33.57 ± 6.59 38.58 ± 6.81 0.074 33.91 ± 6.59 33.48 ± 7.65 0.842

Neck circumference (cm) 42.21 ± 4.18 44.83 ± 2.99 0.134 42.32 ± 3.93 42.73 ± 5.93 0.762

AHI (n/hour) 31.8; 37.6 (6.7–153.2) 64.9; 67.9
(21.0–140.3) 0.035 * 34.9; 44.9 (6.7–153.2) 31.2; 16.3 (15.2–72.9) 0.819

Arousal index (n/hod.) 16.8; 24.7 (1.4–89) 38; 27.2 (16.8–71.8) 0.039 * 18.9; 26.4 (1.4–89) 16; 7.7 (10.8–38.9) 0.586

Desaturation index (n/hour) 27.4; 36.6 (1.2–149.6) 66.1; 60.4
(17.5–120.1) 0.024 * 31.3; 41.1 (1.2–149.6) 25.1; 13.9 (7.5–70.1) 0.42

REM (%) 8.4; 10.3 (0–25.7) 11.65; 15.4 (0–30.4) 0.551 8.55; 9.8 (0–30.4) 2.9; 11.9 (0–15.8) 0.138
N1 (%) 34; 23.1 (1.9–74.6) 37.35; 36.2 (8.2–66.4) 0.537 31.35; 20.7 (1.9–74.6) 45.4; 19 (23–72.3) 0.014 *
N2 (%) 28; 19.5 (6.3–82.7) 24.5; 11.1 (18.8–36.4) 0.413 28.15; 19.8 (6.3–82.7) 25.9; 8.1 (8.3–37.9) 0.206
N3 (%) 23.5; 23.2 (0–58.1) 22.9; 9.6 (14.8–36.2) 0.886 24; 23.5 (0–58.1) 21.8; 16.5 (11–39.2) 0.731

OAI (n/hour) 5.33; 13.76
(0–119.18)

31.6; 66.18
(0.77–132.28) 0.025 * 5.97; 19.22

(0–132.28) 4.66; 7.31 (0–20.45) 0.38

CAI (n/hour) 4.79; 12.12 (0–92.75) 23.25; 31.53
(4.26–37.57) 0.036 * 5.75; 13.54 (0–92.75) 3.35; 7.26

(0.72–37.57) 0.922

Hypopnea index (n/hour) 14.2; 40.6 (0–169.4) 19.45; 47.7
(1.2–133.5) 0.886 14.75; 39.25

(0–163.8) 16.3; 63.1 (0–169.4) 0.407

Snoring (%) 3.60; 10.70 (0–42.40) 4.65; 17.05 (0.3–34.9) 0.556 3.75; 10.58 (0–40.9) 4.0; 15.0 (0–42.4) 0.883
ESS 7; 8 (0–20) 13; 10 (7–24) 0.012 * 7; 8 (0–24) 6; 8 (1–16) 0.922

PSQI 5; 4 (0–14) 6; 9 (2–17) 0.319 5; 4 (0–17) 8; 5 (4–14) 0.079

* p < 0.05. BMI—body mass index; ESS—Epworth Sleepiness Scale; PSQI—Pittsburgh Sleep Quality Index;
AHI—apnea/hypopnea index; REM—percentage of REM phase during the whole sleep; N1—percentage of
N1 NREM phase during the whole sleep; N2—percentage of N2 NREM phase during the whole sleep; N3—
percentage of N3 NREM phase during the whole sleep; OAI—obstructive apnea index; CAI—central apnea index;
snoring—percentual duration of snoring during sleep.

4. Discussion

The results of our study support the findings of previous works, which emphasize
the association between SDB and cognitive impairment. Our results suggest impaired
sleep parameters in patients with sleep apnea who also have a CI present in attention and
executive functions. Our findings are in agreement with a recent meta-analysis [8], which
presents that individuals with OSA had significantly worse executive functions than the
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population without OSA. On the other hand, there was no association with impaired global
cognition or memory decline.

The findings of our work support previous findings about the high prevalence of CI in
individuals with SDB. We also found that alterations in cognitive functions were associated
with the presence of sleep apnea, the severity of nocturnal desaturations, sleep fragmenta-
tion, and increased daytime sleepiness [10,15]. Our findings suggest that recurrent apneic
pauses with subsequent intermittent brain hypoxia and sleep fragmentation could affect
cognitive impairment. The consequences of these processes can cause structural and cere-
brovascular damage to the brain, which could ultimately explain cognitive impairment in
patients with SDB [16]. However, the design of our study does not allow us to elucidate the
causal role of sleep apnea in the process of cognitive impairment.

Altered sleep architecture and sleep disruption could be important underlying mecha-
nisms that link SDB with cognitive decline. Our results suggest that in individuals with
SDB, alterations in cognition were associated with a higher proportion of shallow NREM
sleep. It could indicate a deterioration in restorative sleep function and possible subsequent
negative effects on cognitive function. This hypothesis is supported by the findings of
previous studies, where the reduction in REM sleep and increased percentage of N1 NREM
phase correlated with attention deficit and executive dysfunction [17,18]. In our study, the
proportion of the N1 NREM phase was the only significant factor in the model predicting
impaired verbal fluency.

A possible causal link could be increased amyloid production in disruption of NREM
sleep. Sleep duration is disrupted and shortened during physiological aging and in the de-
velopment of Alzheimer’s disease (AD). Furthermore, a significant decrease in slow-wave
sleep is observed, which correlates with the N3 stage of NREM sleep [19]. These changes
are more prominent in patients with mild CI and individuals with AD [20,21]. A bidirec-
tional relationship is suspected between the reduction of deep NREM sleep phases and
pathomorphological changes in AD [22]. Animal studies support this hypothesis. Experi-
mental increase in cortical amyloid β (Aβ) deposition causes NREM sleep disruption [23].
On the other hand, experimental NREM sleep reduction and prolonged wakefulness re-
sult in increased Aβ production [24]. In contrast, NREM sleep promotes the clearance of
extracellular Aβ, which accumulates during wakefulness [25].

The strength of our work is the assessment of the impact of obstructive versus central
apneic pauses on cognitive profile. Most studies deal with OSA and its possible impact on
cognition. We are aware of only a few studies that took central sleep apnea into account.
In a recent study, the authors assessed the prevalence of different types of SDB in elderly
patients. In this study, the authors found that OSA was associated with lower general
cognition, while CSA was only associated with executive dysfunction [26]. We found that
individuals with attention deficit had statistically more frequent obstructive and central
apneas. This finding could lead to the assumption that both obstructive and central apneas
are linked to attention deficit. This hypothesis could be explained by the fact that obstructive
and central apnea overlap in some clinical consequences [27]. On the other hand, after
evaluating multivariate binary logistic regression analysis, only the OAI and not CAI was
associated with attention deficit. This could support the superior importance of obstructive
apneas in the pathogenesis of attention deficit. The exact underlying mechanisms need to
be elucidated by future prospective studies. Increased cerebrovascular morbidity in OSA
patients is well-known and could play a role. On the other hand, the causal role of CSA in
the pathogenesis of the cerebrovascular disease remains controversial [28].

The conclusions of our study could be affected by several limitations. The main
limitation of our work is a relatively small study population. We are aware that multiple
factors could impact the results in performed cognitive tests, including premorbid intellect
or achieved education that were not studied in detail in our study. Another factor that may
have interfered with our results is the presence of undiagnosed depression, but we tried to
influence this modifying factor by the exclusion of participants who had been diagnosed
with depression or other significant psychiatric illnesses that could interfere with cognition.

178



Life 2022, 12, 1180

5. Conclusions

Our study confirmed the high frequency of cognitive deficit in subjects with SDB.
Except for verbal fluency and attention, we failed to find any significant association of
sleep-related indices with the deficit in other cognition subdomains. Our data suggest that
alteration of verbal fluency was associated with a higher proportion of N1 NREM sleep.
Attention deficit was associated with higher OAI. Obstructive respiratory episodes seem to
play a more important role in cognitive deficit when compared to central ones.
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Abstract: Given the limited data available, the aim of this study was to examine the 10-year cardio-
vascular disease (CVD) risk associated with comorbid insomnia disorder and its specific subtypes in
apnoeic individuals. Data from 1104 apnoeic individuals recruited from the database of the Erasme
Hospital Sleep Laboratory were analysed. Only apnoeic individuals with a Framingham Risk Score
≥10% were included in the group at moderate-to-high 10-year CVD risk. Logistic regression analyses
were conducted to examine the risk of 10-year CVD risk associated with comorbid insomnia disorder
and its specific subtypes in apnoeic individuals. Moderate-to-high 10-year CVD risk was present
in 59.6% of the apnoeic individuals in our sample. After adjustment for the main confounding
factors, multivariate logistic regression analyses revealed that comorbid insomnia disorder and, more
particularly, its subtype with short sleep duration were significantly associated with moderate-to-high
10-year CVD risk in apnoeic individuals. In this study, we demonstrate that comorbid insomnia
disorder and, more specifically, its subtype with short sleep duration appear to have a negative cu-
mulative effect on 10-year CVD risk in apnoeic individuals, which justifies more systematic research
and adequate therapeutic management of this disorder to allow for better cardiovascular disease
prevention in this particular subpopulation.

Keywords: cardiovascular risk; insomnia disorder; obstructive sleep apnoea syndrome;
polysomnography

Highlights

• Apnoeic patients are a subpopulation at high risk of CVD.
• Comorbid insomnia disorder is associated with higher CVD risk in apnoeic patients.
• This association seems to be mediated by short sleep duration in apnoeic patients.
• Appropriate management of this disorder is essential in apnoeic patients.

1. Introduction

In the literature, there are many arguments in support of the association between
obstructive sleep apnoea syndrome (OSAS) and cardiovascular disease (CVD). Indeed,
the prevalence of OSAS may reach 70.0% in individuals with CVD, and the incidence of
CVD is high in apnoeic individuals [1,2]. In addition, OSAS is associated with a negative
impact on cardiovascular prognosis, both in the general population and in individuals with
CVD [3–5]. Pathophysiologically, this higher risk of CVD in apnoeic individuals seems
to be mediated by some deleterious mechanisms induced by intermittent hypoxia related
to obstructive events (hyperactivation of the sympathetic nervous system, alterations in
endothelial function, activation of pro-inflammatory pathways, alterations in the renin–
angiotensin system, and metabolic dysregulations) [6]. In addition, in apnoeic individuals,
there seems to be a severity-dependent effect of OSAS on the occurrence of these deleterious
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mechanisms induced by intermittent hypoxia [7]. However, despite a potential beneficial
effect of OSAS treatments on these pathophysiological mechanisms that negatively impact
cardiovascular prognosis [8], OSAS treatments have been shown to have only a limited
effect on reducing cardiovascular risk in apnoeic individuals [9,10]. Thus, it seems necessary
to carry out additional investigations in order to identify the potential cofactors involved
in this higher risk of CVD in apnoeic individuals.

In apnoeic individuals, insomnia disorder is a frequent comorbidity [11], since its
prevalence is estimated at 38.0% in this particular subpopulation [12]. However, similar
to OSAS [13], there seems to be a special relationship between insomnia disorder and
CVD. Indeed, insomnia disorder is a frequent comorbidity in individuals with CVD, and
the prevalence of CVD is not negligible in individuals with insomnia disorder [14,15].
In addition, insomnia disorder appears to promote higher cardiovascular morbidity and
mortality both in the general population and in individuals with CVD [16]. Nevertheless,
this negative impact of insomnia disorder on cardiovascular prognosis seems to be only
associated with some specific subtypes of this disorder [17]. Indeed, some studies have
shown that insomnia sufferers with short sleep duration presented a higher risk of CVD
than those without short sleep duration [17]. However, despite this high prevalence of
comorbid insomnia disorder in apnoeic individuals, and its potential involvement in the
occurrence of CVD, the potential role played by this disorder and its specific subtypes
in the 10-year CVD risk has been poorly studied in this particular subpopulation [18].
Indeed, most of the studies available in the literature have mainly investigated the impact
of comorbid insomnia disorder on the occurrence of some conventional cardiovascular risk
factors and some specific CVD in apnoeic individuals [19–21]. Thus, given the limited data
available in the literature, it could be interesting to study the 10-year CVD risk associated
with comorbid insomnia disorder and its specific subtypes in apnoeic individuals in order
to better understand the poor cardiovascular prognosis of this particular subpopulation.

The aim of this study was, therefore, to empirically investigate the 10-year CVD
risk associated with comorbid insomnia disorder and its specific subtypes in apnoeic
individuals. Our hypothesis was that comorbid insomnia disorder and, more specif-
ically, its subtype with short sleep duration are associated with higher 10-year CVD
risk in apnoeic individuals. The objective of this approach was to provide healthcare
professionals caring for apnoeic individuals with reliable data regarding the 10-year
CVD risk associated with comorbid insomnia disorder and its specific subtypes in order
to allow the development of more targeted cardiovascular prevention strategies in this
particular subpopulation.

2. Materials and Methods
2.1. Population

A total of 1104 apnoeic individuals were recruited from the clinical database of the
Erasme Hospital Sleep Laboratory, which contains demographic and polysomnographic
data from individuals who performed a polysomnographic recording between 2002 and
2019. The inclusion and exclusion criteria applied for the recruitment of these 1104 apnoeic
individuals are available in Table 1 [22]. In this study, we included only apnoeic individuals
because our objective was to focus on this particular subpopulation, in which the occurrence
of comorbid insomnia disorder may negatively impact the cardiovascular prognosis [18].
Finally, the detailed description of the outpatient recruitment procedure for the apnoeic
patients included in this study is available in Supplementary Materials—Section S1 [23].
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Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Age ≥ 40 years

Severe psychiatric disorder

• Psychotic disorder
• Bipolar disorder
• Current or past substance abuse

OSAS according to the diagnostic criteria of the
American Academy of Sleep Medicine [22]

Uncontrolled somatic disorder

• Chronic hepatic disorder
• Chronic pancreatic disorder
• Chronic pulmonary disorder
• Chronic cardiovascular disorder
• Chronic renal disorder
• Autoimmune disorder
• Infectious or inflammatory disorder
• Disorder altering the activity of the

hypothalamic–pituitary–adrenal axis

Absence of previous CVD

• Coronary heart disease
• Cerebrovascular disease
• Peripheral arterial disease
• Heart failure

Sleep disorder

• Central hypersomnia
• Parasomnia
• Predominantly central sleep apnoea

syndrome
• OSAS being treated before the sleep

examination

Lesions or malformations

• Current or past cranial trauma
• Current or past central nervous system

lesions involving the respiratory centres
• Craniofacial or thoracic cavity

malformations

Pregnancy
CVD = cardiovascular disease, OSAS = obstructive sleep apnoea syndrome.

2.2. Method
2.2.1. Medical and Psychiatric Assessment of Participants

During their admission to the Sleep Laboratory, all apnoeic individuals included in
this study benefited from a medical interview and a somatic check-up (including blood test,
electrocardiogram, daytime electroencephalogram, and urine analysis) in order to allow a
systematic diagnosis of their potential somatic comorbidities. Following this comprehensive
somatic assessment, a systematic diagnosis of conventional cardiovascular risk factors
(type 2 diabetes (American Diabetes Association diagnostic criteria), hypertension (World
Health Organization diagnostic criteria), dyslipidemia (International Diabetes Federation
diagnostic criteria), and cardiovascular comorbidities) was performed for all apnoeic
individuals included in this study (a detailed description of the diagnostic criteria used is
available in Supplementary Materials—Section S2) [24–27].

Based on these different elements collected during this systematic somatic assessment,
the Framingham Risk Score was used to estimate the 10-year risk of manifesting clinical
CVD (cardiovascular mortality, coronary heart disease, cerebrovascular disease, periph-
eral arterial disease, or heart failure) in apnoeic individuals included in this study [28].
The prediction model of the Framingham Risk Score integrates age, sex, smoking status,
systolic blood pressure, taking antihypertensive medication, total-cholesterol levels, HDL-
cholesterol levels, and diabetes status [28]. A Framingham Risk Score <10% indicates a low
10-year CVD risk, whereas a Framingham Risk Score ≥10% indicates a moderate-to-high
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10-year CVD risk [28]. Finally, the Framingham Risk Score is a cardiovascular risk score
frequently used in the subpopulation of apnoeic individuals [18,29,30].

After this comprehensive somatic assessment, all apnoeic individuals included in
this study benefited from a systematic psychiatric evaluation by a unit psychiatrist to
diagnose their potential psychiatric comorbidities according to the diagnostic criteria of the
DSM-IV-TR (before 2013) or DSM 5 (after 2013) [31,32].

Finally, all apnoeic individuals included in this study completed a series of self-
questionnaires during their admission to the Sleep Laboratory to allow a first assessment of
their subjective complaints of depression (Beck Depression Inventory (reduced to 13 items)),
insomnia (Insomnia Severity Index), and daytime sleepiness (Epworth Sleepiness Scale) (a
detailed description is available in Supplementary Materials—Section S3) [27].

2.2.2. Sleep Evaluation and Study

During their admission to the Sleep Laboratory, all apnoeic individuals included in
this study benefited from a specific sleep interview by a unit psychiatrist to allow a system-
atic assessment of their sleep-related complaints, including sleeping habits, symptoms of
insomnia disorders, symptoms of sleep-related breathing disorders, symptoms of central
hypersomnia, symptoms of circadian rhythm sleep–wake disorders, symptoms of parasom-
nias, symptoms of restless leg syndrome (RLS), and abnormal nocturnal movements (such
as periodic limb movements during sleep (PLMs)).

The participants benefited from a polysomnographic recording from which the data
were collected for the analyses. These polysomnographic recordings performed in the Sleep
Laboratory (accredited by the Belgian National Institute for Health and Disability Insurance
for the diagnosis and treatment of OSAS) meet the recommendations of the American
Academy of Sleep Medicine [33]. The detailed description of the stay conditions at the Sleep
Laboratory and the applied polysomnography-montage are available in Supplementary
Materials—Section S4 [23,27]. Finally, under the supervision of certified somnologists, these
polysomnographic recordings were visually scored by specialised technicians according to
the criteria of the American Academy of Sleep Medicine [34,35].

Through these different steps, all apnoeic individuals included in this study benefited
from an assessment of their OSAS severity—mild (apnoea–hypopnoea index ≥5/hour and
<15/hour), moderate (obstructive apnoea–hypopnoea index ≥15/hour and <30/hour),
and severe (obstructive apnoea–hypopnoea index ≥30/hour), and a systematic diagnosis
of their potential comorbid sleep disorder—moderate-to-severe PLMs (PLMs index was
≥15/hour), RLS (International Restless Legs Syndrome Study Group diagnostic criteria),
insomnia disorder (American Academy of Sleep Medicine Work Group diagnostic criteria),
and short sleep duration (<6 h) [36–40].

2.3. Statistical Analyses

Statistical analyses were performed using Stata 14. The normal distribution of the data
was verified using histograms, boxplots, and quantile-quantile plots, and the equality of
variances was checked using Levene’s test.

We divided our sample of apnoeic individuals into a control group at low 10-year CVD
risk and a patient group at moderate-to-high 10-year CVD risk. Only apnoeic individuals
with a Framingham Risk Score ≥10% were included in the patient group at moderate-to-
high 10-year CVD risk [28].

Given the asymmetric distribution of most continuous variables, non-parametric tests
(Wilcoxon test) based on the medians (P25–P75) were used to demonstrate significant
differences between the different groups of apnoeic individuals. Regarding categorical
variables, percentages were used for descriptive analyses, and Chi2 tests were used for
comparative analyses.

Univariate logistic regression models were used to study the 10-year CVD risk asso-
ciated with comorbid insomnia complaints (categorised: no, short sleep duration alone,
comorbid insomnia disorder), comorbid insomnia subtypes (categorised: no, short sleep
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duration alone, comorbid insomnia disorder without short sleep duration, comorbid in-
somnia disorder with short sleep duration), and the potential confounding factors (detailed
description available in Supplementary Materials—Section S5).

In the multivariate logistic regression models, the 10-year CVD risk associated with
comorbid insomnia complaints and comorbid insomnia subtypes was only adjusted for
significant confounding factors during the univariate analyses. The adequacy of these
different models was verified by the Hosmer and Lemeshow test, whereas the specificity of
the model was verified by the Link test.

The results were considered significant when the p-value was <0.05.

3. Results
3.1. Polysomnographic Data

Compared to those with low 10-year CVD risk, apnoeic individuals with moderate-to-
high 10-year CVD risk showed:

- Reductions in sleep efficiency, sleep period time, total sleep time, % slow-wave sleep,
and % REM sleep (Table 2).

- Increases in % stage 1, % wake after sleep onset, micro-arousal index, obstructive
apnoea–hypopnoea index, oxygen desaturation index, total time under 90% of Sao2,
and PLMs index (Table 2).

Table 2. Polysomnographic data (n = 1104).

Whole
Sample

(n = 1104)

Subjects with Low
10-Year CVD Risk

(n = 446)

Subjects with
Moderate-to-High
10-Year CVD Risk

(n = 658)

p-Value

Sleep latency (min) 25.0 (12.7–50.5) 23.2 (12.0–49.0) 26.6 (13.0–52.0) 0.154
Sleep efficiency (%) 77.0 (67.4–83.9) 79.4 (71.1–85.8) 75.0 (64.9–82.8) <0.001
Sleep period time (min) 452.5 (414.4–485.3) 457.8 (422.0–492.0) 451.0 (407.0–482.0) 0.005
Total sleep time (min) 379.0 (332.8–422.3) 396.2 (348.7–430.7) 368.0 (321.0–413.3) <0.001
% stage 1 9.0 (6.0–13.0) 8.0 (5.8–11.8) 9.3 (6.8–13.8) <0.001
% stage 2 54.0 (47.1–60.0) 54.0 (48.0–59.6) 54.0 (46.0–60.0) 0.347
% slow-wave sleep 1.8 (0.0–7.0) 3.5 (0.4–9.0) 1.0 (0.0–5.3) <0.001
% REM sleep 15.2 (11.0–19.7) 16.2 (12.4–20.3) 14.9 (10.0–19.0) <0.001
REM latency (min) 83.5 (59.0–124.0) 85.0 (61.0–121.3) 81.5 (57.5–129.0) 0.631
% wake after sleep onset 14.6 (8.8–23.0) 12.9 (7.8–19.5) 15.4 (9.8–24.1) <0.001
Number of awakenings 35 (24–52) 34 (23–49) 36 (25–53) 0.169
Micro-arousal index 17 (11–31) 15 (10–23) 19 (12–32) <0.001
Apnoea–hypopnoea index 14 (8–30) 12 (7–22) 17 (9–35) <0.001
Oxygen desaturation index 5 (2–14) 4 (1–8) 6 (2–18) <0.001
Total time under 90% of SaO2 (min) 14.6 (1.7–69.0) 6.0 (0.5–32.5) 21.5 (3.5–96.0) <0.001
PLMs index 2 (0–11) 1 (0–8) 3 (0–14) 0.001

Median (P25–P75) Median (P25–P75) Median (P25–P75) Wilcoxon Test

CVD = cardiovascular disease, OSAS = obstructive sleep apnoea syndrome, PLMs = periodic limb movements
during sleep, REM = rapid eye movement.

There were no significant differences between the two groups for sleep latency, % stage 2,
REM latency, or number of awakenings (Table 2).

3.2. Demographic Data

Moderate-to-high 10-year CVD risk was present in 59.6% (n = 658) of apnoeic indi-
viduals from our sample (Table 3). Male sex, body mass index ≥25 and <30 kg/m2, body
mass index ≥30 kg/m2, age ≥54 years, smoking, alcohol consumption, moderate-to-severe
OSAS, RLS alone or combined with PLMs, short sleep duration alone, comorbid insomnia
disorder, type 2 diabetes, untreated hypertension, controlled hypertension, uncontrolled
hypertension, dyslipidaemia without statin therapy, dyslipidaemia with statin therapy,
cardiovascular comorbidities, aspirin therapy, and CRP levels ≥1 mg/L were more frequent
in apnoeic individuals with moderate-to-high 10-year CVD risk than in those with low
10-year CVD risk (Table 3). In addition, apnoeic individuals with moderate-to-high 10-year
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CVD risk had higher body mass index, age, and CRP levels than those with low 10-year
CVD risk (Table 3). There were no significant differences between the two groups for
snoring, excessive daytime sleepiness, depression status, Epworth Sleepiness Scale scores,
Beck Depression Inventory scores, and Insomnia Severity Index scores (Table 3). Finally, in
apnoeic individuals, comorbid insomnia disorder was very frequent, since its prevalence
was 40.0% in this particular subpopulation (Table 3).

Table 3. Sample description (n = 1104).

Variables Categories % Subjects with Low
10-Year CVD Risk

Subjects with
Moderate-to-High
10-Year CVD Risk

p-ValueChi2

Gender Female (n = 263)
Male (n = 841)

23.8%
76.2%

65.0%
32.7%

35.0%
67.3% <0.001

BMI (kg/m2)
<25 (n = 194)

≥25 and <30 (n = 432)
≥30 (n = 478)

17.6%
39.1%
43.3%

55.7%
39.8%
34.7%

44.3%
60.2%
65.3%

<0.001

Age (years) <54 (n = 535)
≥54 (n = 569)

48.5%
51.5%

57.4%
24.4%

42.6%
75.6% <0.001

Smoking No (n = 900)
Yes (n = 204)

81.5%
18.5%

45.8%
16.7%

54.2%
83.3% <0.001

Alcohol No (n = 725)
Yes (n = 379)

65.7%
34.3%

42.6%
36.2%

57.4%
63.8% 0.037

Snoring Non (n = 173)
Yes (n = 931)

15.7%
84.3%

38.7%
40.7%

61.3%
59.3% 0.626

OSAS severity
Mild (n = 559)

Moderate (n = 269)
Severe (n = 276)

50.6%
24.4%
25.0%

49.4%
35.7%
26.8%

50.6%
64.3%
73.2%

<0.001

Sleep movement
disorders

No (n = 861)
Moderate-to-severe PLMs alone

(n = 70)
RLS alone or combined with

PLMs (n = 173)

78.0%
6.3%

15.7%

42.6%
38.6%
30.1%

57.4%
61.4%
69.9%

0.008

Comorbid insomnia
complaints

No (n = 441)
Short sleep duration alone

(n = 221)
Comorbid insomnia disorder

(n = 442)

39.9%
20.1%
40.0%

46.0%
32.1%
38.9%

54.0%
67.9%
61.1%

0.002

Excessive daytime
sleepiness

No (n = 649)
Yes (n = 455)

58.8%
41.2%

38.4%
43.3%

61.6%
56.7% 0.100

Type 2 diabetes No (n = 890)
Yes (n = 214)

80.6%
19.4%

48.1%
8.4%

51.9%
91.6% <0.001

Hypertension

No (n = 496)
Untreated (n = 169)
Controlled (n = 301)

Uncontrolled (n = 138)

44.9%
15.3%
27.3%
12.5%

60.1%
29.6%
28.6%
8.7%

39.9%
70.4%
71.4%
91.3%

<0.001

Dyslipidaemia
No (n = 460)

Without statin therapy (n = 366)
With statin therapy (n = 278)

41.7%
33.1%
25.2%

56.1%
32.2%
25.2%

43.9%
67.8%
74.8%

<0.001

Cardiovascular
comorbidities

No (n = 945)
Yes (n = 159)

85.6%
14.4%

42.3%
28.9%

57.7%
71.1% 0.001

Aspirin therapy No (n = 913)
Yes (n = 191)

82.7%
17.3%

45.1%
17.8%

54.9%
82.2% <0.001

CRP (mg/L) <1 (n = 294)
≥1 (n = 810)

26.6%
73.4%

49.3%
37.2%

50.7%
62.8% <0.001

Depression
No (n = 649)

Remitted (n = 208)
Current (n = 247)

58.8%
18.8%
22.4%

39.8%
44.7%
38.5%

60.2%
55.3%
61.5%

0.349
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Table 3. Cont.

Variables Categories % Subjects with Low
10-Year CVD Risk

Subjects with
Moderate-to-High
10-Year CVD Risk

p-ValueChi2

10-year CVD Risk Low (n = 446)
Moderate-to-high (n = 658)

40.4%
59.6%

Median
(P25–P75) Wilcoxon Test

BMI (kg/m2) 29.0 (26.1–32.9) 28.1 (25.1–31.7) 29.6 (26.8–33.6) <0.001
Age (years) 54 (48–61) 49 (45–55) 57 (52–63) <0.001

ESS 9 (6–13) 9 (6–13) 9 (6–12) 0.397
BDI 3 (1–7) 3 (1–7) 3 (2–7) 0.415
ISI 13 (8–17) 13 (8–17) 13 (9–17) 0.846

CRP (mg/L) 1.7 (1.0–3.6) 2.2 (1.0–6.9) 2.9 (1.2–7.7) 0.030
Framingham Risk

Score (%) 11.9 (7.2–19.7) 6.3 (4.6–8.2) 17.9 (13.0–25.2) <0.001

CVD = cardiovascular disease, OSAS = obstructive sleep apnoea syndrome, BMI = body mass index,
CRP = C-reactive protein, PLMs = periodic limb movements during sleep, RLS = restless legs syndrome,
ESS = Epworth Sleepiness Scale, BDI = Beck Depression Inventory, ISI = Insomnia Severity Index.

3.3. Univariate Analyses for 10-Year CVD Risk Associated with Comorbid Insomnia Complaints
and Potential Confounding Factors in Apnoeic Individuals

Male sex, overweight, obesity, older age, smoking, alcohol consumption, moderate-
to-severe OSAS, RLS alone or combined with PLMs, short sleep duration alone, comorbid
insomnia disorder, type 2 diabetes, untreated hypertension, controlled hypertension, un-
controlled hypertension, dyslipidaemia without statin therapy, dyslipidaemia with statin
therapy, cardiovascular comorbidities, aspirin therapy, and CRP levels ≥1 mg/L were
significantly associated with moderate-to-high 10-year CVD risk in apnoeic individu-
als (Table 4).

Table 4. Univariate analyses for 10-year CVD risk associated with comorbid insomnia complaints
and potential confounding factors in apnoeic individuals (n = 1104).

Variables OR (CI 95%) p-Value

Gender
<0.001Female

Male
1

3.83 (2.86 to 5.12)

BMI (kg/m2)

<0.001
<25 1
≥25 and <30 1.90 (1.35 to 2.67)
≥30 2.36 (1.68 to 3.32)

Age (years)
<0.001<54 1

≥54 4.16 (3.22 to 5.38)

Smoking
<0.001No 1

Yes 4.22 (2.86 to 6.24)

Alcohol
0.038No 1

Yes 1.31 (1.02 to 1.70)

Snoring
0.626No 1

Yes 0.92 (0.66 to 1.28)
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Table 4. Cont.

Variables OR (CI 95%) p-Value

OSAS severity

<0.001
Mild 1
Moderate 1.76 (1.30 to 2.37)
Severe 2.66 (1.95 to 3.64)

Sleep movement disorders

0.009
No 1
Moderate-to-severe PLMs 1.18 (0.72 to 1.95)
RLS alone or combined with
PLMs 1.73 (1.22 to 2.46)

Comorbid insomnia complaints

0.002
No 1
Short sleep duration alone 1.80 (1.28 to 2.53)
Comorbid insomnia disorder 1.34 (1.02 to 1.75)

Excessive daytime sleepiness
0.101No 1

Yes 0.82 (0.64 to 1.04)

Type 2 diabetes
<0.001No 1

Yes 10.08 (6.12 to 16.64)

Hypertension

<0.001
No 1
Untreated 3.58 (2.46 to 5.22)
Controlled 3.76 (2.77 to 5.12)
Uncontrolled 15.80 (8.51 to 29.34)

Dyslipidaemia

<0.001
No 1
Without statin therapy 2.68 (2.02 to 3.57)
With statin therapy 3.80 (2.74 to 5.27)

Cardiovascular comorbidities
0.002No 1

Yes 1.80 (1.25 to 2.60)

Aspirin therapy
<0.001No 1

Yes 3.80 (2.56 to 5.63)

CRP (mg/L)
<0.001<1 1

≥1 1.65 (1.26 to 2.15)

Depression

0.35
Non 1
Remitted 0.82 (0.60 to 1.12)
Current 1.06 (0.78 to 1.43)

OSAS = obstructive sleep apnoea syndrome, BMI = body mass index, CRP = C-reactive protein, PLMs = periodic
limb movements during sleep, RLS = restless legs syndrome.

3.4. Multivariate Analyses for 10-Year CVD Risk Associated with Comorbid Insomnia Complaints
in Apnoeic Individuals

After adjustment for the main confounding factors associated with cardiovascular risk
highlighted during the univariate analyses, multivariate logistic regression analyses revealed
that unlike short sleep duration alone, only comorbid insomnia disorder was significantly
associated with moderate-to-high 10-year CVD risk in apnoeic individuals (Table 5).
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Table 5. Multivariate analyses for 10-year CVD risk associated with comorbid insomnia complaints
in apnoeic individuals (n = 1104).

Variables OR Adjusted (CI 95%) p-Value

Comorbid insomnia complaints

0.037
No 1
Short sleep duration alone 0.99 (0.60 to 1.65)
Comorbid insomnia disorder 1.64 (1.09 to 2.45)

Model adjusted for gender, BMI, age, smoking, alcohol, OSAS severity, sleep movement disorders, type 2 diabetes,
hypertension, dyslipidaemia, cardiovascular comorbidities, aspirin therapy, and CRP levels.

3.5. Additional Univariate and Multivariate Analyses for 10-Year CVD Risk Associated with
Comorbid Insomnia Subtypes in Apnoeic Individuals

Unlike comorbid insomnia disorder without short sleep duration, only short sleep
duration alone and comorbid insomnia disorder with short sleep duration were more frequent
in apnoeic individuals with moderate-to-high 10-year CVD risk than in those with low 10-
year CVD risk (Table 6). In addition, during univariate logistic regression analyses, unlike
comorbid insomnia disorder without short sleep duration, only short sleep duration alone
and comorbid insomnia disorder with short sleep duration were significantly associated with
moderate-to-high 10-year CVD risk in apnoeic individuals (Table 6). Finally, after adjustment
for the main confounding factors associated with cardiovascular risk highlighted during
the univariate analyses, multivariate logistic regression analyses revealed that unlike short
sleep duration alone and comorbid insomnia disorder without short sleep duration, only
comorbid insomnia disorder with short sleep duration was significantly associated with
moderate-to-high 10-year CVD risk in apnoeic individuals (Table 6).

Table 6. Additional univariate and multivariate analyses for 10-year CVD risk associated with
comorbid insomnia subtypes in apnoeic individuals (n = 1104).

Variables %
Subjects with
Low 10-Year
CVD Risk

Subjects with
Moderate-to-
High 10-Year

CVD Risk

Model 1 OR
Unadjusted (CI

95%)
p-Value

Model 2 OR
Adjusted (CI

95%)
p-Value

Comorbid insomnia
subtypes <0.001 0.018

No 39.9% (n = 441) 46.0% 54.0% 1 1
Short sleep

duration alone 20.1% (n = 221) 32.1% 67.9% 1.80 (1.28 to 2.53) 0.99 (0.60 to 1.65)

Without short
sleep duration 22.4% (n = 247) 44.9% 55.1% 1.05 (0.76 to 1.43) 1.26 (0.78 to 2.04)

With short sleep
duration 17.6% (n = 195) 31.3% 68.7% 1.87 (1.31 to 2.67) 2.22 (1.33 to 3.72)

Model 1 = model unadjusted. Model 2 = model adjusted for gender, BMI, age, smoking, alcohol, OSAS severity,
sleep movement disorders, type 2 diabetes, hypertension, dyslipidaemia, cardiovascular comorbidities, aspirin
therapy, and CRP levels. CVD = cardiovascular disease.

4. Discussion

In this study, we demonstrated that 59.6% of apnoeic individuals had a moderate-to-
high 10-year CVD risk, which is significantly higher than in the general population [41].
However, the rate of apnoeic individuals with moderate-to-high 10-year CVD risk high-
lighted in our study seems to be higher than that of the study by Li et al. (2020) [42]. Indeed,
in this previous study, only 34.0% of apnoeic individuals had a moderate-to-high 10-year
CVD risk [42]. However, compared to our study, the apnoeic individuals recruited in the
study by Li et al. (2020) had a better demographic (younger age and lower body mass
index) and cardiometabolic profile (lower prevalence of type 2 diabetes, hypertension, and
dyslipidaemia) [42], which may have led to an underestimation of the 10-year CVD risk in
their study given the major role played by these demographic and cardiometabolic factors
in the development of CVD [28]. On the other hand, the rate of apnoeic individuals with
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moderate-to-high 10-year CVD risk demonstrated in our study seems to be smaller than
that of the study by Luyster et al. (2014) (66.4%) [18]. However, unlike our study, where
OSAS was diagnosed during polysomnographic recordings, the use of the Multivariable
Apnoea Prediction Questionnaire to identify individuals at high risk of OSAS could explain
the overestimation of the 10-year CVD risk in their study given that the algorithm of this
screening tool seems to favour the recruitment of individuals with higher cardiovascular
risk (higher body mass index, older age, and more severe cardiometabolic comorbidities)
in the groups at high risk of OSAS [43,44]. Finally, the rate of apnoeic individuals with
moderate-to-high 10-year CVD risk from our study seems to be consistent with that of the
studies by Matthews et al. (2011) and Cao et al. (2022) (57.1%), which recruited apnoeic
individuals with demographic and cardiometabolic features more similar to those of our
sample of apnoeic individuals [29,30]. Thus, regardless of some methodological differences
with other studies available in the literature, we have confirmed that apnoeic individu-
als are a subpopulation at high risk of CVD, which justifies a better identification of the
cardiovascular risk factors specific to this particular subpopulation.

Similar to the data available in the literature [12], we confirmed that comorbid in-
somnia disorder is common in apnoeic individuals. Indeed, in our study, 40% of apnoeic
individuals had comorbid insomnia disorder, which highlights the importance of the co-
occurrence of insomnia disorder and OSAS. In addition, we have shown that comorbid
insomnia disorder and, more particularly, its subtype with short sleep duration were
significantly associated with moderate-to-high 10-year CVD risk in apnoeic individuals.
Pathophysiologically, several elements could help to better understand this frequent occur-
rence of comorbid insomnia disorder and its potential involvement in the 10-year CVD risk
in apnoeic individuals. First, repeated nocturnal awakenings related to OSAS may induce
the development of psychophysiological conditioning processes promoting dysfunctional
sleep behaviours [45]. However, since dysfunctional sleep behaviours are one of the main
pathophysiological mechanisms involved in the acute onset and maintenance of insomnia
disorder [46], the development of these dysfunctional sleep behaviours related to OSAS
could explain the frequent co-occurrence of insomnia disorder in our sample of apnoeic
individuals. Secondly, in the literature, there are arguments in support of a potential
synergistic effect of the co-occurrence between insomnia disorder and OSAS on some
pathophysiological mechanisms (deregulation of the hypothalamic–pituitary–adrenal axis,
hyperactivation of the sympathetic nervous system, and activation of pro-inflammatory
mechanisms) [47,48]. However, since these pathophysiological mechanisms play a central
role in the development of CVD in both apnoeic and insomniac individuals [6,49], the
potential negative cumulative effect on the cardiovascular outcome of this pathophysiologi-
cal synergy between insomnia disorder and OSAS could explain the higher 10-year CVD
risk associated with comorbid insomnia disorder highlighted in our sample of apnoeic
individuals. Third, in our study, we found that this higher 10-year CVD risk associated
with comorbid insomnia disorder in apnoeic individuals appears to be mediated by sleep
duration. Indeed, unlike comorbid insomnia disorder without short sleep duration, only
comorbid insomnia disorder with short sleep duration was significantly associated with
moderate-to-high 10-year CVD risk in apnoeic individuals. However, in insomnia sufferers
with short sleep duration, the pathophysiological mechanisms favouring the development
of CVD are more marked than in insomnia sufferers without short sleep duration [50],
which could potentially explain this mediating effect of sleep duration on the 10-year CVD
risk associated with comorbid insomnia disorder demonstrated in our sample of apnoeic
individuals. Thus, based on these different elements, it seems essential to systematically
screen and adequately treat comorbid insomnia disorder and, more particularly, its subtype
with short sleep duration in apnoeic individuals in order to allow better cardiovascular
prevention in this particular subpopulation.

The demonstration of this higher 10-year CVD risk associated with comorbid insomnia
disorder and, more particularly, its subtype with short sleep duration in apnoeic individuals
could allow a better understanding of the limited effect of OSAS treatments on reducing
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cardiovascular risk in this particular subpopulation [51]. Indeed, in apnoeic individuals,
the absence of appropriate management of comorbid insomnia disorder could induce the
persistence of pathophysiological mechanisms favouring the emergence of CVD [16], both
by the direct negative effect of insomnia disorder on cardiovascular outcome and by the
indirect negative effect of insomnia disorder on compliance with OSAS treatments [52,53].
However, although the implementation of an adequate combined treatment of comorbid
insomnia disorder could open new perspectives to allow a better cardiovascular outcome
in apnoeic individuals [54], it seems essential to take into account the specific features of
this particular subpopulation for the choice of this combined treatment in order to avoid
the establishment of treatments with a negative impact for the management of OSAS [55].
Indeed, since most pharmacological treatments for comorbid insomnia disorder may have a
deleterious effect on respiratory parameters in apnoeic individuals, cognitive–behavioural
therapy for insomnia combined with optimal treatment of OSAS (lifestyle changes plus
continuous positive airway pressure therapy/mandibular advancement devices/surgery)
seems to be the best therapeutic option for apnoeic individuals with comorbid insomnia
disorder [56,57]. Finally, alongside this combined treatment of comorbid insomnia disorder
in apnoeic individuals, it is essential to establish adequate therapeutic strategies for conven-
tional cardiovascular risk factors in order to allow integrated cardiovascular management
in this particular subpopulation [58].

Limitations

The results obtained in our study come from retrospective data that, even if they
have been encoded in a systematic manner, cannot be verified directly with the subject
in most cases, which means that our results need to be replicated in prospective studies.
Furthermore, we only focused on OSAS, which means that our results cannot be generalised
to other types of sleep-related breathing disorders (such as central sleep apnoea, sleep-
related hypoventilation, or sleep-related hypoxemia disorder). In addition, although the
Framingham Risk Score is a cardiovascular risk score frequently used in apnoeic individuals,
it only allows an indirect measurement of the 10-year CVD risk, which may potentially limit
the interpretation of our results. Finally, our database only contains apnoeic individuals
who had agreed to undergo a Sleep Laboratory evaluation, which may also limit the
generalisability of our results.

5. Conclusions

In this study, we confirmed that insomnia disorder was a frequent comorbidity in ap-
noeic individuals. Indeed, the prevalence of comorbid insomnia disorder was 40.0% in our
sample of apnoeic individuals. In addition, we demonstrated a moderate-to-high 10-year
CVD risk in 59.6% of apnoeic individuals from our sample, which confirms that apnoeic
individuals are a subpopulation at high risk of CVD. Finally, we highlighted that comorbid
insomnia disorder and, more specifically, its subtype with short sleep duration appear
to have a negative cumulative effect on 10-year CVD risk in apnoeic individuals, which
justifies more systematic research and adequate therapeutic management of this disorder
in order to allow for better cardiovascular prevention in this particular subpopulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12070944/s1, Section S1 Detailed description of the outpatient
recruitment procedure for the apnoeic patients included in this study; Section S2: Detailed description
of the diagnostic criteria used for the conventional cardiovascular risk factors; Section S3: Detailed
description of self-questionnaires used; Section S4: Description of the stay conditions at the Sleep
Laboratory and description of the applied polysomnography-montage; Section S5: Description of the
confounding factors included in the univariate analyses. References [24–26,59–68] are cited in the
Supplementary Materials.
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Abstract: Background: Mandibular Advancement Devices (MADs), inserted in non-surgical treat-
ments for obstructive sleep apnea and hypopnea syndrome (OSAHS), are used intra-orally during the
sleep period, with the aim of promoting mandibular protrusion. The aim of the study is to analyze
the changes in the upper airway after the use of an MAD in the treatment of OSAHS. Methods:
60 patients diagnosed with OSAHS, as established by the Sleep Medicine Service, underwent treat-
ment with the Silensor SL device at the Stomatology Service of the University Hospital Center of
Coimbra, from January 2018 to January 2019. All patients completed two polysomnographies and
two lateral teleradiographies: one before starting treatment (T0) and one after 1 year of treatment
(T1). In the lateral teleradiography performed after one year of treatment, the patient had the MAD
placed intra-orally. The linear measurements of the airspace proposed by the Arnett/Gunson FAB
Surgery cephalometric analysis were measured at four craniometric points: A, MCI, B, Pog. Results:
The results demonstrate an anteroposterior airway enlargement in two of the four points studied
with the MAD placed intra-orally (B and Pog point). The greatest average increase is observed at
point Pog (3 mm), followed by B (1 mm), and finally, point A (0.6 mm). Conclusions: This study
proved that there is an improvement in anteroposterior measurements at various points in the upper
airways after treatment with MAD.

Keywords: sleep apnea; obstructive; sleep apnea syndromes; occlusal splints; mandibular advancement
devices; sleep disorders; intrinsic; cephalometry

1. Introduction

Obstructive sleep apnea and hypopnea syndrome (OSAHS) is a chronic and progres-
sive respiratory disorder characterized by recurrent, total or partial collapse of the upper
airways (UA) during sleep. This condition causes cessation of breathing for 10 or more
seconds, with changes in the normal sleep pattern and changes in normal pulmonary
ventilation, resulting in a deficit of oxygenation [1].

The severity of OSAHS is associated with the number of documented apnea and
hypopnea events per hour of sleep (Apnea–Hypopnea Index (AHI)), and, therefore, it can
be classified as mild (5 ≤ AHI <15), moderate (15 ≤ AHI < 30) or severe (AHI ≥ 30) [2].
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Given the multifactorial characteristics of OSAHS, several possible treatments for
its correction are described. Mandibular Advancement Devices (MADs), inserted in non-
surgical treatments for OSAHS, are used intra-orally during the sleep period, with the aim
of promoting mandibular protrusion. They are seen as a conservative and non-invasive
treatment, with high tolerance and adherence to treatment [3–5].

It has been described that the use of MADs reduces the collapse of the UA during
sleep [6,7]. It is thought that the advancement of maxillary bones leads to an increase in
the caliber of the oropharynx and laryngopharynx and provides tension to the muscles
involved in this anatomical region. These allow a reduction in UA collapse during deep
sleep stages. However, despite more and more studies, the mechanisms that lead to an
improvement in MAD are not fully known [7].

OSAHS is usually diagnosed based on physical examination and polysomnographic
study (PSG). PSG is currently considered the gold standard method for diagnosing OSAHS
and consists of recording chest and abdominal movements during sleep, combined with
various parameters, such as AHI, during each hour of sleep. PSG findings are considered
normal as long as the AHI is less than one event per hour, with an apnea episode duration
of less than 5 s, oxyhemoglobin saturation greater than 90% and less than 10% of the carbon
dioxide value at the end of expiration [5].

Profile teleradiography is a standardized and widely available radiographic technique,
commonly used in orthodontics to study craniofacial structures. The increase in the
dimensions of the UA seems to have an important effect on the success of MAD and, as
such, the comparative analysis of craniofacial structures is one of the possible ways to
assess the effect of this therapy.

There have been several studies that evaluate the use of cephalometry, which can
predict the success of the treatment of OSAHS with an MAD [8,9].

The aim of the study is to evaluate the changes observed in the UA during treatment
with the Silensor SL device in previously diagnosed OSAHS.

2. Materials and Methods

This study was conducted according to the 1964 Helsinki declaration and its later
amendments or comparable ethical standards as well as approved by the Ethics Committee
of the Faculty of Medicine at the University of Coimbra (CE-145/2020 on 25 November
2020). All patients gave their written informed consent prior to the start of the study.

First, 60 patients, 38 male and 22 female, with a diagnosis of OSAHS, established
by the Sleep Medicine Service, underwent treatment with the Silensor SL device at the
Stomatology Service at the Coimbra Hospital and University Centre, from January 2018 to
January 2019. The mean age was 52.13 (from 21 to 75 years) and mean body mass index
(BMI) was 27.4 kg/m2 (from 18.4 to 35.3). Further, 26.6% of patients suffered from obesity
(BMI > 30 kg/m2). All patients had at least eight teeth in each dental arch, and all presented
tolerance to the MAD throughout the entire treatment. Patients with advanced periodontal
disease, temporomandibular joint pathology and head and neck malformations syndrome
were excluded.

The Silensor SL device consists of two acrylic plates that cover the upper and lower
arch, respectively. These two splints are joined by a fixed connector, in the upper part at the
level of the canine and in the lower part at the level of the lower first and second molars. This
connector orientation allows us to define the mandibular protrusion movement. This device
has six connectors of different lengths with the aim of inducing mandibular advancements
of 65% to 75% in the maximum protrusion of each patient. This device also allows limited
laterality and mouth opening movements [10] (Figure 1).
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Patients were classified according to the severity of their disease: mild (AHI of 5–
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In all patients, two lateral cephalograms were taken, one before starting treatment 
(T0) and the other after 1 year of treatment (T1). In the final teleradiography (T1) the pa-
tients had the MAD placed intra-orally (Figure 2). Moreover, during the evaluation of the 
results, all patients underwent cardiorespiratory study polysomnography (AASM level III). 

 
Figure 2. Teleradiography without the device in place (A) and teleradiography one year after treat-
ment with the device in place (B). The orange line measures 10 mm. 

To carry out this study, cephalometric analysis was performed using the Dolphin 
Image software, version 11.9 (DolphinImage & Management Solutions®®, Chatsworth, 
CA, USA), using the Arnett/Gunson FAB Surgery method. To transfer the acquired im-
ages to the virtual environment, the spatial orientation was previously obtained according 
to the Frankfurt Horizontal Plan (FHP). 

The actual movement presented by each patient after the placement of the MAD was 
quantified at the Pogonion point (Pog), after the superimposition of the pre- and post-

Figure 1. Silensor SL device.

Patients were classified according to the severity of their disease: mild (AHI of 5–15/h),
moderate (AHI of 15–30/h) and severe (AHI > 30/h) [11].

In all patients, two lateral cephalograms were taken, one before starting treatment (T0)
and the other after 1 year of treatment (T1). In the final teleradiography (T1) the patients
had the MAD placed intra-orally (Figure 2). Moreover, during the evaluation of the results,
all patients underwent cardiorespiratory study polysomnography (AASM level III).
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Figure 2. Teleradiography without the device in place (A) and teleradiography one year after
treatment with the device in place (B). The orange line measures 10 mm.

To carry out this study, cephalometric analysis was performed using the Dolphin
Image software, version 11.9 (DolphinImage & Management Solutions®®, Chatsworth, CA,
USA), using the Arnett/Gunson FAB Surgery method. To transfer the acquired images to
the virtual environment, the spatial orientation was previously obtained according to the
Frankfurt Horizontal Plan (FHP).

The actual movement presented by each patient after the placement of the MAD was
quantified at the Pogonion point (Pog), after the superimposition of the pre- and post-
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treatment radiographs of each patient. The superimposition method adopted was based on
“The structural method” developed by Arne Björk [10,12].

The linear measurements of the airspace proposed by the Arnett/Gunson FAB Surgery
cephalometric analysis were measured at four craniometric points: A, MCI, B, Pog (Figure 3):

• SPAS at point A (SPAS at A): A line is drawn perpendicular to the true vertical line
that passes through point A and extends posteriorly, intersecting the anterior (A/G
anterior SPAS at A) and posterior (A/G posterior SPAS at A) limits of the superior
posterior airway space. The dimension of the UA is given by the distance between
these two points.

• SPAS at point MCI (SPAS at MCI): A line is drawn perpendicular to the true vertical
line that passes through point MCI (point located on the incisal edge of the maxillary
central incisor) and extends posteriorly, intersecting the anterior (A/G anterior SPAS
at MCI) and posterior (A/G posterior SPAS at MCI) limits of the superior posterior
airway (Figure 3—Points 8 and 9).

• SPAS at point B (SPAS at B): A line is drawn perpendicular to the true vertical line that
passes through point B and extends posteriorly, intersecting the anterior (A/G anterior
SPAS at B) and posterior (A/G posterior SPAS at B) limits of the superior posterior
airway space.

• SPAS at point Pog (SPAS at Pog): A line is drawn perpendicular to the true vertical
line that passes through point Pog at the anterior (A/G anterior SPAS at Pog) and
posterior (A/G posterior SPAS at Pog) wall of the superior posterior airway.
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Figure 3. Cephalometric points: (1) A-point, (2) MCI-point, (3) B-point, (4) Pog-point, (5) A/G tip of
soft Palate, (6) A/G anterior SPAS at A, (7) A/G posterior SPAS at A, (8) A/G anterior SPAS at MCI,
(9) A/G posterior SPAS at MCI, (10) A/G anterior SPAS at B, (11) A/G posterior SPAS at B, (12) A/G
anterior SPAS at Pog, (13) A/G posterior SPAS at Pog.

A power analysis was performed for the variables studied using the G*Power 3.1.9.7
software and the bilateral Student’s t-test. The observed potency was 99.9% for Pog point,
74.5% for B point, 99.9% for SNB, and 99.9% for ANB. The variables under study were
described as mean, standard deviation, maximum and minimum. All statistical tests
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were performed after evaluating the normality of distribution of quantitative variables
with the Shapiro–Wilk test. To assess the difference between the changes observed in the
AHI index and oxygen saturation after MAD treatment the Wilcoxon test was performed.
BMI difference after MAD treatment was analyzed using the Student’s t-test. Spearman
correlation was performed in order to verify whether the variation in BMI could explain
the variation observed in the AHI. Statistical analysis was performed on the IBM®® SPSS®®

v26 platform, adopting a significance level of 0.05.

3. Results

The sample selected consisted of 60 individuals (38 males and 22 females) with an av-
erage of 52.1 (SD = 9.92). The distribution of patients according to AHI classification before
and after MAD treatment is presented in Table 1. All patients showed an improvement
in the AHI index. Patients with severe AHI in T0 achieved a moderate AHI after MAD
treatment. Only one patient with a moderate AHI index maintained the severity, however,
with improvements in the AHI index (21 to 17). Table 2 presents the results of the BMI,
AHI and oxygen saturation changes.

Table 1. Distribution of patients according to AHI classification and sex.

AHI Total Female Male

T0
Mild 39 12 27

Moderate 19 10 9
Severe 2 0 2

T1
Mild 57 21 36

Moderate 3 1 2
Severe 0 0 0

Table 2. Descriptive statistics for the measured variables.

Variables Mean SD Minimum Maximum

T0
BMI 27.40 3.32 18.30 35.30
AHI 14.10 6.01 5.20 34.00

SaO2 (%) 94.30 1.78 84.90 98.00

T1
BMI 27.50 3.43 18.40 39.10
AHI 6.50 5.46 0.00 27.90

SaO2 (%) 94.40 2.20 86.00 98.00

Regarding the AHI index, an improvement was found with statistically significant
differences after MAD treatment (p < 0.001). Comparisons between TO and T1 showed
no significant differences for SaO2 and BMI variables after MAD treatment (p = 0.754 and
p = 0.550, respectively).

There was no statistically significant correlation (r = 0.000; p = 0.998) between the
difference in BMI (TO and T1) and the difference in AHI (TO and T1), which shows that the
two variables are independent of each other (Figure 4).
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Figure 4. Correlation between AHI and BMI.

Table 3 shows the results of changes in the posterior UA: an anteroposterior increase
was observed with the MAD placed intra-orally. The greatest average increase was observed
at point Pog, followed by B, and finally point A.

Table 3. Cephalometric measurements.

Variable T0 T1 Difference p §

A 14.67 ± 4.16 (7.40/23.00) 15.27 ± 4.39 (7.20/27.20) 0.59 ± 3.48 (−9.90/10.60) 0.238
MCI 12.40 ± 11.77 (4.00/88.00) 12.06 ± 4.03 (4.40/20.90) −0.34 ± 12.06 (−80.30/9.60) 0.844

B 10.89 ± 3.51 (4.20/23.00) 11.88 ± 3.66 (5.50/21.90) 0.99 ± 2.60 (−3.70/8.00) 0.010
Pog 12.92 ± 4.67 (5.60/24.00) 15.72 ± 4.64 (4.90/25.90) 2.80 ± 4.24 (−7.40/14.90) <0.001
SNA 82.48 ± 5.31 (72.50/92.30) 82.48 ± 5.37 (71.50/93.40) 0.00 ± 1.35 (−4.40/2.70) 0.992
SNB 79.64 ± 4.70 (68.20/90.30) 80.77 ± 4.91 (71.50/94.60) 1.13 ± 1.85 (−5.20/5.10) <0.001
ANB 2.77 ± 2.49 (−2.30/8.80) 1.69 ± 2.90 (−4.70/7.00) −1.07 ± 1.58 (−4.80/2.00) <0.001

§ Student’s t-test.

Regarding point A, there was a slight advance from an average value of 14.67 mm to
15.27 mm. In B, the anteroposterior advancement was 1 mm from 10.89 mm to 11.88 mm.
The biggest difference was found at the Pog point level (practically 3 mm from 12.92 mm to
15.72 mm). At the MCI point, there were no significant changes (Table 3).

Through the graphs presented (Figures 5–8), it is possible to interpret the individual
variation in each patient. Dispersion diagrams of the measurements before and after use
of the device are presented. In each of the diagrams, the line y = x is shown so that one
can compare visually if the values increase (the points are above the line) or decrease (the
points are below the line).
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Regarding the skeletal reference points, the SNA values remained unchanged due to
the fact that there was no movement of the jaw in the MAD mechanism (Figure 9). Due to
the mandibular advance caused by the MAD, as expected, the SNB values rose from an
average of 79.64 mm to 80.77 mm (Figure 10). Likewise, the value of the angle formed by
ANB decreased slightly from 2.77◦ to 1.69◦, also due to the mandibular advance caused by
MAD (Table 3).

Life 2022, 12, 835 8 of 11 
 

 

 
Figure 8. Dispersion of measurements before and after using the MAD at point Pog. 

Regarding the skeletal reference points, the SNA values remained unchanged due to 
the fact that there was no movement of the jaw in the MAD mechanism (Figure 9). Due to 
the mandibular advance caused by the MAD, as expected, the SNB values rose from an 
average of 79.64 mm to 80.77 mm (Figure 10). Likewise, the value of the angle formed by 
ANB decreased slightly from 2.77° to 1.69°, also due to the mandibular advance caused 
by MAD (Table 3). 

 
Figure 9. Dispersion of measurements before and after using the MAD with SNA angle. Figure 9. Dispersion of measurements before and after using the MAD with SNA angle.

203



Life 2022, 12, 835
Life 2022, 12, 835 9 of 11 
 

 

 
Figure 10. Dispersion of measurements before and after using the MAD with SNB angle. 

In relation to the skeletal analysis, it was found that, according to the SNA angle, the 
values were very close to the original values. The fact that MAD causes the advance of the 
mandible results in point A remaining in the same position before and after treatment 
(Figure 5). 

Regarding the SNB angle, the results shown in Figure 10 are predictable, due to the 
mandibular advancement caused by the MAD, which provoke the advancement of point 
B in space. 

As for the ANB angle, the vast majority of the population studied presents an angle 
variation in negative values also due to mandibular advancement. 

4. Discussion 
MAD allow the mandible to be repositioned and stay stable with a minimal mouth 

opening, so that it keeps the tongue against the floor of the oral cavity, contributing to an 
increase in the caliber of the UA [13,14]. The sagittal pharyngeal cross-sectional area in-
creased after the application of MAD. The results confirm the mechanical effectiveness of 
the Silensor SL appliance. 

Through statistical analysis, we verified that in all the graphs presented (Figures 5–
8), most of the points representing each patient studied are above the x = y line, which 
generally confirms the increase in the sagittal dimensions of the airway. 

Most of the published studies emphasize that the main mechanism of action of the 
MAD consists of the mechanical advancement of the mandible and the increase in the 
anteroposterior dimensions of the oropharynx, thus, avoiding the collapse of the UA dur-
ing sleep [6,15]. Other studies report that mandibular advancement improves the caliber 
of the UA, and that it occurs predominantly both due to the increased volume of the 
velopharynx and due to the increase in its lateral dimensions [16]. 

A possible mechanism leading to the widening of the airways in the palatal plane is 
related to the tension transmitted along the palatoglossus muscles to the soft palate. As 
the soft palate advances, tension is transmitted along the palatopharyngeal muscle to the 
posterior pharyngeal wall. This tension on the posterior pharyngeal wall increases the 
lateral volume of part of the oropharynx [17]. 

Other studies demonstrate that, with the placement of the MAD, the total area of the 
sagittal cross-section of the tongue significantly increased, which means that the shape 
and posture of the tongue change after insertion of MAD [16]. The sagittal sectional area 
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In relation to the skeletal analysis, it was found that, according to the SNA angle, the
values were very close to the original values. The fact that MAD causes the advance of
the mandible results in point A remaining in the same position before and after treatment
(Figure 5).

Regarding the SNB angle, the results shown in Figure 10 are predictable, due to the
mandibular advancement caused by the MAD, which provoke the advancement of point B
in space.

As for the ANB angle, the vast majority of the population studied presents an angle
variation in negative values also due to mandibular advancement.

4. Discussion

MAD allow the mandible to be repositioned and stay stable with a minimal mouth
opening, so that it keeps the tongue against the floor of the oral cavity, contributing to
an increase in the caliber of the UA [13,14]. The sagittal pharyngeal cross-sectional area
increased after the application of MAD. The results confirm the mechanical effectiveness of
the Silensor SL appliance.

Through statistical analysis, we verified that in all the graphs presented (Figures 5–8),
most of the points representing each patient studied are above the x = y line, which generally
confirms the increase in the sagittal dimensions of the airway.

Most of the published studies emphasize that the main mechanism of action of the
MAD consists of the mechanical advancement of the mandible and the increase in the
anteroposterior dimensions of the oropharynx, thus, avoiding the collapse of the UA during
sleep [6,15]. Other studies report that mandibular advancement improves the caliber of the
UA, and that it occurs predominantly both due to the increased volume of the velopharynx
and due to the increase in its lateral dimensions [16].

A possible mechanism leading to the widening of the airways in the palatal plane is
related to the tension transmitted along the palatoglossus muscles to the soft palate. As
the soft palate advances, tension is transmitted along the palatopharyngeal muscle to the
posterior pharyngeal wall. This tension on the posterior pharyngeal wall increases the
lateral volume of part of the oropharynx [17].

Other studies demonstrate that, with the placement of the MAD, the total area of the
sagittal cross-section of the tongue significantly increased, which means that the shape and
posture of the tongue change after insertion of MAD [16]. The sagittal sectional area of the
tongue is enlarged and positioned inferiorly in the supine position. The explanation found
is related to gravitational attraction and the mechanical effectiveness of the device [13].
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This study presents an evaluation of the effectiveness of MADs through a widely
used method for the study of UA. On the other hand, it is a valuable sample compared
to existing studies. The constant and rigorous method was used when performing a
profile teleradiography before and after a year of treatment [14]. Finally, the results of this
study should make clinicians aware of the need to examine the oral cavity since it can be
increasingly involved in the pathophysiology of OSAHS, so they can provide a valuable
contribution to the screening of this pathology.

Nonetheless, this study also included some difficulties and limitations. It is not
always easy to identify all the cephalometric points, due to distortions in the radiographic
image or to the overlapping of structures, as this is a region with several anatomical
structures involved, and, in fact, more than one image exam is needed to assess the
dimensions of the airway. Although cephalometry can be considered an important tool
for performing comparative skeletal measurements, it may have its known limitations.
The lateral teleradiographies represent a bi-dimensional image of a three-dimensional
structure, which makes its accuracy controversial. The alternative to the method used
for cephalometric assessment would be cone beam computed tomography. However, the
potential benefits of diagnosis and treatment planning do not outweigh the potential risks
of an increase in radiation dose [10,18]. Moreover, further studies should be carried out
with larger samples and follow-up.

5. Conclusions

Obstructive sleep apnea and hypopnea syndrome is considered a public health prob-
lem due to its high prevalence, being responsible for several short- and long-term co-
morbidities. This study proved that there is improvement in anteroposterior measurements,
with statistically significant values, at various points in the UA, namely in the treatment of
mild to moderate OSAHS.
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Abstract: Obstructive sleep apnoea syndrome (OSA) in paediatrics is a rather frequent pathology
caused by pathophysiological alterations leading to partial and prolonged obstruction (hypoventila-
tion) and/or intermittent partial (hypopnoea) or complete (apnoea) obstruction of the upper airways.
Paediatric OSA is characterised by daytime and night-time symptoms. Unfortunately, there are few
data on shared diagnostic-therapeutic pathways that address OSA with a multidisciplinary approach
in paediatric age. This document summarizes recommendations from the Emilia-Romagna Region,
Italy, developed in order to provide the most appropriate tools for a multidisciplinary approach
in the diagnosis, treatment and care of paediatric patients with OSA. The multidisciplinary group
of experts distinguished two different ‘step’ pathways, depending on the age group considered
(i.e., under or over two years). In most cases, these pathways can be carried out by the primary
care paediatrician, who represents the first filter for approaching the problem. For this reason, it
is essential that the primary care paediatrician receives adequate training on how to formulate the
diagnostic suspicion of OSA and on what criteria to use to select patients to be sent to the hospital
centre. The relationship between the paediatrician of the patient and her/his parents must see a
synergy of behaviour between the various players in order to avoid uncertainty about the diagnostic
and therapeutic decisions as well as the follow-up phase. The definition and evaluation of the
organizational process and outcome indicators of the developed flow-chart, and the impact of its
implementation will remain fundamental.

Keywords: breathing disorder; hypoventilation; obstructive sleep apnea syndrome; OSA; paediatrics

1. Introduction

Obstructive sleep apnoea syndrome (OSA) in paediatrics is a rather frequent pathology
caused by pathophysiological alterations leading to partial and prolonged obstruction
(hypoventilation) and/or intermittent partial (hypopnoea) or complete (apnoea) obstruction
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of the upper airways [1–3]. This condition causes an absence of airflow despite continuous
respiratory effort and is usually associated with reduced peripheral oxygen saturation
and/or hypercapnia. Children with OSA have a respiratory effort that tends to overcome
resistance in the upper airway, which is normally a trigger for producing arousals. Since
obstructive events are mainly typical of REM sleep, which is characterised by muscular
hypotonia, children with OSA usually have more arousals than those without OSA [1–3].

Paediatric OSA is characterised by daytime and night-time symptoms [4,5]. Diurnal
symptoms include shortness of breath, irritability, nasal voice, chronic rhinitis, morning
headache, poor school concentration, growth retardation and, more rarely, arterial hy-
pertension and cardiac changes. During the night, snoring, pauses in breathing during
sleep, shortness of breath, changes in hearth rate, changes in skin colour, choking sensation,
fear or nocturnal agitation, abnormal sleeping positions, paradoxical movements of the
chest and abdomen, intense sweating, insomnia, nocturnal enuresis, sleepwalking and/or
bruxism are present. If not treated properly, OSA can lead to complications, sometimes
serious, even in childhood, mainly due to intermittent hypoxemia [4–6]. These can cause
a chronic inflammatory state leading to increased production of free radicals and other
reactive oxygen species, which are responsible for oxidative stress. In addition to this,
the fragmentation of the normal sleep pattern to which the paediatric patient with OSA
is exposed deserves special consideration. These consequences have a major impact on
cognitive development, especially if OSA is present from the earliest years of life. Several
studies have, in fact, shown that untreated OSA patients more often present cognitive or
neuropsychological function deficits (i.e., general intelligence, verbal intelligence, executive
functions, learning, memory, visuospatial skills, language, mathematical skills, abstract
and analytical thinking) [7]. Behavioural alterations, particularly hyperactivity, in younger
children, and emotional lability, anxiety and depression are other frequent morbidity factors
in paediatric patients with sleep disorders. However, although it is still controversial, some
authors demonstrated that early treatment of paediatric OSA can improve the patient’s
cognitive ability and school and social performance [7]. Unfortunately, there are few data
on shared diagnostic-therapeutic pathways that address OSA with a multidisciplinary
approach in paediatric age.

Due to the lack of standardized multidisciplinary protocols on OSAS in paediatric
age, this document summarizes recommendations from Emilia-Romagna Region, Italy,
developed in order to provide the most appropriate tools for a multidisciplinary approach
in the diagnosis, treatment and care of paediatric patients with OSA.

2. Epidemiology

OSA can occur throughout childhood, with a peak incidence between the second and
sixth years of age [2,3]. Estimates of its prevalence in children are quite variable due to the
different inclusion criteria adopted and the different pulse oximetry and polysomnographic
parameters used for diagnosis. Currently, the prevalence of OSA in children is thought
to be between 2% and 5.7% [2,3]. Obesity, male sex, the degree of severity of OSA and
persistent adenotonsillar hypertrophy with mandibular hypoplasia have been shown to be
risk factors for the persistence of the disease [2,3].

3. Aetiopathogenesis

By far the most frequent cause of OSA in paediatric age, particularly over two years
of age, is adenotonsillar hypertrophy [1–3]. Other less frequent aetiological factors are
excess weight and craniofacial dysmorphisms [8]. On the other hand, children aged
<23 months are more prone to obstruction due to anatomical factors (i.e., shape of the face,
small airways, forced nasal breathing), pulmonary mechanics (i.e., low residual functional
capacity), immature and variable ventilatory control, prevalence of the REM phase of sleep
(which can exacerbate obstruction due to reduced muscle tone) and easy collapsibility of
the upper airways. In this age group, the most common causes of OSA [9] are:
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• Craniofacial anomalies (particularly mandibular hypoplasia, as in the Pierre
Robin sequence);

• Genetic syndromes (i.e., achondroplasia, Down’s syndrome, Prader-Willi syndrome);
• Nasal obstruction (i.e., respiratory infections, coana atresia);
• Laryngeal obstruction (i.e., laryngeal malformations, laryngomalacia, vocal cord paralysis);
• Neurological and neuromuscular diseases (i.e., cerebral palsy, mitochondrial diseases,

spinal muscular atrophy);
• Gastroesophageal reflux;
• Adenotonsillar hypertrophy after the age of six months.

Comorbidities include pulmonary hypertension, growth retardation, prematurity,
behavioural problems, and feeding difficulties.

4. Diagnosis
4.1. Anamnestic Data

The suspicion of OSA must be raised by means of anamnestic and clinical criteria
already during routine visits by the primary care paediatrician. In more details, the
anamnestic information that the primary care paediatrician should note is:

• Presence of habitual snoring (three or more nights a week);
• Presence of breathing difficulties during sleep (apnoeas, noisy breathing or gasping);
• Enuresis;
• Preferred position during sleep (sitting or with hyperextended neck); cyanosis;
• Headache on awakening; daytime sleepiness;
• Cognitive and behavioural deficits (Table 1);
• In the first two years of life, poor growth or feeding difficulties; family history of

adenotonsillectomy.

Table 1. Cognitive and behavioural deficits associated with sleep disorders in paediatric patients
with OSA.

Cognitive Deficits Behavioral Deficits

Intellectual deficits, verbalization disorder,
poor vocabulary, behavioural anormalities

Hyperactivity/attention deficit
hyperactivity disorder

Learning deficits Somatisation
Poor school performance Aggression and social problems

Poor impulse control Excessive daytime sleepiness
Attention deficits Anxiety

From Marcus CL et al. (2012), modified [7].

The use of clinical and anamnestic questionnaires (Pediatric Sleep Questionaire [10]
or Teenager STOP-BANG [11], available as Supplementary Materials S1 and S2) is useful
for a more accurate picture in support of the clinic. In children less than two years of age,
suspicion of OSA may be advanced by the presence of a previous episode of acute life
threatening event (ALTE)/brief resolved unexplained event (BRUE).

4.2. Clinical Picture

During the physical examination, particular attention should be paid to the possible
presence of:

• Weight loss or gain, obesity;
• Growth deficit;
• Tonsillar hypertrophy;
• Adenoid facies;
• Micro/retrognancy;
• Ogival palate;
• Dental malocclusions;
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• Craniofacial malformations (i.e., Pierre Robin sequence, craniostenosis, Apert syn-
drome, Crouzon syndrome, Treacher Collins syndrome, cleft lip and palate);

• Genetic and metabolic diseases (i.e., down syndrome, Prader-Willi syndrome, mu-
copolysaccharidosis);

• Infantile cerebral palsy;
• Neuromuscular disease;
• Arterial hypertension;
• Laryngomalacia with inspiratory stridor (in younger children).

Paediatric OSA recognises three phenotypes [8] based on objective examination:

• Classic phenotype, characterised by adenotonsillar hypertrophy with or without
dental and skeletal malocclusion;

• Adult phenotype, characterised by obesity associated or not with aspects of the classi-
cal phenotype;

• Congenital phenotype, characterised by craniofacial anomalies associated with ge-
netic syndromes (i.e., Pierre Robin sequence, Crouzon syndrome, Apert syndrome,
Down syndrome).

4.3. Instrumental Examinations

After an accurate clinical and anamnestic assessment, possibly associated with an
otorhinolaryngological examination with rhinofibrolaryngoscopy (under sedation in spon-
taneous breathing in the case of assessment of the lower airways), the diagnosis of OSA
must necessarily be confirmed by means of instrumental examinations [12].

The instrumental methods for the diagnosis of OSA in paediatric age [12] are:

1. Night-time pulse oximetry with memory;
2. Night-time cardiorespiratory monitoring (polygraph);
3. Nocturnal polysomnography (PSG), which is the gold standard.

Abbreviated polysomnography (nappolygraphy) during afternoon sleep tends, due to
its brevity, is associated with the risk to underestimate the prevalence and severity of OSA
and in the case of negativity does not allow the exclusion of OSA [12]. Therefore, it is not a
test to be used for the diagnosis of OSA.

Drug induced sleep endoscopy (DISE) is performed following an instrumental diagno-
sis of OSA and in selected cases to reveal the site and type of respiratory obstruction [12].

Night-time pulse oximetry with memory is carried out at home and is therefore
inexpensive and easy to perform. Its positive predictive value is 97% in cases of se-
vere OSA [2,13]. The limitation of this method is the impossibility of diagnosing non-
desaturating apneas or hypopneas, which justifies the low sensitivity of the examination.
In order to limit this problem as much as possible, it is advisable to use pulse oximeters
with a short averaging time (approx. 3 s), which also allow short duration desaturations to
be captured. Pulse oximetry can also be affected by motion artefacts, especially in children.
To overcome this technological limitation, it is advisable to use pulse oximeters equipped
with artefact filtering systems and which allow visualisation of the plethysmographic wave
in order to carry out a visual analysis of the events recorded. With these precautions we
try to avoid falsely high values of the number of desaturations per hour (oxygen desatu-
ration index (ODI)) which could generate false positives. It should be noted that, despite
the limit of low sensitivity, a positive nocturnal saturation test avoids the need for other
more complex and costly instrumental examinations, at least in OSA due to adenotonsillar
hypertrophy [14]. If pulse oximetry is negative and there are symptoms suggestive of OSA,
it is advisable to repeat pulse oximetry in the first instance. If the clinical-instrumental
discrepancy persists, other, more complex diagnostic tests are recommended.

Cardiorespiratory monitoring in sleep identifies cardiorespiratory events (central or
mixed obstructive apnoeas, hypopnoeas, respiratory periodicity, desaturations, electrocar-
diographic alterations, paradoxical breathing) occurring in sleep through a polygraphic
recording [11]. It does not allow for the assessment of sleep architecture but has the advan-
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tage that it can also be performed at the patient’s home. The recording can be made more
accurate by adding CO2 measurement (end-tidal or transcutaneous) and video recording
to the polygraphic system.

Even in paediatrics, PSG represents the diagnostic gold standard for OSA as it allows
recording of respiratory events occurring in relation to sleep phases and includes also
electroencephalographic, electrooculographic and electromyographic derivations. As with
cardiorespiratory monitoring, PSG may include a channel for CO2 measurement and video
recording [15]. PSG allows the detection of so-called Respiratory Events Related Arousals
(RERA), which may be the only manifestation in milder forms of OSA. It is particularly
indicated in patients with neuromuscular diseases, craniofacial abnormalities, obesity and
in patients who have already undergone adenotonsillectomy in which OSA persists [15].
Furthermore, it should be used before and after the application of the maxillary expander
and the application of continuous positive pressure (CPAP) or two-level positive pressure
(BiPAP) [15]. The complexity of the method makes standard PSG an examination to be
performed only in specialist centres and in selected cases.

DISE provides additional information on the site(s) and patterns of upper airway
narrowing and obstruction in OSA [16]. It is performed in selected patients in whom this
additional information regarding upper airway dynamics (VADS) is deemed useful. This
method is an added value for the surgical or conservative therapeutic outcome [continuous
positive pressure (C-PAP) or oral appliance (OA)] in strictly selected patients. The directions
to DISE [16] are:

• Residual OSA after initial surgical treatment;
• OSA associated with syndromic disorders;
• Severe OSA and inconsistent ENT findings (adenoidal grade G1 or G2 and tonsillar

grade G1 or G2).

All subjects who are candidates for DISE must first undergo an instrumental exami-
nation that is diagnostic for OSA. DISE is carried out at 2nd level centres in Phase 3 as an
in-patient procedure.

5. Classification of OSA

The classification of OSA varies depending on the method used. The McGill oximetry
score is frequently used to classify OSA based on pulse oximetry and consists of assessing
the number of desaturations below 90%, 85%, and 80% of peripheral oxygen saturation
(SpO2) and their organisation into clusters over a sleep duration of between 10 and 30 min.
By definition, the cluster must include at least five desaturation events of at least 4% above
the mean SpO2 [17].

A positive saturation test for OSA must include at least three clusters of desaturations.
Mild forms of OSA are those with at least three desaturations below 90%, medium forms are
those that also include three or more desaturations below 85% and severe forms are those
that also include three or more desaturations below 80% [17]. Alterations in saturation that
do not fall within these parameters are considered inconclusive and therefore require a
PSG as the risk of false negatives is high [17].

According to the statements provided by the European Respiratory Society, the
polysomnographic classification of OSA is based on the number of apneas-hypopneas
per hour (Apnea Hypopnea Index, AHI) [2,3]. In children, mild forms are considered those
in which the AHI is between 1 and 5 events/h with SpO2 nadir between 86% and 91%,
medium forms are those with AHI between 5 and 10 events/h and nadir between 76% and
85%, and severe forms are those with AHI greater than 10 events/h and nadir less than
75% [2,3].

6. Therapy

Paediatric OSA is a multifactorial disease and therefore requires a multidisciplinary
approach involving the family paediatrician, the paediatrician-pneumologist specialis-
ing in sleep-disordered breathing, the otorhinolaryngologist, the child neuropsychia-
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trist/neurologist (hospital and/or territorial), the orthodontist and other specialists (max-
illofacial surgeon, cardiologist, anaesthetist) depending on the patient’s clinical picture.
Although watchful waiting as therapeutic approach can be useful in the majority of the
cases, early treatment is essential in selected patients to improve the child’s long-term
outcome, especially when cognitive and/or behavioural problems coexist. Treatment of
OSA has been shown to be associated with improvements in behaviour, attention and
social relationships.

6.1. Medical Therapy

It is based on the use of topical nasal corticosteroids [17,18] in combination or not with
oral antileukotrienes [19], which can be used in the treatment of mild forms, in residual
forms after adenotonsillectomy (AT) surgery or as standby therapy before AT, orthodontic
surgery or CPAP application.

6.2. Surgical Therapy

In the treatment of OSA due to adenotonsillar hypertrophy, AT is the first choice [20].
The surgical technique can be that of extracapsular, or classical AT or intracapsular AT/
tonsillotomy with various technologies (i.e., debrider, plasma scalpel). Both techniques are
considered effective in the literature with weak evidence of less bleeding and postoperative
pain for intracapsular techniques [20].

The estimated effectiveness of surgical treatment ranges from 70% to 100% of cases [20].
The age of less than three years, obesity, the presence of structural or functional alterations
of the upper airways (craniofacial syndromes, neuromuscular pathologies), the presence
of cardiac co-morbidities, concomitant infections of the upper airways, are all conditions
that must lead to careful post-operative in-patient monitoring [14]. The minimum age
for performing adenoidectomy is three months, and for AT six months. Other organic
alterations have the possibility of surgical correction, for example coanal atresia, laryn-
gomalacia, labiopalatoschisis and craniofacial malformations (mid-facial hypoplasia and
mandibular-retrognathic hypoplasia) [20]. In these cases, laser supraglottoplasty, endo-
scopic correction of coanal atresia, tracheostomy, or maxillofacial surgery are effective
and must be planned and performed in a multidisciplinary and dedicated care setting.
In patients with craniofacial malformations, surgery is aimed at widening the space of
the upper airway. In this group of patients, the surgical indication and timing of surgery
should be discussed in a multidisciplinary setting.

6.3. Orthodontic Therapy

It is aimed at widening the hard palate through the application of a fixed orthodontic
appliance with an active phase of approximately two to four months followed by a stabili-
sation phase of at least 6 months to reduce the risk of recurrence. It is indicated in children
with transverse contraction of the upper jaw and dental malocclusion [21].

Orthodontic therapy can be combined with both medical and surgical therapy. The
orthodontic approach plays a significant role in cases with a narrow palate, mandibular
hypoplasia or retruded mandible. The aim of the treatment is to enlarge the volume of
the hard palate by means of a fixed orthodontic appliance called a rapid palatal expander,
which acts actively by dislocating the median palatine suture for 3–4 months [21]. This can
also be subsequently combined with an intraoral thruster, which allows the advancement
of the mandible when it is not correctly positioned due to dental malocclusions.

6.4. Myofunctional Therapy

This is a rehabilitation intervention recommended in cases not completely resolved
after AT or orthodontic treatment [22].
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6.5. Ventilation Therapy with Positive Pressure Devices

The indication that surgery has failed occurs when it is contraindicated and when
consent to surgery is refused [23–25]. It is a non-invasive technique that allows CPAP or
BiPAP to be delivered through a mask into the airways. The aim of this treatment is to
ensure patency of the upper airway during sleep. Titration of the device should be carried
out by performing cardio-respiratory monitoring or PSG and, if possible, also continuous
CO2 measurement. Therapy with positive pressure devices is usually well tolerated (about
80% of cases). In the case of uncooperative children, several attempts should be made
to improve compliance before moving on to an alternative treatment option. In general,
multidisciplinary post-treatment follow-up involving the paediatrician of choice and the
hospital centre team is essential to assess symptom improvement or to identify residual
and/or persistent disorders.

7. Pathways Developed in Emilia-Romagna Region, Italy

In agreement with the European Respiratory Society recommendations) [2,3], the
multidisciplinary group of experts on paediatric OSA from Emilia-Romagna Region, Italy,
distinguished two different ‘step’ pathways, depending on the age group considered: under
or over two years.

7.1. Stepwise Management of OSA in Patients ≤ 23 Months Old

STEP 1
Identification of individuals at risk of OSA
Presence of one or more of the following:

1. Symptoms of upper respiratory tract obstruction (i.e., snoring, apnoea, insomnia),
history of apparent life threatening events (ALTE), with possible secondary role of
gastroesophageal reflux and prematurity;

2. Growth retardation;
3. Feedback on adenoid or, less frequently, tonsillar hypertrophy; nasal obstruction;

laryngeal obstruction; syndromic craniosynostosis and/or hypoplasia of the middle
third of the face; cleft palate; mandibular hypoplasia (e.g., Pierre Robin sequence); neu-
romuscular disorders; complex pathologies (e.g., achondroplasia, Down syndrome);

4. Endoscopic finding of upper airway abnormalities.

STEP 2
Searching for comorbidities (pulmonary hypertension and pulmonary heart, growth

retardation of the body, behavioural problems) and coexisting conditions (i.e., eating disorders).

STEP 3
Diagnosis and assessment of the severity of OSA with the involvement of a multi-

disciplinary team (involving paediatric pulmonologist, otorhinolaryngologist, paediatric
neuropsychiatrist/neurologist, orthodontist, maxillofacial surgeon and others, depending
on the individual case).

Use of diagnostic tools: PSG (gold standard) or, alternatively, polygraphy or nocturnal
pulse oximetry

Cut-off values for defining OSA and its severity:

1. AHI < 1 and desaturations > 3% max 2.2/h in healthy children
2. Mild OSA: AHI 1–5 episodes/h
3. Moderate OSA: AHI > 5–10 episodes/h
4. Severe OSA: AHI > 10 episodes/h

STEP 4
Treatment of OSA if pathological PSG, polygraphy or pulse oximetry are associated

with snoring, oral breathing or tachypnoea, ALTE, growth restriction, tonsillar hypertro-
phy, laryngeal or nasal obstruction, cleft lip and palate, syndromes with craniostenosis
or facial hypoplasia, neuromuscular disorders. Treatment becomes a priority in cases
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of achondroplasia, Beck-Wiedemann syndrome, Chiari malformation, down syndrome,
mucopolysaccharidosis or Prader-Willi syndrome.

STEP 5
Individualised approach of the multidisciplinary team based on aetiology, severity

of OSA and comorbidities.
Examples: use of non-invasive ventilation such as CPAP, surgical correction in case

of coanal atresia, severe laryngomalacia, mandibular hypoplasia, craniostenosis, need for
tracheostomy in case of severe obstruction.

STEP 6
Follow-up and management of persistent OSA
After AT, OSA may recur usually after four to six months, sometimes requiring further

adenoidectomy. In CPAP patients it is necessary to re-evaluate nocturnal saturation every
2–4 months during the first 12 months of treatment and then every 6 months (interface size,
pressures, confirmation of necessity). In patients with BiPAP (e.g., neuromuscular patients)
it is necessary to re-evaluate saturation every year. After supraglottoplasty it is necessary
to re-evaluate the patient after one to six months. In children with Pierre Robin sequence
hormone, therapy and ventilation with positive pressure devices are recommended and
in patients operated with mandibular distraction it is necessary a frequent follow-up to
evaluate the effectiveness of the intervention [26].

Suggested cases in selected clinical conditions

• Pierre Robin syndrome: if the McGill score is <2 and there is no pharyngeal collapse at
endoscopy, try the prone position; if the score is >2 or AHI > 10 consider orthodontic
appliance, nCPAP (if AHI > 10/h) or glossopexy. Collaboration with the maxillofacial
surgeon is essential for an integrated approach to the pathology and to decide on the
best timing for mandibular distraction and tracheostomy placement.

• Achondroplasia: AT, nCPAP.
• Down syndrome: AT, nCPAP, supraglottoplasty.
• Prader Willi syndrome: AT, oxygen therapy if central apnoea.
• Mucopolysaccharidosis: AT, nCPAP, replacement therapy.

7.2. Stepwise Management of OSA in Patients 2–18 Years Old

STEP 1
Identification of individuals at risk of respiratory or sleep-related disorders
Presence of one or more of the following:

• Symptoms of upper respiratory tract obstruction (e.g., snoring, apnoea, insomnia,
shortness of breath);

• Feedback from:

X Tonsillar hypertrophy;
X Obesity
X Hypoplasia of the middle third of the face
X Mandibular hypoplasia (e.g., Pierre Robin sequence);
X Neuromuscular disorders;
X Complex pathologies (i.e., Prader Willi syndrome, Down syndrome); prematurity
X Familiarity with obstructive sleep disorder;

• Endoscopic finding of upper airway abnormalities.

STEP 2
Search for comorbidities (e.g., pulmonary hypertension and pulmonary heart, day-

time sleepiness, hyperactivity, learning disabilities, behavioural problems) and coexisting
conditions (e.g., enuresis, poor growth, feeding disorders, recurrent wheezing, metabolic
syndrome).

STEP 3
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Identification of predictors of persistent obstructive sleep disorder:

• Obesity;
• Male;
• AHI > 5/h;
• African ethnic group;
• Untreated tonsillar hypertrophy.

STEP 4
Objective diagnosis of obstructive sleep breathing disorders and their severity
PSG (gold standard) or, alternatively, polygraphy. Nocturnal pulse oximetry when the

above are not available, although taking into account the limitations mentioned above.
Definition of OSA 1: symptoms of obstructive sleep disorder in combination with AHI

> 2/h or obstructive apnoea index > 1/h and/or adenotonsillar hypertrophy.

Definition of OSA 2: symptoms of obstructive sleep disorder in combination with AHI

> 1/h and/or adenotonsillar hypertrophy.

Cut-off values for defining obstructive sleep breathing disorders and their severity:

• In children without sleep disturbance, it can be valued inside normal range AHI up to
2.5/h between 2 and 6 years and up to 2.1 from 6 to 18 years

• Mild OSA: AHI 1–5 episodes/h
• Moderate OSA: AHI > 5–10 episodes/h
• Severe OSA: AHI > 10 episodes/h

STEP 5
Possible indications for the treatment of obstructive sleep disorder
Cut-off values for the treatment of paediatric patients with OSA are reported below:

• AHI > 5/h
• AHI 1–5/h if cardiovascular or nervous morbidities, enuresis, growth retardation, risk

factors for persistent obstructive sleep disorders
• Positive pulse oximetry + positive questionnaires

Treatment becomes a priority in cases of achondroplasia, Chiari malformation, Down’s
syndrome, mucopolysaccharidosis, Prader Willi syndrome.

STEP 6
Individualised approach of the multidisciplinary team based on aetiology, severity

of OSA and comorbidities
Possible approached based on comorbidities are reported below:

• Weight loss if obese;
• Nasal steroids and/or montelukast;
• AT;
• Maxillary expander or orthodontic appliances;
• CPAP or BiPAP if hypoventilation;
• Maxillofacial surgery;
• Tracheostomy.

STEP 7
Follow-up and management of persistent OSA
In the follow-up of paediatric patients with OSA, clinical and polysomnographic

control will always be anticipated in case of recurrence of nocturnal symptoms (in particular
snoring and apnoeas reported by parents) and daytime symptoms. The procedures to be
followed are outlined below:

• Six weeks after AT, repeat PSG;
• After 12 weeks of treatment with nasal steroids and/or Montelukast repeat PSG;
• After 12 months of maxillary expansion and after 6 months of orthodontic appliances,

repeat PSG;
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• In case of CPAP or BiPAP, repeat PSG annually.

The differences and similarities in the diagnosis and management of sleep-related
obstructive respiratory disorders in young children (0–23 months) and older patients
(2–18 years) are shown in Table 2.

Table 2. Differences and similarities in the diagnosis and management of sleep-related obstructive
respiratory disorders in young children (0–23 months) and older patients (2–18 years).

Diagnosis Patients 0–23 Months Patients 2–18 Years

Symptoms of upper airway obstruction
present in both wakefulness and sleep Yes No

Adenotonsillar hypertrophy and obesity as a
cause of sleep-related obstructive

respiratory disorders
Yes, but uncommon Yes

Syndromes, congenital anomalies as a cause
of sleep-related obstructive

respiratory disorders
Yes Yes

Feeding difficulties and poor growth can
coexist with OSA Yes No

Pulmonary hypertension can
complicate OSA Yes Yes

Polysomnography as the gold standard
for OSA Yes Yes

Endoscopy useful for assessing upper
airway collapse Yes No

Management Yes Yes

Adenotonsillectomy is the most
useful treatment Yes Yes

Non-invasive ventilation is often used as a
first treatment for dynamic airway collapse Yes No

Effective orthodontic appliances in cases of
OSA with retrognathia and Malocclusion No Yes

Patients with complex conditions to be
treated as a priority Yes Yes

Follow-up after surgery should detect
persistent OSA Yes Yes

Patients on non-invasive ventilation undergo
annual nocturnal saturation monitoring Yes Yes

8. Conclusions

The flow-chart of the diagnostic-therapeutic pathway for the management of OSA in
paediatrics, regardless of the patient’s age, can be divided into the three phases (Table 3).

In most cases, this pathway can be carried out by the primary care paediatrician,
who represents the first filter for approaching the problem and who must be informed of
the various phases of the diagnostic-therapeutic pathway. For this reason, it is essential
that the primary care paediatrician receives adequate training on how to formulate the
diagnostic suspicion of OSA and on what criteria to use to select patients to be sent to
the hospital centre. The relationship between the paediatrician of the patient and her/his
parents must see a synergy of behaviour between the various players in order to avoid
uncertainty about the diagnostic and therapeutic decisions to be taken. The patient and
her/his parents must see a synergy of behaviour between the various players in order
to avoid uncertainty about the diagnostic and therapeutic decisions to be taken. It is
particularly important to emphasise the follow-up phase following any treatment carried
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out, in which scheduled checks by hospital centres are necessary and in which the primary
care paediatrician must remain the main reference point for families. The definition and
evaluation of the organizational, process and outcome indicators of the developed flow
chart and the impact of its implementation will remain fundamental.

Table 3. Flow chart for the classification of OSA in paediatric age.

Phase Actors Actions Tools

Phase 1 Primary care
Paediatricians clinic

Medical history/
objective examination

Pediatric sleep
questionnaire

Teenager STOP BANG

Phase 2 First level OSA
outpatient clinic

ENT examination
Rhinofibroscopy

Pulse oximetry/polysomnography
Specialist surgical examination

Medical therapy
Orthodontic therapy

Myofunctional therapy
Diet

Phase 3 2nd level OSA
outpatient clinic

Diagnosis (pulse oximetry,
polygraphy, polysomnography, DISE)

Therapy (medical and ventilatory)
follow-up

Surgical therapy
(regionally licensed

hospital for paediatric
surgery in children

2 years of age/presence
of resuscitation

paediatric)

This protocol has been developed by the multidisciplinary contribution of experts
belonging to different specializations and represents, in our opinion, the most complete
and up-to-date collection of recommendations regarding OSA management in paediatric
age. The application of uniform and shared protocols aims to improve clinical practice,
through the standardization of diagnostic procedures and therapeutic approaches. In order
to overcome barriers or hurdles, a strong educational activity associated with tools such as
audit and feedback as a moment of “self-analysis” of a health organization, focus groups
that give space for discussion, and the support of the political decision-maker are key
elements for the success of the implementations of these recommendations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life12050739/s1, Supplementary material S1: Pediatric Sleep Questionnaire. Supplementary
material S2: Teenager STOP-BANG.
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Abstract: The role of nasal symptoms in continuous positive airway pressure (CPAP) tolerance is
not completely clear. This study aimed to investigate the association between CPAP usage and
nasal symptoms, either prior to, or developing during, CPAP use in patients with obstructive sleep
apnoea (OSA). Two hundred thirty patients were studied and divided into high-, low-, and non-
CPAP users. Nasal symptoms and related quality of life parameters were evaluated prior to CPAP
initiation and after three months. We also investigated predictive factors for CPAP usage. Non-CPAP
users had significantly worse baseline scores for runny nose compared with high and low users
(1.34 vs. 0.68 and 0.75, respectively, p = 0.006). There were no other significant differences between
the groups. Runny nose was an independent predictive factor for lower CPAP usage (p = 0.036). An
evaluation after three months showed worsening in runny nose score in high-CPAP users (p = 0.025)
but not in low- and non-users. There were no significant changes in other nasal symptoms. Our
study demonstrates that nasal symptoms were very common in this population but rhinorrhoea was
the only symptom associated with poorer CPAP adherence. Moreover, rhinorrhoea worsened after a
three-month trial of high-CPAP usage.

Keywords: nasal complaints; rhinorrhoea; nasal obstruction; allergic rhinitis; CPAP adherence;
CPAP predictors

1. Introduction

Obstructive sleep apnoea (OSA) is a common respiratory disorder affecting 9–38% of
the adult population [1] and is associated with daytime sleepiness, impaired cognitive
ability, and serious sequelae such as road traffic accidents, cardiovascular morbidity, and
all-cause mortality [2]. Continuous positive airway pressure (CPAP) is considered as
the gold-standard treatment, especially in moderate and severe cases. CPAP is highly
efficacious for the majority of patients, with good long-term adherence up to 80% and
71% at 5 and 10 years, respectively [3]. However, this still leaves a substantial minority of
patients poorly tolerant of CPAP.

Many factors, such as OSA severity, have been identified as influencing CPAP usage
but much of the variance is left unexplained [3]. Side effects of CPAP are present in 15% to
45% of patients and complaints such as skin irritation, dry mouth, air leak, mask discomfort,
claustrophobia, and nasal symptoms have been reported as reasons for poor adherence to
CPAP therapy [4]. Nasal symptoms are common in patients with OSA, but their role in
OSA and CPAP tolerance is not completely clear [5]. Moreover, the actual effect of CPAP
on the nasal cavity is not fully understood. There are conflicting data on the relevance
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of nasal symptoms, either prior to, or developing during, CPAP usage. This study looks
at both these issues by studying a cohort of patients diagnosed with symptomatic OSA
and going on to CPAP. We hypothesised that a higher burden of nasal symptoms would
be associated with poorer adherence to CPAP, particularly if nasal symptoms worsened
following initiation on CPAP.

2. Materials and Methods
2.1. Study Protocol

Patients aged over 18 years old with a new diagnosis of OSA based on their history
and a sleep study, in whom a trial of CPAP was indicated, were recruited consecutively
and verbal consent was obtained. Patients were excluded from the study if they were on
treatment with systemic or topical medications that might affect nasal symptoms such as
oral or nasal corticosteroids, antihistamines, and nasal decongestants.

Prior to CPAP initiation, a full medical history was obtained, and the following
parameters were evaluated: age, sex, smoking history, body mass index (BMI), neck
circumference, Mallampati grade, co-morbidities, and current medical treatment. The
severity of OSA was evaluated based on the oxygen desaturation index (ODI) during an
overnight sleep study. Patients were set-up on CPAP, with heated humidification and
oronasal mask. Three months after initiating CPAP therapy, CPAP pressure and adherence
were noted, and these data were available for all patients through remote review of data
from their machine with patient consent.

Patients completed questionnaires at baseline and three months after initiating CPAP
therapy where feasible, including the following:

(a) Daytime sleepiness was assessed using the Epworth Sleepiness Scale (ESS) [6].
(b) Nasal breathing was evaluated with a visual analogue scale (VAS), where a score of

0 indicates the absence of nasal obstruction and a score of 10 indicates complete nasal
obstruction. A score of 2 or less defines asymptomatic individuals, a score between
2 and 5 mild symptoms, and a score greater than 5 moderate-severe nasal obstruction.

(c) Assessment for the presence of allergic rhinitis was performed via the ‘score for
allergic rhinitis’ questionnaire (SFAR) [7]. SFAR is a validated questionnaire aiming
to identify patients with allergic rhinitis (AR), which consists of eight questions with
a total score ranging between 0 and 16. Individuals with a score of 7 or higher are
considered as positive for AR.

(d) Nasal side effects and related quality of life were assessed by using the validated
Mini Rhinoconjunctivitis Quality of Life Questionnaire (Mini RQLQ) [8]. The Mini
RQLQ consists of 14 items in 5 domains (activity limitations, practical problems, nose
symptoms, eye symptoms, and other problems) and each question can be answered
on a 7-point scale (0 = not troubled, 6 = extremely troubled).

The whole group was divided into ‘high’, ‘low’, and ‘non’ users based on CPAP
adherence and comparisons of various parameters were made. High usage was arbitrarily
defined as CPAP use for at least 4 h per night for over 70% of the nights [9], whereas
patients using CPAP for less than 4 h per night were considered as low users. Those who
discontinued CPAP therapy or declined its use were considered as non-users. We also
investigated the presence of predictive factors for CPAP usage. We evaluated changes prior
to and after the CPAP trial in each group over a three-month period. Changes between
baseline and follow-up in CPAP users with or without allergic rhinitis were also assessed.

2.2. Statistical Analysis
2.2.1. Prevalence of Nasal Symptoms and Association with CPAP Adherence

Data are presented as mean ± standard deviation or as a percentage. Continuous and
categorical variables were compared using one-way analysis of variance or chi-squared
test, as appropriate. One-way analysis of variance was followed by post hoc tests for
pair comparisons between groups. Independent predictive factors of CPAP usage were
identified by performing multiple linear regression analysis starting with a model of all
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variables with a p < 0.10 associated with their coefficients in the unadjusted univariate
analysis. The selection of variables included in the final model was based on the statistical
significance of their coefficients.

2.2.2. Changes in Nasal Symptoms after a Three-Month Course of CPAP

Changes in outcome variables before and after CPAP were compared by Wilcoxon
signed-rank test. Categorical variables were compared using a chi-squared test. Analysis of
changes was performed on high-, low-, and non-CPAP users. The multiple linear regression
model was performed again, as above, but now including change in nasal symptoms as a
further independent predictor.

p values < 0.05 were considered statistically significant. No adjustment was made for
multiple comparisons in this exploratory study. All data were statistically analysed using
SPSS software for Windows version 19.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Prevalence of Nasal Symptoms and Association with CPAP Adherence

Two hundred thirty patients were recruited. Table 1 shows the baseline character-
istics of all study participants also divided into high-, low-, and non-CPAP users. One
hundred and sixty five of 230 patients (71.7%) continued using CPAP after three months
and 109 patients (47.4%) had high CPAP adherence. The percentage of study participants
with nasal obstruction prior to CPAP initiation was 57.9%, of whom it was mild in 37%
and moderate-severe in 20.9%. Fifty-four patients (23.5%) had an SFAR score indicative of
allergic rhinitis. There was no statistically significant difference in most nasal symptoms be-
tween the groups, with the exception of runny nose (p = 0.006). Specifically, non-CPAP users
had significantly worse baseline scores for runny nose compared with high (1.34 vs. 0.68,
p = 0.006) and low users (1.34 vs. 0.75, p = 0.047). There were no other statistically signifi-
cant differences between the groups apart from CPAP pressure delivered, but this difference
is not clinically significant. In our centre, CPAP pressure is determined in part by OSA
severity, and the high-CPAP users had numerically more severe OSA, though this was not
statistically significant.

Table 1. Characteristics of study population at baseline and comparison between high-, low-, and
non-CPAP users.

Variables
Study

Participants
(n = 230)

High CPAP
Users

(n = 109)

Low CPAP
Users

(n = 56)

Non-CPAP
Users (n = 65) p-Value

Age, years 51.4 ± 13.1 52.9 ± 11.8 49.2 ± 13.1 50.7 ± 15.1 0.20

Male sex 171 (74.3) 82 (75.2) 43 (76.8) 46 (70.8) 0.72

Smoking

0.58
Non-smokers 194 (84.3) 95 (87.2) 44 (78.6) 55 (84.6)
Ex-smokers 9 (3.9) 3 (2.8) 4 (7.1) 2 (3.1)

Smokers 27 (11.7) 11 (10.1) 8 (14.3) 8 (12.3)

Previous nasal surgery 16 7 5 4 0.80

BMI, kg/m2 36.6 ± 8.9 35.9 ± 8.8 36.7 ± 8.4 37.9 ± 9.3 0.34

Neck circumference, inches 17.1 ± 1.7 17.1 ± 1.7 17.3 ± 1.6 17.1 ± 1.9 0.76

Mallampati scale

0.72
Grade 1 33 (14.3) 13 (11.9) 11 (19.6) 9 (13.8)
Grade 2 104 (45.2) 49 (45.0) 25 (44.6) 30 (46.2)
Grade 3 87 (37.8) 43 (39.4) 20 (35.7) 24 (36.9)
Grade 4 6 (2.6) 4 (3.7) 0 (0) 2 (3.1)

ODI, episodes/hour 40.9 ± 29.2 43.7 ± 32.9 34.9 ± 23.1 41.3 ±27.1 0.19
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Table 1. Cont.

Variables
Study

Participants
(n = 230)

High CPAP
Users

(n = 109)

Low CPAP
Users

(n = 56)

Non-CPAP
Users (n = 65) p-Value

OSA severity

0.72
Mild 29 (12.6) 13 (11.9) 8 (14.3) 8 (12.3)

Moderate 74 (32.2) 31 (28.4) 21 (37.5) 22 (33.8)
Severe 127 (55.2) 65 (59.6) 27 (48.2) 35 (53.8)

CPAP use per day, hours 3.7 ± 2.8 6.2 ± 1.2 2.8 ± 1.1 0.2 ± 0.2

CPAP pressure, cm H2O 10.5 ± 1.7 10.9 ± 1.9 10.2 ± 1.2 10.1 ± 1.6 0.005 *

Patient questionnaires

ESS score/24 11.3 ± 5.2 11.3 ± 5.3 11.1 ± 4.4 11.6 ± 5.6 0.88

VAS score/10 3.06 ± 2.93 3.01 ± 2.97 2.84 ± 2.45 3.34 ± 3.27 0.63

Nasal obstruction category

0.29
Asymptomatic (VAS ≤ 2) 97 (42.2) 49 (45.0) 20 (35.7) 28 (43.1)

Mild (2 < VAS ≤ 5) 85 (37.0) 38 (34.9) 27 (48.2) 20 (30.8)
Moderate-severe (VAS > 5) 48 (20.9) 22 (20.2) 9 (16.1) 17 (26.2)

Allergic rhinitis (SFAR score ≥ 7/16) 54 (23.5) 25 (22.9) 13 (23.2) 16 (24.6) 0.97

Total Mini RQLQ score (0–84) 21.53 ± 16.28 20.88 ± 15.87 20.21 ± 14.46 23.74 ± 18.33 0.42

Activity limitations (0–18) 5.15 ± 4.54 4.86 ± 4.55 4.71 ± 4.12 6.00 ± 4.80 0.20
Regular activities at home (0–6) 1.18 ± 1.59 1.02 ± 1.60 1.05 ± 1.38 1.55 ± 1.69 0.08

Recreational activities (0–6) 1.20 ± 1.63 1.15 ± 1.69 0.96 ± 1.35 1.51 ± 1.72 0.17
Sleep (0–6) 2.77 ± 2.15 2.70 ± 2.16 2.70 ± 2.07 2.94 ± 2.24 0.75

Practical problems (0–12) 2.46 ± 2.88 2.49 ± 2.86 2.43 ± 2.79 2.43 ± 3.03 0.99
Need to rub nose/eyes (0–6) 1.31 ± 1.57 1.44 ± 1.62 1.29 ± 1.53 1.11 ± 1.53 0.40

Need to blow nose repeatedly (0–6) 1.15 ± 1.57 1.05 ± 1.48 1.14 ± 1.57 1.32 ± 1.71 0.53

Nose symptoms (0–18) 3.64 ± 3.92 3.27 ± 3.57 3.43 ± 3.36 4.45 ± 4.80 0.14
Sneezing (0–6) 1.13 ± 1.43 1.04 ± 1.37 1.05 ± 1.35 1.37 ± 1.59 0.30

Stuffy/blocked nose (0–6) 1.62 ± 1.82 1.55 ± 1.82 1.63 ± 1.66 1.74 ± 1.96 0.81
Runny nose (0–6) 0.88 ± 1.38 0.68 ± 1.15 0.75 ± 1.10 1.34 ± 1.80 0.006 *

Eye symptoms (0–18) 3.31 ± 4.08 3.42 ± 4.39 3.09 ± 3.51 3.31 ± 4.05 0.89
Itchy eyes (0–6) 1.00 ± 1.43 1.05 ± 1.62 0.96 ± 1.18 0.94 ± 1.32 0.88
Sore eyes (0–6) 1.07 ± 1.53 1.14 ± 1.68 0.96 ± 1.29 1.05 ± 1.46 0.78

Watery eyes (0–6) 1.24 ± 1.59 1.24 ± 1.65 1.16 ± 1.44 1.32 ± 1.64 0.86

Other symptoms (0–18) 6.96 ± 4.80 6.81 ± 4.78 6.57 ± 4.39 7.55 ± 5.17 0.48
Tiredness/fatigue (0–6) 3.11 ± 1.97 3.15 ± 1.99 3.00 ± 1.87 3.14 ± 2.07 0.89

Thirst (0–6) 1.78 ± 1.76 1.66 ± 1.65 1.68 ± 1.76 2.08 ± 1.92 0.28
Feeling irritable (0–6) 2.09 ± 1.84 2.04 ± 1.86 1.89 ± 1.64 2.34 ± 1.98 0.39

Values are given as mean ± SD or number (%). *: p < 0.05; CPAP: continuous positive airway pressure, BMI: body
mass index, ODI: oxygen desaturation index, OSA: obstructive sleep apnoea, ESS: Epworth Sleepiness Scale, VAS:
visual analogue scale, SFAR: score for allergic rhinitis, RQLQ: Rhinoconjunctivitis Quality of Life Questionnaire.

Multiple regression analysis confirmed that runny nose was the only independent
predictive factor for CPAP usage, with a high baseline score having a negative impact on
use (p = 0.036; Table 2).

Table 2. Association between baseline characteristics and CPAP usage after three months.

Predictive Factors
Coefficients (Unstandardised) CI 95%

p Value
B SE Lower Bound Upper Bound

Runny nose −0.294 0.139 −0.568 −0.020 0.036 *

*: p < 0.05; CPAP: continuous positive airway pressure.
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3.2. Changes in Nasal Symptoms after a Three-Month Course of CPAP

Of 150 consecutive patients initially recruited, 103 individuals completed the follow-up
assessment of nasal symptoms after three months. There was no difference in baseline
characteristics in this sub-group compared to the group as a whole. Table 3 shows the
changes for high-, low-, and non-users. As expected, symptoms associated with OSA
(ESS, sleep, tiredness, and feeling of irritability) improved with a high degree of statistical
significance in high-CPAP users. Interestingly, there was an improvement in ESS score
in low- and non-CPAP users, as well, although to a less degree. In general, there were
no significant changes in nasal symptoms except for an increase in runny nose score in
high-CPAP users (p = 0.025).

Table 3. Changes between baseline and follow-up assessment after 3 months.

Clinical Characteristics
High-CPAP Users (n = 53) Low-CPAP Users (n = 23) Non-CPAP Users (n = 27)

Paired Difference
(FU—Baseline) p Value Paired Difference

(FU—Baseline) p Value Paired Difference
(FU—Baseline) p Value

ESS score −4.55 ± 4.82 0.000 ** −3.74 ± 5.46 0.006 * −2.63 ± 5.35 0.017 *

VAS score −0.08 ± 3.19 0.90 0.43 ± 2.66 0.48 0.81 ± 2.76 0.21

Total Mini RQLQ score −1.04 ± 17.68 0.96 0.35 ± 11.19 0.69 1.11 ± 12.46 0.83

Activity limitations −1.08 ± 4.58 0.12 −1.26 ± 4.20 0.28 −0.96 ± 4.38 0.22

Regular activities at home −0.02 ± 1.66 0.95 −0.52 ± 1.41 0.10 −0.22 ± 1.48 0.47

Recreational activities 0.13 ± 1.80 0.60 −0.04 ± 1.43 0.96 −0.33 ± 1.82 0.31

Sleep −1.19 ± 2.48 0.001 ** −0.70 ± 2.08 0.11 −0.41 ± 2.31 0.25

Practical problems 0.89 ± 3.74 0.11 0.74 ± 2.53 0.12 0.30 ± 3.00 0.66

Need to rub nose/eyes 0.57 ± 2.14 0.07 0.35 ± 2.14 0.29 0.63 ± 1.62 0.06

Need to blow
nose repeatedly 0.32 ± 1.92 0.28 0.39 ± 1.37 0.22 −0.33 ± 2.22 0.42

Nose symptoms 0.60 ± 4.29 0.26 1.22 ± 2.39 0.19 0.52 ± 3.12 0.34

Sneezing −0.02 ± 1.78 0.66 0.13± 1.01 0.49 0.48 ± 1.25 0.07

Stuffy/blocked nose 0.11 ± 1.90 0.58 0.61 ± 1.85 0.15 0.07 ± 1.73 0.93

Runny nose 0.49 ± 1.59 0.025 * 0.48 ± 1.08 0.056 −0.04 ± 1.60 0.73

Eye symptoms 0.06 ± 5.33 0.86 0.00 ± 3.95 0.94 0.41 ± 4.77 0.84

Itchy eyes 0.17 ± 1.93 0.53 −0.04 ± 1.30 0.86 0.26 ± 1.75 0.69

Sore eyes 0.02 ± 2.13 0.97 0.04 ± 1.69 0.82 −0.15 ± 1.92 0.63

Watery eyes −0.13 ± 1.93 0.66 0.00 ± 1.48 0.87 0.30 ± 2.03 0.68

Other symptoms −1.42 ± 5.42 0.042 * −0.39 ± 5.20 0.30 0.78 ± 3.71 0.46

Tiredness/fatigue −1.06 ± 2.65 0.005 * −0.61 ± 2.15 0.16 0.41 ± 2.32 0.32

Thirst 0.15 ± 1.92 0.75 0.78 ± 1.93 0.08 0.48 ± 1.16 0.04 *

Feeling irritable −0.58 ± 1.85 0.038 * −0.57 ± 2.11 0.07 −0.04 ± 1.65 0.83

Values are given as mean ± SD. *: p < 0.05, **: p < 0.005; CPAP: continuous positive airway pressure, ESS: Epworth
Sleepiness Scale, VAS: visual analogue scale, RQLQ: Rhinoconjunctivitis Quality of Life Questionnaire.

An evaluation of changes after CPAP in high users with and without allergic rhinitis
(AR) revealed that non-AR patients (n = 40) had a significant worsening in rhinorrhoea
after 3 months (paired difference FU-baseline: 0.55 ± 1.34, p = 0.048). Patients with allergic
rhinitis (n = 13) also had worse scores for runny nose at follow-up (paired difference FU-
baseline: 0.31 ± 2.25, p = 0.57), but this did not reach statistical significance, probably due
to the low number of patients in the AR group. The VAS scores for nasal obstruction were
relatively unchanged in both groups with a paired difference (FU-Baseline) of −0.15 ± 4.14
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(p = 0.94) in AR patients and −0.05 ± 2.87 (p = 0.64) in non-AR patients. When changes in
nasal symptoms were included in the linear regression model of predictors of CPAP usage,
there were no significant new predictors, apart from a change in tiredness, as would be
expected (Table 4).

Table 4. Association between change in nasal symptoms and CPAP usage after 3 months.

Predictive Factors
Coefficients (Unstandardised) CI 95%

p Value
B SE Lower Bound Upper Bound

Tiredness −0.262 0.106 −0.473 −0.052 0.015 *

*: p < 0.05; CPAP: continuous positive airway pressure.

4. Discussion

We have demonstrated that the prevalence of nasal symptoms is high in patients initi-
ating treatment with CPAP for OSA, even once those with pre-diagnosed nasal conditions
have been excluded. Almost 58% of patients reported nasal obstruction and 23.5% reported
symptoms in keeping with allergic rhinitis. Our hypothesis that nasal symptoms would be
a barrier to CPAP use was not borne out by our data for all factors apart from a runny nose,
with this being the only symptom where higher baseline symptom burden was associated
with subsequent lower hours of CPAP use. We speculate that patients persevere with CPAP
because of the benefit they derive in sleepiness and general well-being.

Nasal obstruction secondary to allergic rhinitis or other underlying pathology has been
identified as a risk factor for sleep apnoea [10]. Allergic rhinitis is an inflammatory condi-
tion of the nasal mucosa affecting 10–30% of the adult population, and is characterised by
one or more symptoms, including sneezing, itching, nasal congestion, and rhinorrhoea [11].
Almost one in four (23.5%) study participants suffered from AR even though those with
a pre-existing diagnosis of rhinitis had been excluded from this observational study, sug-
gesting that the actual prevalence in the local OSA population is even higher. Shadan
et al. found that 37% of OSA patients were affected by allergic rhinitis [12]. There was
no difference in AR incidence at baseline between high-, low-, and non-CPAP users in
our study.

The use of CPAP affects nasal symptoms, but its effect remains controversial as previ-
ous studies have shown mixed results. The presence of positive airway pressure can lead
to nasal complaints, such as nasal obstruction, rhinorrhoea, nasal dryness, and sneezing
in up to 44–65% of CPAP users [4,13]. Balsalobre et al. showed that CPAP use by awake
healthy individuals resulted in worsening of nasal obstruction, which was more evident in
those with a known history of AR [14]. Yang et al. showed exacerbation of rhinitis-related
symptoms after CPAP within the first year in patients without pre-existing rhinitis and
within the second year in known rhinitic patients, suggesting that CPAP therapy may
increase the incidence of AR [15].

Interestingly, some studies have revealed improvement of nasal symptoms post-CPAP.
Willing et al. demonstrated a decrease in nasal resistance during CPAP therapy in healthy
individuals [16]. Cisternas et al. showed a worsening of nasal dryness in non-rhinitic
patients, but an improvement of nasal complaints in AR patients [17]. Pitts et al. revealed
an improvement in nasal patency in OSA patients using long-term CPAP and even in
those with limited CPAP use, with greater improvement in patients with narrower nasal
cavities [18].

Our study revealed a significant increase in the score for runny nose after high-CPAP
usage, though we acknowledge that there is the possibility that this may have occurred due
to chance in view of the large number of observations made. Worsening rhinorrhoea was
also noted in low-CPAP users, although this was not statistically significant. In contrast,
the score for runny nose remained unchanged in non-users, suggesting that positive airway
pressure contributes to rhinorrhoea. Runny nose worsened after CPAP in both AR and
non-AR groups, although it did not reach statistical significance in the AR group, probably
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due to the relatively low number of subjects in this group. On the other hand, there was no
significant change in other nasal symptoms including nasal obstruction. Previous studies
have shown that CPAP treatment can lead to nasal inflammation which, however, does
not necessarily have any clinical implications [17,19]. The addition of humidification may
be associated with improved neutrophilic infiltration [20] and a decrease in nasal side
effects [21]. It is, thus, likely that the use of CPAP with heated humidification by our study
participants has played a role in the prevention of nasal dryness and oedema, although it
did not have a favourable effect on rhinorrhoea.

CPAP adherence is variable and has been identified as a limiting factor of this ther-
apeutic modality for patients with OSA. Our study showed that high-CPAP adherence
was 47.4%, whereas 71.7% of patients continued using CPAP after a three-month period.
This is comparable with previous studies showing a CPAP compliance rate between 30%
and 60% [9].

Several factors have been identified as affecting adherence to CPAP including claustro-
phobia or discomfort caused by the mask, excessive air leak, mouth dryness, and choking
sensation [22,23]. Nasal complaints present either prior or secondary to CPAP have also
been identified as predictors for CPAP adherence. Others have shown that nasal obstruction
is an important factor for CPAP intolerance and increased nasal resistance prior to CPAP
initiation is associated with early CPAP discontinuation [24,25]. Li et al. found that CPAP
use was significantly lower in patients with smaller nasal passages [26].

Interestingly, our study did not reveal an association between nasal obstruction and
CPAP usage. Our findings concur with those published by Skoczynski et al. who observed
that acceptance of CPAP therapy was not correlated with nasal patency and Pitts et al. who
found that CPAP adherence had no correlation with any measure of nasal patency [18,19].
There was a significant difference in the baseline score for runny nose between CPAP users
and non-users and our model shows that rhinorrhoea is an independent predictive factor
for low-CPAP usage. There was also significant worsening of rhinorrhoea after high-CPAP
usage for three months, but there was no association between changes in nasal symptoms
and CPAP adherence. Change in tiredness was the only additional predictor, as would be
expected, as it is well demonstrated that CPAP therapy significantly improves daytime
sleepiness and tiredness [27].

In most previous studies, a nasal mask was the primary mask utilised, as nasal CPAP
is associated with better adherence, lower residual AHI, and higher therapeutic levels
compared to oronasal CPAP [28]. However, nasal obstruction and oral breathing are
common among patients with OSA and can lead to oral air leak due to mouth opening
as a potential adverse effect of CPAP [29]. It has been suggested that patients with oral
breathing may be less adherent to nasal CPAP [22]. Patients with nasal pathology and/or
nasal symptoms may find it easier to use a full-face mask instead of a nasal mask as the
positive air pressure can bypass reduced nasal patency and minimise CPAP-related nasal
side effects. All study participants were given an oronasal mask and the delivery route may
have influenced our findings and, specifically, the absence of increased nasal complaints
after CPAP apart from rhinorrhoea and the lack of association between nasal obstruction
and CPAP usage.

The initial adherence to CPAP has been the best predictor for long-term compliance
and CPAP usage gradually decreases in patients with nasal complaints [30]. Therefore, it is
important to evaluate OSA patients prior to CPAP initiation aiming to treat nasal symptoms
and CPAP-related adverse effects such as rhinorrhoea before and during CPAP therapy.
Despite not currently being part of our Unit’s standard practice, a clinical assessment
by an otorhinolaryngologist prior to CPAP initiation may be beneficial in these patients
in order to identify and manage underlying nasal pathology potentially affecting CPAP
usage. Humidification, nasal douching, nasal steroids, and nasal surgery are considered
the main pillars of the management of nasal symptoms. A systematic review and meta-
analysis by Camacho et al. [31] showed that nasal surgery results in a significant overall
reduction in CPAP pressures and increase in CPAP adherence with the most effective
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surgery type being the combination of septoplasty with turbinoplasty. In addition to
nasal examination, a full upper airway assessment is necessary in order to exclude other
pathologies potentially contributing to upper airway obstruction, breathing difficulties,
high CPAP pressure requirements and low-CPAP usage such as tonsillar hypertrophy,
tongue base prominence, and/or epiglottic collapse [32].

This study has certain limitations. First, nasal examination was not performed; how-
ever, the assessment of nasal symptoms was carried out via validated questionnaires. The
SFAR questionnaire was used for the diagnosis of allergic rhinitis without performing
radioallergosorbent (RAST) or skin-prick tests. The SFAR score has 74% sensitivity and
83% specificity but is a quick and relatively reliable tool [7]. In order to better evaluate the
effect of CPAP on the nasal cavity, certain exclusion criteria were used and for that reason,
study participants may differ from the general population. Namely, we excluded patients
with known nasal pathology or current medication affecting nasal mucosa and, therefore,
the prevalence of nasal symptoms and AR in the general OSA population may be higher
than in our study. In contrast with most of the similar studies, we used ODI instead of
the apnoea-hypopnoea index (AHI) to make the diagnosis of OSA and classify its severity.
The symptoms of OSA are closely related to oxygen desaturations and although AHI is
widely used, ODI is as valuable as AHI in diagnosing and grading OSA [33] with a strong
correlation of 0.97 with AHI [34]. The follow-up assessment was performed 3 months after
initiating CPAP therapy and although this could be considered as a potential weakness,
the vast majority of patients demonstrate intolerance to CPAP within the first month of
use with early CPAP adherence being reported as the greatest predictor for long-term
CPAP adherence [35]. We therefore presume that our results are also related to long-term
effects. Likewise, nasal side effects, if any, are expected to be present after three months of
CPAP use.

5. Conclusions

Despite the high prevalence of nasal symptoms in OSA patients, our study did not
demonstrate an association between most nasal symptoms and CPAP usage, apart from
rhinorrhoea. Runny nose seems to be an independent predictive factor for poorer CPAP
adherence. Moreover, rhinorrhoea worsens after a three-month trial of CPAP, especially
in high users. However, given the high frequency of nasal symptoms, it may still be
worth sleep practitioners enquiring about their presence and considering treatment. The
pathophysiological mechanism generating increased rhinorrhoea in CPAP therapy is not
fully understood and further studies to evaluate the effect of humidification and oronasal
CPAP masks on the nasal mucosa will be required.
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