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Preface

Obstructive sleep apnea (OSA) is the most common form of sleep-disordered breathing and is
characterized by recurrent episodes of complete or partial upper airway obstruction during sleep,
resulting in oxygen desaturation, autonomic dysfunction, and sleep fragmentation. It can affect both
children and adults, and the main clinical symptoms include loud snoring, noticeable apneas, and
breathing difficulties during sleep.

The purpose of this Special Issue entitled “Obstructive Sleep Apnea (OSA)” is to contribute
to a better understanding of this underdiagnosed and often underestimated medical condition by

bringing to light recent developments.

Konstantinos Chaidas
Guest Editor
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Obstructive sleep apnea (OSA) is the most common form of sleep-disordered breathing
and is characterized by recurrent episodes of complete or partial upper airway obstruc-
tion during sleep, resulting in oxygen desaturation, autonomic dysfunction and sleep
fragmentation. It can affect both children and adults, and the main clinical symptoms
include loud snoring, noticeable apneas and breathing difficulties during sleep. Overnight
polysomnography is the gold-standard method for diagnosing OSA. Although OSA is
common, it is a frequently unrecognized cause of serious disabilities that has serious health
and social consequences. If untreated, OSA may cause impaired cognitive ability, road
traffic accidents, cardiovascular morbidity and all-cause mortality [1].

Various therapeutic options exist. CPAP is the standard treatment for adult OSA, al-
though its clinical application can be compromised by intolerance and poor compliance [2],
while adenotonsillectomy is the primary treatment option for children with OSA and
adenotonsillar hypertrophy [3].

The purpose of this Special Issue entitled “Obstructive Sleep Apnea (OSA)” is to
contribute to a better understanding of this underdiagnosed and often underestimated
medical condition by bringing to light recent developments. The collection contains ten
articles in the form of seven original studies and three review articles.

Despite recent advances in our understanding of OSA, certain aspects of the disease’s
pathophysiology have yet to be fully elucidated. The cyclic pattern of intermittent hypoxia
in OSA triggers oxidative stress, contributing to cellular damage. The review by Lavalle et al.
(Contribution 7) explored the relationship between OSA and oxidative stress, shedding
light on the molecular mechanisms involved and some potential therapeutic interventions.

If left untreated, OSA represents a significant mortality risk. Among other morbidities,
OSA is considered to be a risk factor for erectile dysfunction. The study by Martynowicz
et al. (Contribution 8) found that subjects with erectile dysfunction have altered sleep
architecture, oxygen saturation parameters and increased daytime sleepiness.

An early and accurate diagnosis of OSA is of paramount importance and, although
overnight polysomnography remains the gold-standard diagnostic tool, a detailed patient
history is always valuable. Several questionnaires have been developed to assist in the
process of screening patients with suspected OSA and one of the simplest and most fre-
quently used is the Epworth Sleepiness Scale (ESS), which measures daytime somnolence.
This parameter is often measured differently by patients and their partners and there is still
confusion regarding the utility of partner-completed ESS in identifying OSA and predicting
its severity. Chaidas et al. (Contribution 3) showed that there is a strong correlation between
patient- and partner-reported ESS scores, but neither patient- nor partner-completed ESS
were associated with OSA severity.

A thorough clinical examination of the upper airway is essential in patients with OSA
as the findings can help in guiding appropriate treatment. This Special Issue presents
some new suggestions regarding the assessment of patients with OSA. Specifically, Morato
et al. (Contribution 1) suggested a new tool for palatopharyngeal muscle assessment
during intraoral examination, which may be useful for creating a common language for
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sleep surgeons. Moreover, the use of artificial intelligence (Al) in medicine is becoming
increasingly popular. A systematic review by Tsolakis et al. (Contribution 9) demonstrated
that automatic airway segmentation is accurate, fast and easy to use in the measurement
of airways. Thus, the future use of Al in assessing airway patency in OSA patients is
promising at the very least.

CPAP is the first-line treatment for adult OSA but its efficacy may be limited by the
variability that is seen in the rates of compliance with such treatment. For that reason, pre-
cise treatment assessment is particularly important. Brajer-Luftmann et al. (Contribution 4)
showed that the automatic algorithm that is used in auto-CPAP measurement is a good
tool for the assessment of the treatment efficacy of CPAP in home settings.

In addition to CPAP, various alternative therapeutic options for OSA exist in published
guidelines worldwide, including lifestyle changes, oral appliances and surgery, with a
remarkable variation in their availability across different countries [4,5].

Weight loss plays an important role in OSA management with the aim of at least
improving its severity. Considering the fact that OSA and systemic inflammation typically
coexist within a vicious cycle, the study by Georgoulis et al. (Contribution 5) explored the
effectiveness of a weight-loss lifestyle intervention in reducing plasma tumor necrosis factor-
alpha (TNF-a), a well-established modulator of systematic inflammation, and concluded
that a healthy lifestyle intervention may reduce systemic inflammation in patients with OSA.

Furthermore, OSA is often associated with craniofacial and orthodontic abnormal-
ities, especially in children, and may require a maxillofacial and/or other orthodontic
intervention in selective cases. Caruso et al. (Contribution 2) evaluated the outcomes of
orthodontic treatment with a rapid maxillary expander in association with a Delaire mask,
demonstrating improvements in airway patency and OSA-related clinical conditions in
children with a class III malocclusion.

Tonsillectomy and uvulopalatopharyngoplasty (UPPP) are common procedures that
are used in the surgical management of OSA. A study by Hu et al. (Contribution 6) showed
that combining a tonsillectomy and UPPP in patients with OSA did not increase the risk of
patients developing a deep neck infection in the long term, but may reduce its severity by
decreasing the intubation rate and the length of hospitalization.

Although adenotonsillar hypertrophy is the primary cause of OSA in children, the
airway pathology in adults is usually more complex with the presence of a multi-level
obstruction. The critical role of epiglottis in airway narrowing has recently been revealed. A
systematic review by Vallianou and Chaidas (Contribution 10) evaluated surgical treatment
options for epiglottic collapse, demonstrating that all of the currently available surgical
techniques are safe and effective in managing selected patients. Effective management
of epiglottic collapse can improve OSA severity or even cure OSA, but can also improve
CPAP compliance. The selection of an appropriate surgical technique should be part of an
individualized, patient-specific therapeutic approach.

In summary, this Special Issue offers further insights into the pathophysiology, diag-
nostic assessment and management of patients with OSA, and highlights the importance of
continuous research in this field.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Intraoral examinations are essential in the evaluation of the upper airway in patients with
obstructive sleep apnea (OSA). The morphology of the anatomic structures of the soft palate, the
tonsillar fossae, and the palatoglossus and palatopharyngeal muscles is an important determinant of
the size and collapsibility of the velum and oropharynx. The Palatopharyngeal Arch Staging System
(PASS) is a systematic way to explore the oropharynx and report anatomic variations in the visible part
of the palatopharyngeal muscle. In this prospective study, 30 sleep surgeons evaluated the reliability
of the PASS using a selection of 23 videos of oropharyngeal examinations of healthy patients. The
corresponding score on the PASS scale was graded for each examination. For internal structure
and internal agreement, the Cronbach and Krippendorff alpha values were 0.96 and 0.46, which
corresponded to a nearly perfect interrelationship and a moderate agreement, respectively. These
findings suggest that the PASS is a valuable tool for evaluating the position of the palatopharyngeus
muscle during oropharyngeal examinations and may be useful for creating a common language for
sleep surgeons when evaluating the palatopharyngeal muscle.

Keywords: interexaminer agreement; obstructive sleep apnea; palatopharyngeal arch; staging system

1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disease with a complex patho-
physiology that entails several anatomic and functional mechanisms [1]. The morphology
of the anatomic structures of the soft palate, the tonsillar fossae, and the palatoglossus and
palatopharyngeal muscles is an important determinant of the size and collapsibility of the
velum and oropharynx. The structure and obstructive pattern of the pharynx differ between
people, and the palatopharynx’s muscle position, angulation, and length determine the size
and shape of the closure patterns of the retropalatal airway [2]. Therefore, treatment success
depends to a large extent on patient selection, which is important for patients undergoing
upper airway (UA) surgery [3,4].

The approach to treating OSA is steadily moving from a continuous positive airway
pressure-centered “one-size-fits-all” approach to individualized multimodality treatments
of UA obstruction [5]. Several staging systems have been proposed for use when planning
palatopharyngeal surgeries. Friedman and colleagues correlated oropharyngeal evaluations
performed in an office with the prognosis after surgical treatments [3,4]. The current
evolution of OSA surgery has moved from simply decreasing the obstruction or enlarging
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the UA size to stiffening the palate and lateral walls of the oropharynx to minimize the
dynamic collapse [5].

The diagnostic approaches and training programs can differ between otolaryngology
units and sleep surgeons. Cammaroto et al. [6] reported significant concordance and
few divergences of interest in the diagnosis and treatment of sleep disorders between
nationalities and types of institutions. Specific scales may be needed to facilitate clear
communication between sleep surgeons throughout the world.

Anatomically, the size of the supratonsillar fat pads and the size of the palatine tonsils
and their base of implantation in relation to the palatopharyngeus and palatoglossus
muscles contribute to individual differences. During presurgical evaluation, it may be
helpful to characterize the palatopharyngeus muscle (PPM) because this muscle is involved
in most pharyngoplasties. Currently, there is no standardization for its classification as part
of physical examinations [7,8].

Morphological Description of Palatopharyngeus Muscle

The PPM is composed of the aponeurosis and the inferior pterygoid bundles, which
originate from a region continuing from the palatine aponeurosis to the inferior margin of
the medial pterygoid plate. In the palatine aponeurosis, the palatopharyngeal sphincter,
which originates from the nasal aspect of the lateral half of the aponeurosis, passes dor-
sally below the levator veli palatini (LVP). Therefore, it is distinguishable from the nasal
fasciculus, which originates from the medial half of the palatine aponeurosis.

This muscle has the following two major divisions: the longitudinal fascicle and the
transverse fascicle. The longitudinal fascicle splits into ventral (small) and dorsal (long)
parts, which surround the elevator of the palate velum, before combining into a more
concise fascicle that involves the transverse fascicle in the palatopharyngeal arch and
the lateral wall of the pharynx. The dorsal and ventral longitudinal heads lie medial to
the superior constrictor muscle of the pharynx. Okuda et al. [9] reported that the PPM
fascicles comprising the palatopharyngeal arch split into the following two directions: nasal
(superficial or luminal layer) and oral (deep layer). The PPM has variations in its form,
and these contribute to different anatomic phenotypes, as reviewed by Olszewska and
Woodson [2].

These merge from the origin into the posterior part of the palatine aponeurosis and
extend in an inferior direction up to its insertion into a large area of the pharyngeal wall
(Figure 1).

Figure 1. Exposure of the palatopharyngeal muscle (arrow) after medial traction of the posterior
pillar and its relationship with the superior constrictor muscle (*) and fascia (**).

The most important functions of the PPM include reducing the size of the pharyngeal
isthmus, lowering the palate, and raising the larynx. The transition between the PPM and
the superior constrictor of the pharynx is known as the palatopharyngeal sphincter.

There are three movements of the walls of the pharyngeal isthmus concerned with
the velopharyngeal closure, which are as follows: the backward movement of the anterior
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wall, the medial movement of the lateral wall, and the forward movement of the posterior
wall. Considering the arrangement of muscles around the pharyngeal isthmus (Figure 1),
the elevation of the velum by the LVP is responsible for the movement of the anterior wall,
while the palatopharyngeal sphincter (PPS) and the superior constrictor of the pharynx
(SCP) are responsible for the movement of the lateral and posterior walls. However, this
may be ineffective for the movement of the lateral wall owing to its bilateral attachments
being fixed in an immovable position by the pterygoid hamulus.

The contraction of the PPM increases the efficiency of the velopharyngeal closure by
exerting pressure on the salpingopharyngeal fold and uvula muscles toward the velum.
During swallowing, the function of the PPM is constriction through medialization of the
lateral wall and shortening of the pharynx. The transverse fascicle flows dorsally from the
soft palate to reach the pharyngeal raphe, forming a ridge known as the Passavant’s ridge,
through which the soft palate rises to separate the nasopharynx from the oropharynx. There-
fore, the PPM acts to raise the pharynx or depress the soft palate and the nasopharyngeal
sphincter [8].

However, differences in the position of this muscle in the oropharynx can cause
variations in the distance between the contralateral muscle and muscular tone, and these
variations contribute to individual differences in anatomic characteristics or functions [10].
Thus, the shape taken by the PPM in its trajectory toward its insertion may help in staging
during the preoperative examination of the posterior pillar. The morphology of the fossae
palatina and its muscles condition the narrowing of the SPC and contribute to snoring.
Lugo et al. [11] designed the Palatopharyngeal Arch Staging System (PASS) as a system for
reporting anatomic variations in the PPM during oropharyngeal examinations of patients
with OSA. The PASS may be useful for determining the best type of pharyngoplasty for
each patient.

The aims of this study were to assess the usefulness of the PASS as a system for report-
ing anatomic variations in the PPM during oropharyngeal examination and to determine
its reliability for standardizing a common language among sleep surgeons.

2. Materials and Methods

A prospective, non-randomized, observational, and longitudinal study was designed.
Institutional review board approval was obtained from Hospital Universitario de Fuen-
labrada, Madrid, Spain (IRB): 22/116.

2.1. Population

The participants were healthy patients with adequate sleep hygiene and no complaints
of snoring or daytime sleepiness (Epworth Sleepiness Scale < 7 points). We choose to
describe and evaluate the distribution of the PPM into the oropharynx only in people
without OSA. People with tonsil stages 3 or 4 on the Brodsky scale were excluded from
this study because the amount of tonsillar tissue may complicate the PPM examination.
Those with Friedman tongue position (FTP) grades 3 or 4 were also excluded because these
positions may complicate the morphological assessment of the uvula and PPM.

2.2. Staging System

The PASS [11] comprises a five-item scale that reports on the different possible PPM
dispositions during oropharyngeal staging on a scale from 0 to 4 (Figure 2). Videos of each
PASS type are included as Supplementary Materials.
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PASS 1 PASS 2 PASS 3 PASS 4

Figure 2. Graphic picture of the PASS. See description in the text.

The description of each stage is as follows:

e PASS 0: There has been a surgical procedure involving the oropharynx, such as
a tonsillectomy or any type of pharyngoplasty. It is not possible to visualize any
posterior pillar (PPM).

e  PASS 1: The position of the PPM arises from the uvula to the upper pole of both tonsils,
and only the upper part of the PPM muscle can be seen. In this stage, most of the PPM
is located behind the tonsillar tissue, probably because of a thin PPM.

e  PASS 2: The position of the PPM is observed in the upper two-thirds portion from
the uvula to the middle pole of the tonsils. A thicker muscle is observed behind the
tonsillar tissue, and the upper half of the PPM can be evaluated intraorally.

e  PASS 3: The entire portion of the PPM can be observed through the mouth. A thick
and powerful muscle is visible behind the tonsillar tissue.

e  PASS 4: Asymmetry between the right and left sides is observed when visualizing
the PPM.

2.3. Digital Video Evaluation

Using a brief description and a graphical representation, the PASS was explained to
30 sleep surgeons from different countries, including Chile, Colombia, the Dominican Re-
public, Ecuador, Israel, Mexico, Perd, and Spain. This number of reviewers was calculated
to provide enough observers to have statistical power in the analysis. These reviewers did
not have information about the patients’ clinical history and included members of the net-
work of specialist sleep surgeons from the Ibero-American Society of Sleep Surgery. A total
of 23 videos were attached in digital format (five videos are included as Supplementary
Materials as Videos S1-S5), each lasting about 15 s, and obtained during office visits by
patients at the Hospital Constitucion ISSSTE in Monterrey, Nuevo Leén, Mexico, in May
2021. These videos were sent to the reviewers, who were allowed free access and unlimited
time for repeated viewing. This was intended to correspond to different oropharyngeal
examinations performed with specific instructions to assess patients with the support of
a lingual depressor and the patient saying “A”. The classification was performed using
an attached evaluation sheet to determine the scale corresponding to each video. The
demographic data, including sex, age, and Brodsky tonsil grade, were collated.

2.4. Statistical Analysis

The data were processed using IBM SPSS Statistics (version 26.0; IBM Corp., Armonk,
NY, USA). The categorical variables are presented as totals and percentages, and the
quantitative variables are presented as means and standard deviations. The intrarater
test-retest and interrater reliability were analyzed and used to compare the PASS. The
intrarater test-retest reliability covers two related but different concepts: reliability and
agreement. Reliability is the ability of a measure applied twice to the same respondents to
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produce the same ranking on both occasions. Agreement requires the measurement tool to
produce the same exact values twice.

An internal structure analysis of the PASS scale was used with the Cronbach «, except
for studying correlations between the response patterns, item difficulty, and « for each. A
concordance analysis was also performed using the Krippendorff and factorial analyses,
which are tests to measure the extent of agreement between raters using multiple categories
for classifying the same group of patients. This method can be applied to assess the
reliability and reproducibility of diagnostic categorizations of patients and measure the
extent of agreement that occurs beyond what would occur by chance alone.

The data factorial analysis was also used to report the main variance components. The
results between 0.7 and 0.9 in the validation tests were deemed to be values of interest. For
the factorial analysis, eigen components were filtered with a value of <0.45, and the colinear
results were ruled out.

3. Results

The subjects were mainly young adults, with a mean age of 39.7 years (a standard
deviation of 9.47), and about 52% (12) of them were women. The tonsils were evaluated
as follows: grade 0 was 21.7% (5), grade 1 was 60.8% (14), and grade 2 was 17.5% (4) on
the Brodsky scale. Every video was evaluated by 30 sleep surgeons, who used the PASS to
score each video. Their results are summarized in Table 1 and Figure 3.

There are five cases in which the SD is more than 1 and different from the other cases.
When focusing on these cases, we can see that the confusion factor is the validation of
PASS 4, because it induces a wide range of variability when any of the pillars is asymmetric.
We can explain these differences in the classification with the pictures in Figure 2, with better
accuracy in the rest of the items but not with PASS 4, explaining most of the variability.

Table 1. Total PASS score of every video according to the 30 sleep surgeons. SD: standard deviation.
* Cases with SD more than 1.

CASES PASS 0 PASS 1 PASS 2 PASS 3 PASS 4 Median Rate of Score SD
1 21 0 1 7 1 0.9 1.38 *
2 0 1 4 24 1 2.83 0.51
3 13 1 2 0 14 2.03 1.87 *
4 1 0 2 27 0 2.83 0.57
5 0 14 10 6 0 1.73 0.76
6 3 0 1 26 0 2.67 0.89
7 0 5 21 4 0 1.97 0.54
8 27 3 0 0 0 0.1 0.3
9 0 17 13 0 0 1.43 0.49
10 0 1 13 16 0 25 0.55
11 0 0 4 16 10 3.2 0.64
12 2 27 0 0 1 1.03 0.59
13 0 0 17 11 2 25 0.61
14 0 21 2 0 7 1.77 1.24*
15 0 0 1 26 3 3.07 0.35
16 0 0 10 17 2 2.7 0.58
17 2 28 0 0 0 0.93 0.25
18 0 24 6 0 0 1.2 0.39
19 0 1 24 4 1 2.17 0.51

20 13 3 0 1 13 1.93 1.87 *
21 0 15 0 0 15 2.5 148 *
22 2 0 7 21 0 2.57 0.79
23 23 5 2 0 0 0.3 0.58
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Figure 3. Box-plot distribution of the scores.

The scale’s internal structure was evaluated using the Cronbach o, which showed a
high level of internal structure design (« = 0.96) (Table 2). The Krippendorff test was used
to evaluate the extent of the agreement, which was 0.46; in a multiple-choice staging system
with more than three options, this range of Krippendorff shows a good correlation. As
this was a scale, the Kaiser-Meyer-Olkin test for factorial analysis was used to analyze the
response pattern (Figure 4). Twenty-eight records were grouped in the first component
of variance. Two records were grouped in the second component of variance, which
explained only 15% of the variance and showed fewer interrelationships. The two records
that were not included in the first component were detected in this second component. The
components of variance 3 (11.04%), 4 (6.78%), and 5 (3.89%) together accounted for a very

low variance.

Table 2. Interobserver correlation from each examiner.

Interobserver

Examiner Correlation (IC) Mean of Response Alpha Cronbach
1 0.397 2000 0.963
2 0.352 2130 0.963
3 0.787 1826 0.960
4 0.564 2043 0.962
5 0.770 2174 0.960
6 0.551 1957 0.962
7 0.679 2087 0.961
8 0.542 1696 0.962
9 0.838 1957 0.960
10 0.682 2174 0.961
11 0.723 1696 0.961
12 0.685 2087 0.961
13 0.764 1739 0.960
14 0.778 1913 0.960
15 0.495 1565 0.963
16 0.735 2000 0.961
17 0.605 1913 0.962
18 0.488 1957 0.962




Life 2023, 13, 709

Table 2. Cont.

Examiner Cﬁiﬁgﬁi‘:‘g é) Mean of Response Alpha Cronbach
19 0.588 1913 0.962
20 0.785 2087 0.960
21 0.550 2261 0.962
22 0.770 1696 0.961
23 0.731 2261 0.961
24 0.641 1826 0.961
25 0.750 2000 0.961
26 0.768 2174 0.960
27 0.707 1696 0.961
28 0.820 2043 0.960
29 0.628 1609 0.962
30 0.769 2043 0.960
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Figure 4. Factorial analysis: distribution of classifications.

The factorial analysis suggested (Figure 4) a high degree of similarity in the response
pattern when the 23 records were included in the first component, which accounted for the
highest amount of variance in the survey. By the disposition of the response pattern, the
two records located in the second component indicated a lack of understanding by two
reviewers about how to complete the PASS. This was not detectable in the comparison tests
but was found by an analysis of variance.

4. Discussion

The PPM is a key anatomic feature in most pharyngoplasties treating the lateral
pharyngeal wall [4]. Therefore, a clear description of the PPM is important for sleep
surgeons because the morphology, position of the palatal arches, and muscle tone may
influence the pattern of palatal obstruction. The aims of this study were to describe the
PASS as a system for reporting anatomic variations in the PPM during oropharyngeal
examinations and determine its reliability for standardizing a common language among
sleep surgeons. In this manuscript, we have shown its use in healthy subjects.

So far, the most common scale used to evaluate the oropharynx is the Friedman tongue
position [3,4]. Friedman et al. [4] performed a prospective study of 172 patients who were
being evaluated for OSA. They performed a further modified version of the Mallampati
examination, where they asked the patients to sit upright with their heads in a neutral
position and open their mouths without sticking their tongues out. They initially called this
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a “modified Mallampati” grade but later changed the term to “Friedman tongue position
(FTP)”. They found a statistically significant correlation between the FIP grade and the
apnea-hypopnea index (AHI) severity (r = 0.340; p < 001). From a clinical perspective, the
classification proposed by Friedman et al. is carried out at rest, with the mouth open and the
tongue inside the oral cavity. It assesses the tongue distribution with respect to the palate,
as well as the tonsil size and BMI. A low Friedman score has been directly related to the
possibility of successful surgery following uvulopalatopharyngoplasty (UPPP). However,
it does not evaluate the lateral pharyngeal wall.

The main objective of this study was to evaluate the use of the PASS combined with
Friedman'’s classification to help in the selection of a surgical technique for managing the
lateral pharyngeal wall. The combination of the Friedman classification with the PASS is
one option because the former evaluates the soft palate and its relationship with the tongue
and the latter evaluates the lateral pharyngeal wall, PPM, and tonsil size.

Lateral pharyngeal wall surgery can involve several variations of pharyngoplasty [8,11].
For example, Cahali considered hypertrophy of the PPM as a surgical indication for use of
the lateral pharyngoplasty technique [12]. Pang and Woodson [13] based their expansion
sphincter pharyngoplasty on the need to modify the PPM. Korhan et al. [14] were among the
first to examine the relationship between the oropharyngeal anatomy of the posterior palatal
arch at the first examination with the degree of snoring and OSA. They concluded that the
distance between the PPM was shorter in patients with severe disease. However, they did not
comment on the relationship between these findings and the type of pharyngoplasty.

In 2019, Lugo et al. [11] presented the PASS for evaluating anatomic variations in the
PPM during oropharyngeal examinations of patients with OSA. Describing the anatomic
variations of the palatopharyngeal arch (PASS 0-4) allows for the evaluation of both the
interpalatopharyngeal distance and the PPM tone, which may be helpful when deciding on
a specific surgical technique for the lateral pharyngeal wall. For example, for patients with
a PASS of 0 or 1, lateral pharyngeal wall mobilization will not be the most important issue,
whereas for patients with a PASS of 3 or 4, a specific lateral wall pharyngoplasty would be
more appropriate for resolving the collapse.

We believe that it is important to be familiar with the morphology and anatomy of
the PPM before deciding on the type of surgery for treating OSA. This is because the
management of the oropharynx and its lateral pharyngeal wall is a commonly discussed
issue, especially as it relates to the type of collapse. An oropharyngeal office examination
may allow clinicians to correlate the features of the PPM with PPM intraoperative findings,
with the aim of predicting surgical success or guiding the choice of pharyngoplasty. The
broad variety of pharyngoplasty and the differences in terms of PPM mobilization are
important when dealing with sleep surgery. Specific lateral pharyngeal wall pharyngoplasty
procedures can be performed differently, although all methods share the same goal of
lateralizing and stiffening the lateral pharyngeal walls [15].

The PASS classification aims to unify a common terminology among sleep surgeons
in terms of intraoral classification of findings in the pharyngeal lateral wall. The present
study focused on validating the scale and evaluating the reproducibility of its applications
in the office by professionals from different countries and backgrounds. Our intention here
was to study the extent of interexaminer agreement, similar to the evaluation of the FTP
system published by the Friedman group and other authors [16-20].

Our evaluation shows that the PASS has a consistent internal structure and is well
designed. The Cronbach « values were high and similar to those of other classifications,
such as the Brodsky scale for tonsil size (k = 0.75) and FTP (k = 0.82) [21,22]. However, our
Krippendorff « value was low (0.46). These values show that the concordance between
evaluators was not ideal and reflect the heterogeneity among sleep surgeons who did not
have complete clinical data to make the evaluation.

Each specialist involved in our study evaluated the cases according to his/her own
internal criteria, following the guidelines in the brief explanation given with the PASS scale
and the graphic outlines given as a visual support. The surgical training for the treatment
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of OSA may have differed between these specialists given their professional activities in
different parts of the world.

The Krippendorff coefficient found here indicated a lower level of agreement than that
reported by other papers on the validation of scales, such as that used to measure lymphatic
tissue hypertrophy [16]. Despite this, the Cronbach coefficient in our study indicated a very
high internal consistency or reliability (0.96).

The reproducibility of staging systems is an important technical requirement for
the scale to have an impact. In addition to the clinical feature it reflects, examining the
palatopharyngeal muscle is important in terms of OSA [17].

Although the size of the palatine tonsils, as graded using the Brodsky scale [22], can
hinder viewing the posterior pillar during oropharyngeal examinations, the exclusion
of patients with hypertrophic tonsils grades 3 or 4 should not affect the validity of the
classification. According to the recent Spanish OSA consensus [23], the most appropriate
treatment for these patients is a tonsillectomy. For this reason, it is not crucial to classify the
type of palatopharyngeal muscle during the physical examination of these patients.

As previously described by Friedman, the relationships between OSAS severity ac-
cording to the Mallampati score, body mass index, size of the tonsils, and the description
of and variations in the PPM are each independently related to the presence and severity
of OSAS [24,25]. Given that the PPM is an essential muscle for the surgical treatment of
OSA, the proposed PASS may be the first step in identifying the risk or likely outcome of
palatine velum surgeries (Figure 5 and Video S6 in Supplementary Materials).

Figure 5. Intraoperative photographs of the palatopharyngeal muscle. In this case, there is a thick
palatopharyngeal muscle in both images.

This is even more important when PPM dissection is designed to be performed, either
on its own or in combination with some sectioning of the muscle. As some authors are
currently promoting, sectioning of the muscle may be indicated in cases with robust PPM,
while sparing its anatomy may be an option in cases with thin muscles [7,26]. Thus, study-
ing the PPM prior to or during surgery may be very important to predicting good results.

Our study has some limitations. First, the use of a healthy population allowed for
the description of every anatomical possibility without the influence of OSA or any other
concurrent phenotype, implying that the evaluation of the PPM was probably modified by
other independent factors, such as tongue volume and size, obesity, or nasal obstruction,
producing AOS. Our intention is to evaluate this muscle as a self-reliant finding in the
oropharynx. Second, the sleep surgeons evaluated the videos but did not examine the
patients. This may not have affected the results, but, in some cases, a comprehensive
examination of the patient may have been needed. Additionally, as seen in some variations
in the interpretation of the videos from the different observers, their different geographical
origins may have influenced the results. Third, another limitation is that the external
oropharyngeal characteristics of the PPM may be related to the size of the muscle or the
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number of muscle fibers. This new staging system is intended to be a useful preoperative
tool to assess the palatopharyngeal muscle (PPM or posterior pillar). The only way to
perform it is during its inspection through the oropharynx during office exams. However,
when the tonsils are big, meaning over grade 3, it is impossible to preoperatively assess
the PPM, making it best to evaluate it during surgery, especially when repositioning of the
muscle is considered.

In recent years, the surgical success rate for treating OSA has increased. This success
is related to a better understanding of OSA and the new operative techniques developed
specifically and adapted to every patient. All modern pharyngoplasties are concerned with
PPM management, which highlights the importance of a better pre-surgical evaluation.
Thus, using the PASS may help surgeons determine the best way to treat each OSA patient,
highlighting the significance of this study as a way of correlating OSA with PPM anatomy.
Further studies are needed to demonstrate the accuracy of the correlation between the
PASS and the intrasurgical findings.

5. Conclusions

The PASS has a suitable internal design for evaluating the position of the PPM during
oropharyngeal examinations. It is an easy scale to learn and put into practice. The eval-
uation of the oropharyngeal examination videos here shows that the PASS has excellent
interrelationships and moderate internal concordance. This scale may be useful as a com-
mon language among sleep surgeons for the management of patients with snoring and/or
OSA. The use of the PASS to describe the anatomic structures of the lateral pharyngeal
wall may be helpful for selecting the appropriate examination and surgical techniques
and should be considered for patients with OSA undergoing surgery because of lateral
pharyngeal collapse.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife13030709/s1, Videos S1-S5: Five videos of the 23 patients
included in the study, explaining the use of the PASS in these patients, and Video S6: One video
showing palatopharyngeal muscle dissection during live surgery.

Author Contributions: Original idea, R.L.; design of the analysis, data analysis, and report writing,
M.M.M.-B. and M.P.C.-S,; supervision, M.M., G.P,, C.O.-R. and R.L.; contributions to the graphics,
photographs, and manuscript review, G.B., MM.M.-B., AM., N.P.-M., M.M. and G.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Institutional review board approval was obtained from Hospital
Universitario de Fuenlabrada, Madrid, Spain (IRB): 22/116. Date of approval: 20 December 2022.

Informed Consent Statement: Informed consent was obtained from all subjects in the study.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the entire team, including the nurses that form part of the otorhino-
laryngology service in Ronquido Monterrey, and Clinica Hospital Constitucion, ISSSTE Monterrey in
Mexico, as well as the patients who visited the clinic.

Conflicts of Interest: The authors declare that there is no conflict of interest.

1.  Benjafield, A.V.; Eastwood, P.R. Sleep apnoea: A literature-based analysis. Lancet Respir. Med. 2020, 7, 687—698. [CrossRef]
2. Olszewska, E.; Woodson, B.T. Palatal anatomy for sleep apnea surgery. Laryngoscope Investig. Otolaryngol. 2019, 10, 181-187.

[CrossRef]

3. Friedman, M.; Ibrahim, H.; Bass, L. Clinical staging for sleep-disordered breathing. Otolaryngol. Head Neck Surg. 2002, 127, 13-21.

[CrossRef] [PubMed]

4. Friedman, M.; Salapatas, A.M. Updated Friedman staging system for obstructive sleep apnea. Adv. Otorhinolaryngol. 2017, 80,

41-48.

5. De Vito, A.; Woodson, B.T. OSA upper airways surgery: A targeted approach. Medicina 2021, 57, 690. [CrossRef] [PubMed]

13



Life 2023, 13, 709

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Cammaroto, G.; Bianchi, G. Sleep medicine in otolaryngology units: An international survey. Sleep Breath. 2021, 25, 2141-2152.
[CrossRef] [PubMed]

Casale, M.; Moffa, A.; Giorgi, L.; Sabatino, L.; Pierri, M.; Lugo, R.; Baptista, P.; Rinaldi, V. No-cutting remodelling intra-pharyngeal
surgery can avoid CPAP in selected OSA patients: Myth or reality? Eur. Arch. Otorhinolaryngol. 2022, 279, 5039-5045. [CrossRef]
Lugo-Saldafia, R.; Saldivar-Ponce, K. Manual de Procedimientos Quiriirgicos en Ronquido y Apnea Obstructiva del Suefio; Editorial
Amolca S.A.S: Medellin, Colombia, 2022.

Okuda, S.; Abe, S.; Kim, H.J.; Agematsu, H.; Mitarashi, S.; Tamatsu, Y.; Ide, Y. Morphologic characteristics of palatopharyngeal
muscle. Dysphagia 2008, 23, 258-266. [CrossRef] [PubMed]

Sumida, K.; Ando, Y.; Seki, S.; Yamashita, K.; Fujimura, A.; Baba, O.; Kitamura, S. Anatomical status of the human palatopharyn-
geal sphincter and its functional implications. Surg. Radiol. Anat. 2017, 39, 1191-1201. [CrossRef]

Lugo-Saldafia, R.; Saldivar-Ponce, K.; Gonzalez-Saez, I. Selecting different approaches for palate and pharynx surgery: Palatopha-
ryngeal Arch Staging System. Int. |. Head Neck Surg. 2019, 10, 92-97. [CrossRef]

Cahali, M.B. Lateral pharyngoplasty: A new treatment for OSAHS. Laryngoscope 2003, 113, 1961-1968. [CrossRef] [PubMed]
Pang, K.P.; Woodson, B.T. Expansion sphincter pharyngoplasty: A new technique for the treatment of obstructive sleep apnea.
Otolaryngol. Head Neck Surg. 2007, 137, 110-114. [CrossRef] [PubMed]

Korhan, I.; Gode, S.; Midilli, R. The influence of the lateral pharyngeal wall anatomy on snoring and sleep apnea. J. Park Med.
Assoc. 2015, 65, 125-130.

Alcaraz, M.; Bosco, G.; Pérez-Martin, N.; Morato, M.; Navarro, A.; Plaza, G. Advanced palate surgery: What works? Curr.
Otorhinolaryngol. Rep. 2019, 9, 271-284. [CrossRef]

Friedman, M.; Soans, R.; Gurpinar, B. Interexaminer agreement of Friedman tongue positions for staging of obstructive sleep
apnea/hypopnea syndrome. Otolaryngol. Head Neck Surg. 2008, 139, 372-377. [CrossRef] [PubMed]

Yu, J.L.; Rosen, I. Utility of the modified Mallampati grade and Friedman tongue position in the assessment of obstructive sleep
apnea. J. Clin. Sleep Med. 2020, 16, 303-308. [CrossRef]

Sundman, J.; Fehrm, J.; Friberg, D. Low inter-examiner agreement of the Friedman staging system indicating limited value in
patient selection. Eur. Arch. Otorhinolaryngol. 2018, 275, 1541-1545. [CrossRef]

Sundman, J.; Bring, J.; Friberg, D. Poor interexaminer agreement on Friedman tongue position. Acta Otolaryngol. 2017, 137,
554-556. [CrossRef]

Friedman, M.; Hamilton, C.; Samuelson, C.G.; Lundgren, M.E.; Pott, T. Diagnostic value of the Friedman tongue position and
Mallampeati classification for obstructive sleep apnea: A meta-analysis. Otolaryngol. Head Neck Surg. 2013, 148, 540-547. [CrossRef]
Ng, SK,; Lee, D.L.; Li, AM. Reproducibility of clinical grading of tonsillar size. Arch. Otolaryngol. Head Neck Surg. 2010, 136,
159-162. [CrossRef]

Brodsky, L. Modern assessment of tonsils and adenoids. Pediatr. Clin. N. Am. 1989, 36, 1551-1569. [CrossRef]

Mediano, O.; Mangado, N.G.; Montserrat, ].M.; Alonso-Alvarez, M.L.; Almendros, I.; Alonso-Fernandez, A.; Barbé, E; Borsini, E.;
Caballero-Eraso, C.; Cano-Pumarega, I.; et al. International consensus document on obstructive sleep apnea. Arch. Bronconeumol.
2022, 58, 52—68. [CrossRef] [PubMed]

Lu, X; Zhang, J.; Xiao, S. Correlation between Brodsky Tonsil Scale and tonsil volume in adult patients. Biomed. Res. Int. 2018,
2018, 6434872. [CrossRef] [PubMed]

Friedman, M.; Tanyeri, H.; La Rosa, M. Clinical predictors of obstructive sleep apnea. Laryngoscope 1999, 109, 1901-1907.
[CrossRef] [PubMed]

Casale, M.; Moffa, A.; Pignataro, L.; Rinaldi, V. Palatopharyngeus muscle in pharyngoplasty surgery for OSAS: Cut or not to cut?
Eur. Arch. Otorhinolaryngol. 2021, 278, 2657-2658. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

14



Article

Effects of Rapid Maxillary Expander and Delaire Mask
Treatment on Airway Sagittal Dimensions in Pediatric Patients
Affected by Class III Malocclusion and Obstructive Sleep
Apnea Syndrome

Sara Caruso 1, Emanuela Lisciotto I*, Silvia Caruso 1, Alessandra Marino 2, Fabiana Fiasca
David Sarzi Amadé 2, Melania Evangelisti 2, Antonella Mattei !

check for
updates

Citation: Caruso, S.; Lisciotto, E.;
Caruso, S.; Marino, A.; Fiasca, F;
Buttarazzi, M.; Sarzi Amade, D.;
Evangelisti, M.; Mattei, A.; Gatto, R.
Effects of Rapid Maxillary Expander
and Delaire Mask Treatment on
Airway Sagittal Dimensions in
Pediatric Patients Affected by Class
IIT Malocclusion and Obstructive
Sleep Apnea Syndrome. Life 2023, 13,
673. https://doi.org/10.3390/
life13030673

Academic Editor: Konstantinos
Chaidas

Received: 29 November 2022
Revised: 10 February 2023
Accepted: 21 February 2023
Published: 1 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 3

, Marco Buttarazzi °,
and Roberto Gatto 1

! Department MeSVA, University of L’Aquila, 67100 L’ Aquila, Italy

Department of Neurosciences, Mental Health and Sensory Organs, Suicide Prevention Center Sant’ Andrea
Hospital, Sapienza University of Rome, 00185 Roma, Italy

Independent Researchers, 50134 Firenze, Italy

Correspondence: emanuela.lisciotto@gmail.com

Abstract: Obstructive sleep apnea syndrome (OSAS) is a sleep-related breathing disorder that is very
common in pediatric patients. In the literature, there are very few studies concerning the association
between OSAS and class III malocclusion in children. The use of a rapid maxillary expander (RME)
in association with the Delaire mask is a common treatment protocol for class III malocclusion. The
aim of this work was to evaluate the cephalometric variations of upper airway dimensions and OSA-
related clinical conditions after orthodontic treatment with an RME and the Delaire mask, as recorded
in pediatric patients with a class III malocclusion who were affected by OSAS. In this preliminary
study, 14 pediatric patients with mixed dentition, aged between 6 and 10 years, were selected. All
patients were treated with an RME and the Delaire mask. Pre- and post-treatment cephalometric
radiographs were traced, analyzed, and compared. The results demonstrated a significant increase
in the upper airway linear measurements and the nasopharyngeal and oropharyngeal dimensions
(p < 0.05). This increase creates an improvement in airway patency and in OSAS-related clinical
conditions. The use of the RME in association with the Delaire mask can be effective in the treatment
of pediatric patients with a class III malocclusion who are affected by OSAS.

Keywords: obstructive sleep apnea syndrome; class III malocclusion; Delaire mask; rapid maxillary
expansion

1. Introduction

Sleep-related breathing disorders in pediatric patients are caused by partial or com-
plete obstruction of the upper airways, which can cause episodes of hypopnea or apnea
with subsequent repercussions on pulmonary ventilation, oxygenation, and sleeping qual-
ity [1]. Obstructive sleep apnea syndrome (OSAS) is characterized by day and night
symptoms and signs such as snoring, sleep apnea, drowsiness, decreased concentration
and memory ability, enuresis, nocturia, increased blood pressure, heart rate changes, night
sweats, irritability, dry mouth, and growth retardation. OSAS-related clinical conditions
can also accentuate comorbidities in frail pediatric patients [2]. Numerous studies in the
scientific literature show that the most frequent cause of OSAS in childhood is represented
by adenotonsillar hypertrophy [3] but other risk factors have also been highlighted, such as
rhinitis, allergies, snoring, obesity, craniofacial anomalies, and neuromuscular diseases [4,5].
The most frequent craniofacial alterations reported in children with OSAS are retrognathia,
midface hypoplasia, contraction of the upper jaw, relative macroglossia, and anterior open
bite [6]. Among these craniofacial anomalies, it has been highlighted that hypoplasia
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of the maxilla and/or mandible may promote the development of sleep-related breath-
ing disorders [7,8]. Two recent systematic reviews evidenced the association between
maxillomandibular discrepancy and OSA, suggesting that children with OSA have more
skeletal Class II characteristics and a dolichofacial mandibular growth direction compared
to normal children [2—4].

The clinical diagnosis of OSAS in children is very sensitive but is not specific to the
diagnosis of OSAS when compared to nocturnal polysomnography (PSG) [9]. Clinical
history and physical examination only serve the purpose of identifying the subjects in
whom clinicians will have to carry out diagnostic instrumental tests [10]. PSG is the current
gold standard diagnostic test for OSA, and the apnea-hypopnea index (AHI, which records
the number of obstructive and mixed apneas and hypopneas per hour of total sleep time)
is the PSG parameter most commonly reported to discriminate the presence and severity
of OSA [11]. According to the most recent national guidelines, a diagnosis of OSAS is
established when the AHI is >1 ev/h [12]. However, PSG, as the current confirmatory
procedure, is cost-prohibitive and is not widely available. Using screening questionnaires
for OSA is particularly useful when clinicians need to determine the presence of OSA.
Employing specific and accredited questionnaires for the clinical diagnosis of this condition
can also offer a good reliability index [11].

Orthopedic therapy is effective in restoring the correct relationship between the maxil-
lary bone and the mandibular bone and between the dental arches. The efficacy of treatment
using rapid palate expansion is amply demonstrated in the literature [13-15] in children
with OSAS and malocclusion. This treatment can operate on the transversal maxillary
deficit and extend the base of the nasal cavities, with an increase in nasopharyngeal and
oropharyngeal air space and, consequently, can create an improvement in the patency of the
upper respiratory tract [16,17]. In patients with class Il malocclusion, the overgrowth of the
jaw is often accompanied by hypoplasia of the maxillary bone [18]. Despite this connection,
in the literature, there is little evidence of the association between class III malocclusion
and sleep-related breathing disorders; therefore, there are no validated therapy protocols
regarding this clinical condition.

Therapy with an RME and a Delaire mask is one of the most common orthopedic
treatment protocols for Class III malocclusions. Among the variety of treatments proposed,
we have adopted a therapeutic protocol for Class III malocclusion by maxillary correction.
The excellent results reported in experimental works have influenced the clinical adoption
of such an approach [19,20].

The use of both orthopedic devices has a synergistic effect in promoting the growth
of the maxilla in the sagittal and transverse dimensions, while simultaneously limiting
mandibular overgrowth [21,22].

Nevertheless, very few studies have investigated the use of an RME in association
with the protraction of the maxilla to improve the nasopharyngeal and oropharyngeal
airway dimensions [23].

Based on these findings, the objective of this work was to evaluate the effects of
this protocol treatment via cephalometric radiographs analysis, in terms of upper airway
patency, and the improvement of OSAS-related clinical conditions.

2. Materials and Methods
2.1. The Sample

For this study, we selected 14 pediatric patients (6 males and 8 females) with mixed
dentition and aged between 6 and 10 years. At the time of diagnosis, all patients had a class
III malocclusion and clinical conditions that are associated with OSAS. Before treatment,
informed consent was required from the parents of each child. The patients were treated
at the Pediatric Sleep Center (Sant’Andrea Hospital, Rome, Italy). The inclusion criteria
for the cases were: patients with signs, symptoms, and clinical history of OSAS and PSG
diagnosis (mild, moderate, or severe OSAS), patients aged between 6-10 years, with mixed
dentition and, in addition, semiotics and cephalometric standards of class III malocclusion.

16



Life 2023, 13, 673

Moreover, patients with erupted central permanent incisors before the start of orthodontic
therapy and those patients who had received treatment with a palate expander according to
the same method described below were included. Finally, we included patients for whom
lateral teleradiographs were available before and after treatment performed using the same
technique, and with whom it was possible to evaluate the patency of the airways.

The exclusion criteria applied to those patients previously treated by surgical therapy
for sleep-related breathing disorders (adenoidectomy, tonsillectomy, or adenotonsillectomy)
and patients who were taking drugs that could alter respiratory function. Obese patients
were also excluded because that may influence the onset of malocclusions [24]. Patients with
the characteristics of class I and class II malocclusions, as well as patients with craniofacial
anomalies, malformations and/or genetic pathologies, and systemic pathologies, which
can alter respiratory functions, were also excluded.

A diagnosis of class III malocclusion was made by clinical examination and confirmed
by radiographic evaluation. The patients considered in the study group had clinical
conditions associated with sleep-related breathing disorders, a medical history of OSAS,
or a previous OSAS diagnosis. Data collection regarding OSAS-related clinical conditions
was carried out using clinical examination and specific questionnaires [25]. Afterward, the
diagnosis of OSAS was established when the AHI index was >1 ev/h, according to AASM
guidelines [12]. For each patient, skeletal, dental, and pharyngeal cephalometric variables
were measured and analyzed, then considered on the cephalometric tracings at time TO
before treatment and at T1, at the end of treatment. Cephalometric analysis is useful as a
screening test to characterize skeletal and soft tissue relationships in children experiencing
OSAS [26]. As a prospective analysis with 95% of power and a level of significance of
alpha = 0.05, the sample size was calculated to need at least 9 participants.

For the cephalometric evaluation, both angular and linear variables were measured,
as reported in Table 1.

Table 1. Cephalometric variables, as measured and analyzed.

Skeletal Variables

SNA (grades) Angle identified by the points S, N, and A
SNB (grades) Angle identified by the points S, N, and B
ANB (grades) Difference between SNA and SNB angles

SN"GOGN (grades) Angle identified by the intersection of the S-N and GO-GN planes

FM" (grades)

Angle identified by the intersection of the Frankfurt and mandibular planes

MM" (grades)

Angle identified by the intersection of the bispinal and mandibular planes

Dental variables

OVB (mm)

Vertical distance between the incisal edge of upper and lower incisor

OVJ (mm)

Horizontal distance between the incisal edge of upper and lower incisor

1"MAX (grades)

Angle identified by the intersection of the axis of the upper incisor and the
bispinal plane

1s-N-FH (mm)

Distance between the upper incisor and the N-FH line (Frankfurt plane)

1i-N-FH (mm)

Distance between the lower incisor and the N-FH line (Frankfurt plane)

1i"MAND (grades)

Angle identified by the intersection of the axis of the lower incisor and the
mandibular plane

1s-A-Po (mm)

Distance between the upper incisor and the A-Po line

1li-A-Po (mm)

Distance between the lower incisor and the A-Po line

1s"1i (grades)

Angle identified by the intersection of the axes of the upper and lower
central incisors

Ul-E-line (mm)

Distance between upper lip (Ul point) and Ricketts’s aesthetic line (tip of
nose-tip of chin)

LI-E-line (mm)

Distance between upper lip (L1 point) and Ricketts’s aesthetic line (tip of
nose-tip of chin)
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Table 1. Cont.

Upper airway space
dimensions

Distance from a point on the posterior contour of the soft palate to the point

Nasopharynx (mm) closest to the posterior wall of the pharynx

Distance from the intersection of the posterior edge of the tongue and the

Oropharynx (mm) lower edge of the mandible to the point closest to the posterior wall of
the pharynx
Hypopharynx (mm) Distance from a point on the posterior base of the tongue to the point closest

to the posterior wall of the pharynx

Distance between the lowest point of the soft palate (P) and the posterior nasal

PNS-P (mm) spine (PNS)
MP-H (mm) Distance between the mandibular plane (MP) and the hyoid bone (H)
PHL (mm) Distance between the base of the epiglottis (Eb) and the tip of the tongue (Tt)

Linear measurements are expressed in millimeters (mm); angular measurements (*) are expressed in degrees.

2.2. Orthodontic Assessment and Orthopedic Therapy

All patients were treated with an RME. The rapid palatal expansion devices that were
used were fixed, with a central expansion screw and cemented bands on the second deciduous
molars and with hooked arms extended to the palatal surfaces of the canines and first decidu-
ous molars. All patients were treated with the same expansion protocol. After cementation,
the RME was activated. The rapid expansion protocol performed involved two rounds/day
for 15 days. After the expansion time, the RME was blocked and kept in the mouth for an
average duration of 12 months. After blocking the RME, patients were treated with a Delaire
mask. Extraoral protraction with elastics was performed, directly connected to the cemented
RME. Patients had to wear the mask all night and for two hours during the day [21]. The
mask treatment had an average duration of 6 months, with a two-month follow-up until the
end of the treatment. The overall treatment had an average duration of 18 months.

2.3. Statistical Analysis

Descriptive statistics were compiled to characterize the patient population. Continuous
variables (age, dental, and skeletal and oropharyngeal variables) were expressed as median
and interquartile ranges (IQRs) since the data were not normally distributed (the Shapiro—
Wilk test); categorical variables (gender, clinical conditions associated with respiratory sleep
disorders, and the presence of mixed dentition) were expressed as absolute and percentage
frequencies. The Wilcoxon signed-rank test was used to compare dental, skeletal, and
oropharyngeal variables at TO and T1. Statistical analyses were performed with STATA /IC
15.1 For all statistical tests, significance was two-sided and was set at p < 0.05.

3. Results

A total of 14 patients were included in the study with a median age of 8 years old
(IQR 7-9). More than half were females (n = 8/14, 57%). Before treatment, 64.29% (n = 9/14)
were affected by apnea, 50% (n = 7/14) by rhinitis and allergy, more than half (n = 8/14,
57.14%) had adenotonsillar hypertrophy, and only 14.29% (n = 2/12) of patients were
affected by snoring. No patient was obese. The clinical conditions associated with sleep-
related breathing disorders in the study group are summarized in Table 2, showing their
frequency in the present sample.

The analysis of the pre-treatment and post-treatment cephalometric variables led to
the following results.

At baseline, the median values of the angles 1"'MAX, 1"MAND, and 1s"1i were 101°
(IOR 95-109) 84.5° (IQR 81-89), and 145° (IQR 139-154), respectively (p < 0.05). After
the orthodontic treatment, the values of the same angles were significantly varied: the
first two were increased, 1"MAX 114° (IQR 104-116) and 1"MAND 90° (IQR 87-94), while
the third decreased to 1s™1i 131° (IQR123-136). In addition, we found a variation in the
sagittal position of the maxilla and mandible in terms of the SNA, SNB, and ANB angles,
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which varied from 78.5° (IQR 77-81), p < 0.05), 77° (IQR 76-82), and 2.5° (IQR 1-5) at TO
to 81.5° (IQR 78-87), 77.5° (IQR 75-85), and 3° (IQR 2—4), respectively, at T1. Moreover,
before treatment, the median values of 1s-N-FH and 1i-N-FH angles were 41.15 mm (IQR
37.4-45.5) and 39.5 mm (IQR 37-43), respectively; at the end of the treatment, we recorded
44.75 mm (IQR 42-52.5) and 45 mm (IQR 41-49.5), respectively.

A comparison of the dental and skeletal variables analyzed at times TO and T1 is
shown in Table 3.

Table 2. Descriptive characteristics of the sample (N = 14).

e
Age, median (IQR) 8 (7-9)
Clinical conditions associated with respiratory sleep disorders, n (%)

Apnea o 5 6429
i
Roncopathy ?L (; ;2(1(252;)1)
Andenotonsillar hypertrophy \Ii (; g Eéi?i;
Alergy o 76000
Mixed dentition, n (%) i} (; }3( 391245)56)

Variables were expressed as median and interquartile ranges (IQRs).

Table 3. Comparison of the dental and skeletal cephalometric variables at TO and T1, expressed as
median values and IQRs.

TO (IQR) T1 (IQR) p-Value #
SNA (degree) 78.5 (77 81) 81.5 (78 87) 0.041*
SNB (degree) 77 (76 82) 77.5 (75 83) 0.298
ANB (degree) 2.5(15) 3(24) 0.430
SN"GOGN (degree) 35 (32 38) 34.5 (30 38) 0.173
FM" (degree) 28 (25 30) 27.5 (24 30) 0.063
MM" (degree) 27.5(26.5 32) 29 (27 32) 0.395
1"MAX (degree) 101 (95 109) 114 (104 116) 0.016 *
1s-N-FH (mm) 41.15 (37.4 43.5) 44.75 (42 52.5) 0.014*
1i-N-FH (mm) 39.5 (37 43) 45 (41 49.5) 0.033 *
1i"MAND (degree) 84.5 (81 89) 90 (87 94) 0.019 *
1s-A-Po (mm) 1.85 (0.2 4.5) 5.5 (2.2 17) 0.028 *
1i-A-Po (mm) 19 (1.12) 2.15(211) 0.027 *
15"1i (degree) 145 (139 154) 131 (123 136) 0.020 *
Ls-Le (mm) 2.25(03.9) 1.25(-22) 0.637
Li-Le (mm) 1.5(02.8) 0(-151) 0.429
OVB (mm) 1.4 (03) 0.85 (0.1 1.5) 0.615
OV] (mm) ~0.5(~1.323) 2.41(0.33) 0.109

# Wilcoxon signed-rank test. * statistical significance, (p < 0.05). Linear measurements are expressed in millimeters
(mm); angular measurements (") are expressed in degrees.
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Several changes in the pharyngeal measurements were also found. At time T0, the
median value of the width of the nasopharynx was 7.5 mm (IQR 6-11), while after treatment,
it increased to 9.5 mm (IQR 8.4-14, p < 0.05.) The median value of the oropharyngeal
dimension at time TO was 15.2 mm (IQR 14.3-18), while in T1 it increased to 16.65 mm (IQR
15-19, p < 0.05.) The hypopharyngeal dimension was also slightly enlarged. The median
values relating to the distances PNS-P, MP-H, and PH-L were increased in T1 compared to
baseline, with a not statistically significant level (p > 0.05). The comparison between the
pharyngeal variables measured in T0 and T1 is shown in Table 4. and in Figure 1.

Table 4. Comparison of the oropharyngeal cephalometric variables at TO and T1, expressed as median
values and IQRs.

TO (IQR) T1 (IQR) p-Value #
Rinopharynx (mm) 7.5(611) 9.5(8.414) 0.009 *
Oropharynx (mm) 15.2 (14.3 18) 16.65 (15 19) 0.020 *
Hypopharynx (mm) 10.2 (8 14) 13 (10 16) 0.095
PNS-P (mm) 28.5 (25 32) 30 (26 30) 0.875
MP-H (mm) 11.5 (9.35 15) 11 (7.8 19) 0.530
PH-L (mm) 61.2 (54 66) 65 (56.3 70) 0.258

# Wilcoxon signed-rank test. * Statistical significance (p < 0.05). Linear measurements are expressed in millimeters
(mm).

OROPHARYNGEAL CEPHALOMETRIC

VARIABLES
3 & & N\ \Y N
@é %@ @% ®® ®® ®$\
Q N N
\s \s \s Q > ~
OQQ* OQQ* OQQ\ %{_}, @Q . &
N & & ]
TO T1

Figure 1. Comparison of the oropharyngeal cephalometric variables at TO and T1.

4. Discussion

The present investigation analyzed the changes recorded after orthopedic therapy
with an RME and a Delaire mask. In the literature, many cephalometric studies have
previously evaluated the craniofacial features related to OSAS as predisposing factors in
the pathogenesis of upper airway obstruction during sleep [3]. The efficacy of orthopedic
treatment with an RME in patients with OSAS was demonstrated in the literature [27-29].
The use of the RME as an orthopedic device is confirmed to be effective in promoting the
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growth of transverse diameters of the maxillary bone. An increase in the nasopharyngeal
and oropharyngeal spaces confirms that treatment with a rapid palatal expander is effective
in improving the patency of the upper airways [30-32]. The association between OSAS
and class III malocclusion is an infrequent clinical condition. For this reason, there are no
validated therapeutic protocols as yet. Orthopedic treatment with an RME and a Delaire
mask is widely used in clinical practice to correct the relationship between the maxillary
and mandibular bones [20-22]. Among the variety of therapeutic treatments, we chose
a protocol for the correction of a Class III malocclusion for the maxilla, thus limiting the
approach to Class III cases with maxillary involvement [33,34]. In addition, the positive
effects of this treatment on the sagittal pharyngeal dimensions in Class III malocclusion
subjects have previously been investigated in the literature [23]. The therapeutic protocol
was also chosen in consideration of the fact that mandibular growth has an influence on the
size of the upper airways [35-45]. Therefore, it can be hypothesized that jaw growth could
also have beneficial effects on the upper airways. Mandibular distraction osteogenesis may
also be helpful for treating OSAS in patients with maxillary hypoplasia and severe upper
airway obstruction [35].

Based on these findings, the aim of this preliminary study was to confirm the positive
effects of an RME and Delaire mask therapy on the upper airway dimensions and evaluate
the improvement of OSAS-related clinical conditions. The results obtained from this study
showed a significant variation in some of the cephalometric variables analyzed. The
increase in SNA angle proves that point A moved anteriorly and suggests a variation in
the sagittal position of the maxilla related to the skull base. Bearing in mind that these
cephalometric measurements do not usually change in normal conditions, these increments
gain importance as they make a contribution to the goals of this therapy; this is one of the
attendant effects of the protraction made by the Delaire mask [20,21].

Moreover, no SNB angle decrease was found, as has been described in the study by
A.S. Kiling [23]. Instead, in accordance with M. Rosa’s study, no significant changes were
found in the sagittal position of the mandible in relation to the skull base (ANB and SNB
angles) [21]. This suggests that the correction of class III malocclusion has been determined
only BY the forward motion of the maxillary bone and not By below e backward rotation of
the jaw.

Regarding the dental parameters, as already described by McNamara and Brudon
(1993) [23] and Kim et al. (1999) [35], an increase in the 1"MAX angle was found, which
indicates greater uprightness of the upper incisors in relation to the bispinal plane [36-38].

Contrary to what was reported by McNamara, in the current study, there was an
increase in the 1"MAND angle and a decrease in the interincisal angle (TO = 145°, after
treatment, T1 = 131°). These findings suggest a correction of the back inclination of the
lower incisors. This is also confirmed by changes to the dentition’s anterior limit: an
increase of 1s-A-Po indicates the greater protrusion of the upper incisor in relation to the
basal plane, while an increase of 1i-A-Po indicates greater protrusion of the lower incisor in
relation to the basal plane.

Our analysis of airway measurements reported the following results: before treatment,
the nasopharyngeal value was 7.5 mm. After the treatment, there was an increase in this
value to 9.5 mm. An important result is an increase in oropharyngeal dimension from
15.2 mm, before treatment, to 16.65 mm at the end of the treatment. Therefore, as noted
previously by Pavoni et al. [18], significant changes in the parameters related to upper
airway patency were observed. A small increase in the median values of the hypopharynx
has been noted for the mean values in TO and T1 of 10.2 mm and 13 mm, respectively,
but this occurred with an unequal distribution, and therefore cannot be considered to
be statistically significant; also, this value must be considered in relation to the MP-H
and PNS-P values [39]. The result was an increase in the median values of the MP-H,
PH-L, and PNS-P, which is indicative of a greater distance between the hyoid bone and the
mandibular plane and proves an increase in the palate’s sagittal dimensions. As already
shown in the literature, these changes are closely related to an improvement in OSAS-
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related clinical conditions [40-42]. In particular, the change in the hyoid bone’s position
has a significant impact on the shape and position of the tongue, affecting the patency of
the airways [18-44]. As reported in other studies, in this study, we found a significant
increase in the maxillary forward position. In addition, mandibular forward movement
and downward and backward rotation were inhibited; this finding suggests that the most
significant changes occurred in the maxillary bone [23]. The use of the Delaire mask for
protraction has been proven to be a valid aid in improving nasal breathing [45], which
is essential for the correct growth of the palate and the pneumatic development of the
maxillary bone and upper airways. These results confirm that a treatment that changes the
position of the jaw bones, the tongue, and the soft palate will also have an effect on the
oropharyngeal airway dimensions that are closely related to these structures [35,46,47].

Limitations of the Study

In this preliminary study, there is no control group; therefore, it provides no evidence
as to the effectiveness of the treatments in varying the cephalometric parameters. Our
study is limited to a two-dimensional assessment. No volume ratings were calculated
because three-dimensional diagnostic techniques are not a routine form of examination
in the pediatric population. The improvement of the clinical conditions in terms of sleep-
related breathing disorders occurred preliminarily through a clinical control examination.
No values relating to the AHI index at baseline were reported because, in this ongoing
study, we aim to perform further evaluations with a polysomnographic follow-up.

5. Conclusions

The current study reports an increase in nasopharyngeal and oropharyngeal spaces.
This study’s findings confirm that treatment with a rapid maxillary expander, when associ-
ated with a Delaire mask, effectively improves the patency of the upper airway’s sagittal
dimensions. Our preliminary results pave the way for further controlled studies in order to
confirm the value of this protocol when used as a treatment in pediatric patients with class
III malocclusion who are affected by OSAS.
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Abstract: Excessive daytime sleepiness in obstructive sleep apnoea (OSA) is often measured differ-
ently by patients and their partners. This study investigated the association between patient- and
partner-completed Epworth Sleepiness Scale (ESS) scores and a potential correlation with OSA sever-
ity. One hundred two participants, 51 patients and 51 partners, completed the ESS before and three
months after initiating CPAP treatment. There was no significant difference when comparing patients’
and partners’ ESS scores at baseline (10.75 £ 5.29 vs. 11.47 & 4.96, respectively) and at follow-up
(6.04 £ 4.49 vs. 6.41 + 4.60, respectively). There was a strong correlation between patients” and
partners’ ESS scores on both (baseline and follow-up) assessments (p < 0.001). There was significant
improvement in patients” and partners” ESS scores after CPAP therapy (p < 0.001). There was no
significant difference in patients” or partners’ ESS scores between patients with mild, moderate or
severe OSA. There was no significant correlation between oxygen desaturation index (ODI) and ESS
score reported either by patient or by partner. In conclusion, our study revealed a strong correlation
between patient- and partner-reported ESS scores. However, neither patient- nor partner-completed
ESS scores were associated with OSA severity.

Keywords: sleepiness; excessive somnolence; Epworth Sleepiness Scale; patient reported Epworth
score; partner reported Epworth score; obstructive sleep apnea; continuous positive airway pressure;
oxygen desaturation index; bed partner

1. Introduction

Obstructive sleep apnoea (OSA) is an increasingly prevalent sleep disorder affecting
3-7% of men and 2-5% of women [1]. It is characterized by recurrent episodes of partial
or complete upper airway collapse during sleep leading to intermittent airflow limitation,
sleep fragmentation, arterial oxygen desaturations, and poor sleep quality. The sleep
fragmentation and hypoxemia have a variety of medical and functional consequences
including cardiovascular and cerebrovascular disease, glucose intolerance, reduced quality
of life and daytime sleepiness [2,3]. Excessive daytime sleepiness is considered as a main
symptom in OSA and is experienced by most patients [4], but many of them may deny or
minimize its degree.

The multiple sleep latency test and the maintenance of wakefulness test are both
objective tools to quantify sleepiness, but are time-consuming, laborious and expensive [5].
In order to measure daytime somnolence in common clinical practice, several questionnaires
have been developed. One of the simplest and frequently used is the Epworth Sleepiness
Scale (ESS) which was first introduced in 1991 and is a tool used to measure the general
level of sleepiness in patients with OSA and other sleep disorders in everyday situations [6].

Although ESS has been widely used in both clinical and research settings, there is
still controversy in the literature regarding its value as a screening tool for patients with
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suspected OSA [7-9]. It has been observed that some patients lack insight into the degree
of their sleepiness resulting in underestimation of its level. For that reason, many studies
attempted to determine if the use of partner-reported ESS score is superior compared to
patient- reported ESS score in the evaluation of patients with suspected OSA reporting
controversial outcomes [10-12]. Therefore, there is still much confusion regarding the
utility of partner-completed ESS in identifying OSA and predicting its severity.

The aim of our study was to assess the association between patient- and partner-
completed ESS scores and to investigate a potential correlation between ESS and OSA
severity as well as the impact of continuous positive airway pressure (CPAP) therapy on
ESS score.

2. Materials and Methods
2.1. Study Protocol

Patients aged over 18 years old accompanied by their partners who were seen at the
Oxford Adult Sleep and Ventilation Service Clinic between February 2019 and February
2020, were offered to participate in this prospective study. The study protocol was approved
by the Institutional Review Board of Oxford University Hospitals NHS Foundation Trust
(Datix ID: 6120).

Participants were excluded from the study if they had previous treatment with CPAP
for OSA or prior diagnosis or suspicion of other sleep disorder, if they were unable to
complete the ESS or if they had no suitable partner in clinic with them. As “partner” was
considered a boyfriend/girlfriend, a spouse or a close relative sharing the same house.
Patients without evidence of OSA on the baseline sleep study were also excluded.

After obtaining verbal consent, patients and their partners completed the ESS inde-
pendently during the initial visit at the clinic. The ESS is a self-administered questionnaire
with 8 questions (Figure 1) [6]. Respondents were asked to rate, on a 4-point scale (0-3),
their usual chance of dozing off or falling asleep while engaged in eight different activities.
The total ESS score (the sum of 8 item scores) can range from 0 to 24. It has been suggested
that a cutoff total score of 10 or higher indicates the presence of hypersomnolence.

Use the following scale to choose the most appropriate number for each situation:
0 =would never doze,

1 =slight chance of dozing,

2 =moderate chance of dozing,

3 =high chance of dozing.

It is important that you answer each question as best you can.

Situation: Chance of Dozing (0-3)
Sitting and reading
Watching TV
Sitting, inactive in a public place (e.g., a theatre or a meeting)

As a passenger in a car for an hour without a break

Lying down to rest in the afternoon when circumstances permit
Sitting and talking to someone

Sitting quietly after lunch without alcohol

0 B Guijn sl N

In a car, while stopped for a few minutes in the traffic
Figure 1. Epworth Sleepiness Scale.

The following parameters were also obtained from all patients during their first visit
in clinic: age, gender, body mass index (BMI), symptoms correlated to OSA, co-morbidities
and current medical treatment, smoking history, alcohol consumption, Mallampati grade
and neck circumference. After the baseline screening, patients were scheduled to undergo
a diagnostic sleep study with a portable machine. The severity of OSA was evaluated
based on the oxygen desaturation index (ODI) and the patients were divided into three
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groups: mild (5 < ODI < 15 episodes/h), moderate (15 < ODI < 30 episodes/h), and severe
(ODI > 30 episodes/h) OSA group. CPAP treatment was offered to all patients that had a
diagnosis of OSA. Three months after initiating CPAP therapy both patient and partner
were again asked to complete the ESS questionnaire independently.

2.2. Statistical Analysis

Data are presented as mean =+ standard deviation, as median (minimum-maximum)
or as percentage. The data were tested for normality by using the Kolmogorov-Smirnov
test. Changes in outcome variables before and after CPAP therapy were compared by
Wilcoxon signed-rank test. Kendall rank correlation test was used to assess the relationship
between patient- and partner-reported sleepiness, as well as their association with ODI.
Kruskal-Wallis test was used for the comparison between mild, moderate, and severe OSA
groups and ESS results. The Bland and Altman method was used to plot the difference
between partners” and patients” ESS scores and measure agreement between them. To
investigate the presence of a potential trend, linear regression analysis was performed.
p values < 0.05 were considered statistically significant. All data were statistically analysed
using SPSS software for Windows version 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results

A total of 102 individuals (51 patients and 51 partners) participated in the study and
completed the ESS before and three months after initiating CPAP treatment. Table 1 shows
baseline characteristics, sleep study results and CPAP usage information for all patients.
ESS results obtained from all participants and comparisons between patients’ and partners’
total and each item’s scores are presented in Table 2.

Table 1. Patients’ baseline characteristics, sleep study results and CPAP usage information (1 = 51).

Variables Results
Male sex 37 (72.5)
Age, years 60.21 &+ 12.67
Smoking

Non-smokers 40 (78.4)
Ex-smokers 4(7.8)
Smokers 7 (13.7)
Comorbidities

Hypertension 26 (51.0)
Depression 8 (15.7)
Gastroesophageal reflux 7(13.7)
Diabetes 5(9.8)
Asthma 4(7.8)
COPD 3(5.9)
None 14 (27.5)
BMI, kg/m? 35.07 &+ 6.23
Neck circumference, cm 4291 + 3.64
Mallampati scale

Grade 1 11 (21.6)
Grade 2 28 (54.9)
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Table 1. Cont.

Variables Results
Grade 3 10 (19.6)
Grade 4 2(3.9)

OD], episodes/hour 35.91 4+ 23.37
CPAP use, hours/day 4.89 +£2.46

Values are given as mean =+ standard deviation or as number (%). CPAP: continuous positive airway pressure,
COPD: Chronic Obstructive Pulmonary Disease, BMI: body mass index, ODI: oxygen desaturation index.

Table 2. Total and each question’s ESS scores prior to (baseline) and three months after (follow-up)
initiating CPAP therapy.

ESS Difference
ESS Score Patient-Reported Partner-Reported (Partner’s Minus p Value
Patient’s Score)
Baseline Mean Median Mean Median Mean
Total 10.75 £ 5.29 11 (1-19) 11.47 +4.96 12 (1-19) 0.72 £ 3.341 0.157
Q1 1.84 £ 1.065 2(0-3) 1.92 £1.036 2(0-3) 0.08 + 0.796 0.537
Q2 2.02 +£0.927 2(0-3) 2.10 +0.922 2(0-3) 0.08 +0.796 0.512
Q3 0.88 £ 0.791 1(0-3) 0.78 £ 0.808 1(0-3) —0.10 £ 0.755 0.354
Q4 1.49 £1.102 2(0-3) 1.71 £1.119 2(0-3) 0.22 +1.026 0.131
Q5 224 +1.012 3(0-3) 2.35+1.016 3(0-3) 0.11 +1.013 0.335
Q6 0.43 £ 0.608 0(0-2) 0.43 £0.700 0(0-2) 0.00 £ 0.721 0.980
Q7 1.61 £1.133 2(0-3) 1.94 £ 1.047 2(0-3) 0.33 + 0.931 0.013 *
Q8 0.25 +0.483 0(0-2) 0.25 +0.523 0(0-2) 0.00 + 0.529 1.000
Follow-up
Total 6.04 +4.49 5(0-19) 6.41 £+ 4.60 6 (0-19) 0.37 £+ 2.537 0.128
Q1 0.88 + 0.816 1(0-3) 1.02 £ 0.905 1(0-3) 0.14 + 0.633 0.127
Q2 1.27 +£0.827 1(0-3) 1.25 4+ 0.891 1(0-3) —0.02 £ 0.648 0.827
Q3 0.53 + 0.758 0(0-3) 0.49 + 0.674 0(0-2) —0.04 £+ 0.631 0.655
Q4 0.65 + 0.868 0(0-3) 0.84 + 0.967 1(0-3) 0.19 +0.917 0.108
Q5 1.37 £ 1.076 1(0-3) 1.39 £ 1.115 1(0-3) 0.02 £ 0.707 0.856
Q6 0.24 +0.513 0(0-2) 0.29 + 0.502 0(0-2) 0.05 + 0.465 0.366
Q7 0.94 + 0.988 1(0-3) 0.96 + 0.894 1(0-3) 0.02 +0.735 0.833
Q8 0.16 £ 0.367 0(0-1) 0.14 £ 0.401 0(0-2) —0.02 £+ 0.424 0.739

Values are given as mean =+ standard deviation or as median (minimum-maximum). ESS: Epworth sleepiness
scale, CPAP: continuous positive airway pressure, Q: question. *: p < 0.05.

Thirty-seven male and 14 female patients participated in the study. There were no
gender-related differences between patient- and partner-completed ESS scores (p > 0.05).

3.1. Baseline ESS

A comparison between patient- and partner-reported total ESS score revealed no
significant difference (10.75 £ 5.29 vs. 11.47 £ 4.96, respectively, p = 0.157). A comparison
of the score for each ESS question separately, revealed no significant difference (p > 0.05)
except for question 7 (p = 0.013). Kendall rank correlation revealed significant correlation
between patient- and partner-completed ESS baseline scores (p < 0.001, Tb = 0.601).

The Bland-Altman plot (Figure 2) shows the individual differences between the two
ESS measurements for each patient against the mean ESS score. It did not demonstrate
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statistically significant differences between partners’ and patients’ ESS scores (p = 0.467,
R? =0.011).
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Figure 2. The ESS for paired comparisons is displayed using a Bland—Altman plot. Y-axis shows
the difference in ESS score (partner’s score minus patient’s score). X-axis shows the mean ESS score
(mean score of patient- and partner-reported ESS score). Each dot refers to one patient. The midline
indicates the mean difference between the two measurements (partners’ minus patients” ESS score).
The upper and lower lines indicate the 95% confidence limits for these measures (upper line: mean
difference plus 1.96 x SD, lower line: mean difference minus 1.96 x SD, SD: standard deviation).

3.2. Follow-Up ESS

A comparison between patients” and partners’ total ESS scores revealed no significant
difference (6.04 £ 4.49 vs. 6.41 + 4.60, respectively, p = 0.128). An additional comparison
of the score for each ESS question separately revealed no significant difference (p > 0.05)
for all the questions. Kendall rank correlation test revealed significant correlation between
patient- and partner-reported ESS follow-up scores (p < 0.001, Tb = 0.651).

3.3. Patients’ ESS before and after Treatment

There was statistically significant improvement (reduction) in patient- reported ESS
score post CPAP therapy (10.75 & 5.29 vs. 6.04 & 4.49, p < 0.001). There was a significant
reduction in the score for each ESS question (p < 0.05) except for question 8 (p = 0.132).

3.4. Partners” ESS before and after Treatment

There was statistically significant improvement in partners” ESS score after CPAP
treatment (11.47 £ 4.96 vs. 6.41 £ 4.60, p < 0.001). There was a significant reduction in the
score for each ESS question (p < 0.05) except for questions 6 (p = 0.134) and 8 (p = 0.084).

3.5. Baseline ESS and OSA Severity

Patients were divided into three groups based on OSA severity as determined by ODI
(mild, moderate or severe OSA) and Table 3 shows patients” and partners” ESS scores in
these groups. There was no significant difference between the groups when comparing
the ESS score reported either by patients (p = 0.534) or by partners (p = 0.858). Likewise,
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a comparison of patients” ESS score vs. partners’ ESS score within the same OSA group
revealed no significant difference as shown in Table 3.

Table 3. Baseline (patient- and partner-reported) ESS score in OSA severity groups.

Number of

OSA Severity Patients Patient-Reported ESS Score Partner-Reported ESS Score p Value
Mean Median Mean Median
Mild 6 (11.8) 12.67 + 7.50 15.5 (1-19) 12.50 + 4.68 15 (6-16) 0.786
Moderate 19 (37.3) 10.68 + 4.84 11 (3-19) 11.53 +4.41 11 (5-18) 0.273
Severe 26 (51.0) 10.35 & 5.18 10.5 (1-19) 11.19 + 5.53 12 (1-19) 0.253

Values are given as number (%), as mean + standard deviation or as median (minimum-maximum). ESS: Epworth
sleepiness scale, OSA: obstructive sleep apnoea.

Kendall rank correlation test showed no significant correlation between ODI and
baseline ESS score reported either by patient (p = 0.993, Tb = 0.001) or by partner (p = 0.794,
Tb = —0.026).

4. Discussion

Our study investigated the association between patient- and partner-reported ESS
score demonstrating that a strong correlation exists. Patients and their partners agree in the
perception of patient’s sleepiness suggesting that the value of ESS in assessing patients for
suspected OSA is similar regardless the person completing the questionnaire (patient or
partner). On the other hand, it seems that neither patient- nor partner-reported ESS scores
are associated with OSA severity and, thus, OSA severity cannot be predicted by ESS alone.

The ESS as a subjective tool to quantify somnolence may be inaccurate in certain situations,
especially if the patient is not fully aware of the problem or the partner gives an inaccurately
positive estimate of patient’s sleepiness. Kumru et al. [10] found a discrepancy between patient’s
and partner’s perception of patient’s sleepiness with patients rating their sleepiness lower than
their partners. Another study reported that ESS scores of bed partners were higher than those of
patients in 67% of the cases suggesting that either the patients tend to underestimate the degree
of their sleepiness or their partners overestimate it [12].

In contrast, we demonstrated that partner-completed ESS scores were similar to ESS
scores reported by patients. This was also evident by using the Bland—-Altman method
showing no significant bias between patients” and partners” ESS outcomes. An additional
comparison of each ESS item scores revealed no significant difference between patient and
partner except for question 7 (“sitting quietly after lunch without alcohol”). Interestingly,
this is also the question with the greatest disagreement between patient and partner in the
study by Kumru et al. [10]. Although the combination of patient- and partner-completed
ESS may help the clinician and increase the accuracy of the results, according to our study
findings, the addition of ESS score obtained by the partner does not add much value in the
screening process for OSA.

Previous studies have investigated the utility of patient- and partner-completed ESS
in predicting OSA severity with contradictory results. Several reports suggest that patients’
ESS score does not correlate with OSA severity [8,11,13-16], whereas other studies show
that an association is present [12,17-21]. A few studies have also indicated an association
between partners’ ESS score and OSA severity [12,17,22,23].

A study by Bhat et al. [11] revealed a correlation between partner-completed ESS
score and apnoea-hypopnoea index (AHI), but not with ODI or other related parameters.
Moreover, the authors found that neither patient- nor partner-completed ESS score alone
can predict the severity of OSA. Another study reported that both patients” and partners’
ESS scores were independent of AHI levels and, thus, ESS was found to be a poor predictor
of AHI [22]. Similarly, Barry et al. [24] demonstrated that the ESS does not correlate with
the AHI In contrast, Walter et al. [12] documented a significant correlation between ESS as
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estimated by either the patient or the partner and OSA severity. Nevertheless, the authors
were unable to identify a cut-off ESS score that correlated strongly with the presence of
severe OSA and suggested that their findings may be partially due to the fact that ESS is a
subjective questionnaire which can be influenced by a variety of factors such as the quality
and duration of sleep the previous night and personality traits.

In light of these contradictory findings, our findings show no correlation between
patient- as well as partner-completed ESS and ODI. Therefore, neither patients’ nor partners’
ESS score can predict OSA severity.

Excessive daytime sleepiness is a common symptom in OSA. Several studies have
demonstrated that daytime somnolence levels, both subjective and objective, are not re-
flective of the severity or even of the presence of OSA [7-9,19,25-27]. This may explain
why ESS score may be misleading when used to evaluate patients for OSA. Several factors
other than the severity of OSA as demonstrated by sleep study parameters seem to have a
significant impact on the degree of daytime sleepiness.

CPAP has been established as the most effective treatment of OSA and has been shown
to be associated with a significant reduction in daytime sleepiness in these patients, as
well [28,29]. However, on some occasions, sleepiness may persist despite CPAP therapy.
In a previous study, 40% of patients with moderate-severe OSA reported sleepiness after
three months of treatment with CPAP [30]. Bonsignore et al. showed a prevalence of
persistent daytime sleepiness in CPAP-treated patients around 40% in the first three months
and 10-20% after that [31]. The same study showed that patients with daily sleepiness at
follow-up were younger and more obese, had slightly more severe OSA and were sleepier
at baseline. On the other hand, Patel et al. [32] revealed that CPAP therapy significantly
reduced the ESS score by a mean of 2.9 points as compared with placebo. On similar
lines, another study showed that patients with moderate and severe OSA had a significant
improvement in ESS score after one and three months of CPAP therapy [33].

Our results support that patient-completed ESS score, regardless OSA severity, not
only significantly improves after 3 months of CPAP therapy, but also normalizes. There was
statistically significant reduction in the score for each ESS question except for question §,
which could be explained by the fact that this item is considered as a low soporific situation
and, thus, the patients had a low baseline score.

To our knowledge, no other studies have looked at partner-completed ESS after CPAP
treatment to assess post therapy patients’ daytime sleepiness. We found that there is
a statistically significant improvement in partners’ ESS score after 3 months of CPAP
treatment with a significant reduction in the score for each ESS item except for questions 6
and 8, which are low soporific items. We also found that there was no discrepancy between
patient- and partner-completed ESS scores after CPAP treatment.

This study has certain limitations. First, due to the number of participants, conclusions
should be made with caution. The patients did not undergo full polysomnography for the
diagnosis of OSA. Instead, all patients had a type-3 home sleep study using two respiratory
variables, one cardiac variable, one arterial oxygen saturation. Therefore, there were no
available data regarding sleep stages, sleep efficiency, number of arousals during sleep,
total sleep time, and the presence or not of periodic limb movement (PLM) during sleep.
Finally, we used ODI instead of the AHI to make the diagnosis of OSA and classify its
severity. However, although AHI is widely used, ODl is as valuable as AHI in diagnosing
and grading OSA [34].

5. Conclusions

In contrast with previous studies showing a discrepancy between patients” and part-
ners’ ESS scores, our study revealed an association between patient- and partner-reported
sleepiness as measured by ESS. In addition, we found that there was no association be-
tween ESS score as estimated by either patient or partner and OD]I, and hence, OSA severity
cannot be predicted by using ESS. Considering the contradictory data in the literature and
the growing recognition of daytime sleepiness and its impact on patients’ quality of life,
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more studies are required to investigate the utility of patient- and partner-completed ESS.
The ultimate aim should be the development of an accessible, convenient and accurate
measure of sleepiness, especially in patients with OSA.
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Abstract: Obstructive sleep apnea syndrome (OSAS) is a common sleep-related breathing disorder
where precise treatment assessment is of high importance. We aimed to validate an automatic
algorithm of the auto-CPAP device and reveal polygraph usefulness in the OSAS diagnosis and
treatment of outpatients. One hundred patients with moderate OSAS, severe OSAS, and excessive
daytime sleepiness qualified for CPAP treatment were included. The study was conducted in three
stages. The first stage included a minimum 6-hour polysomnographic examination to select moderate
and severe OSAS. The second stage involved an auto-CPAP treatment lasting at least 4 h with
simultaneous polygraph recording. The third stage was a titration of at least 4 h with auto-CPAP.
The Apnea—-Hypopnea Index (AHI) and oxygen desaturation index (ODI) were calculated under
auto-CPAP treatment, simultaneously using polygraph (stage two), and as a result of treatment
with auto-CPAP (stage three). The mean AHI was 40.0 £ 20.9 for OSAS. Auto-CPAP treatment
was effective in 97.5%. The mean residual AHI was 8.6 & 4.8; there was no significant difference
between the AHI CPAP, and the AHI polygraph values were assessed with an accuracy of 3.94/h.
The sensitivity and specificity of calculated cut point 8.2 event/hour were: 55% and 82%, respectively.
The calculated AUC for the AHI CPAP parameter was 0.633. Presented data confirmed that the
automatic algorithm of auto-CPAP is a good tool for the assessment of the treatment efficacy of CPAP
in patients, i.e., home setting, with a moderate or severe stage OSAS-presented high sleepiness.

Keywords: OSAS; polysomnography; polygraphy; CPAP

1. Introduction

Obstructive sleep apnea syndrome (OSAS) is a common, but often unrecognized,
disorder [1]. It was estimated that nearly one billion adults aged 30-69 years worldwide
could have obstructive sleep apnea. The number of people with moderate to severe
obstructive sleep apnea, for which treatment is generally recommended, is estimated
to be almost 425 million [2]. It is a disorder characterized by the repeated complete
(apnea) or partial (hypopnea) narrowing of the upper respiratory tract with the work of the
respiratory muscles preserved [3-5]. The consequence of OSAS is the deterioration of blood
oxygenation and frequent (usually unconscious) awakenings, leading to defragmentation
of sleep and excessive daytime sleepiness, which leads to an increased prevalence of
cardiovascular diseases in patients with OSAS [3-8]. In our previous study, we confirmed
that lifestyle modification resulting in the reduction of one unit of body mass index (BMI)
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gives meaningful and positive changes in selected cardio-metabolic risk factors, such as
total cholesterol (TC), triglycerides (TG), fasting insulin, and blood pressure (BP), in OSAS
patients [9].

However, the gold standard treatment for OSAS is continuous positive airway pres-
sure (CPAP) therapy [10]. Titration with the CPAP device is a method that relies on the
continuous generating of overpressure in the upper airways to prevent their collapse [11].
The standard is the selection of therapeutic pressure through a simultaneous polysomno-
graphic recording during which the patient is treated with a CPAP device. The method of
selecting pressure depends on the type and frequency of respiratory disorders [12]. CPAP
treatment is recommended in severe disease with Apnea-Hypopnea Index (AHI) > thirty,
moderate disease with AHI > fifteen and severe daytime sleepiness assessed on Epworth
Sleepiness Scale (ESS) > eleven points or cardiovascular complications, and mild disease
of five < AHI < fifteen with severe daytime sleepiness [4,13]. According to the American
Academy of Sleep Medicine (AASM) guidelines, the attempted therapy should take place
in a sleep laboratory [14]. In Poland and also in poor-income countries, the availability
of specialized laboratories is still insufficient, both at the stage of OSAS diagnosis and
treatment implementation [15]. The situation is made worse by the lack of outpatient
procedures. There seems to be a justified need for research aimed at demonstrating the
usefulness of outpatient devices in the diagnosis and treatment of OSAS.

The presented work is an attempt to validate the automatic algorithm of the auto-
CPAP device to reduce breathing disorders during sleep in patients with OSAS. In this way,
the authors tried to check that the automatic algorithm of the auto-CPAP treatment may
be enough for OSAS treatment effectiveness assessment in a situation of limited access to
polysomnography (PSG), especially in primary care.

2. Materials and Methods
2.1. Study Design

This is a prospective observational study. Patients were recruited between July 2019
and June 2020 at the Department of Pulmonology, Allergology, and Pulmonary Oncology,
Poznan University of Medical Sciences (Poland). All included patients were diagnosed
and treated in the University Sleep Laboratory. All procedures were conducted to good
laboratory and diagnostic practices.

The study protocol was approved by the Bioethical Committee at Poznan University
of Medical Science 7 March 2019 (No: 339/19). All enrolled participants provided written
informed consent. The study was conducted in accordance with the Helsinki Declaration.

2.2. Study Population

One hundred adult patients (fifty men and fifty women) were included in the study
according to the following criteria: age over 18, moderate and severe OSAS diagnosed, and
associated excessive daytime sleepiness qualified for treatment with CPAP. The exclusion
criteria were as follow: the lack of excessive daytime sleepiness; impaired patency of the
upper respiratory tract resulting in reduced effectiveness of positive pressure therapy—
indications for ear, nose, and throat (ENT) intervention, taking hypnotic, and/or sedatives.

Excessive daytime sleepiness was assessed with the Epworth Sleepiness Scale (ESS)
and defined as achieving > 11 points [16]. The diagnosis of OSAS was performed according
to AASM recommendations [14,17] using a polysomnography machine (Alice 6, Philips,
PA, USA, 2017).

2.3. Auto-CPAP Device Validation

The study was carried out in three independent stages, performed during a stay in the
Sleep Laboratory for 2 days.

The first stage included a minimum 6-hour polysomnographic examination
(Polysomnograph Alice 6, Murrysville, PA, USA, 2017) with a particular assessment of
the following parameters: AHI, oxygen desaturation index (ODI), average saturation, and
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stages of sleep (NREM-N1, N2, N3, and REM). The analysis was performed with the
Sleepware G3 software (Respironics, Murrysville, PA, USA, 2019).

The second stage involved treatment with an auto-CPAP lasting at least 4 h with
simultaneous polygraphy (PG) recording. In this stage, the Alice Night One polygraph
(Philips, PA, USA, 2017) and auto-CPAP Dreamstation (Philips, PA, USA, 2017) were used
with a built-in automatic algorithm to maintain the patency of the upper respiratory tract.
The values of AHI, OD], average saturation, therapeutic pressure representing the 90th
percentile of pressures generated during therapy, and average pressure generated with the
auto-CPAP device were recorded. To distinguish the parameters used in analyses for this
study the AHI indicator from the polygraph’s test has been modified into an abbreviation
AHI PG. The desaturation index from the PG study was designated ODI PG. The analysis
was performed with Sleepware software (Respironics, PA, USA, 2019).

The third stage of the study was a titration of at least 4 h with the auto-CPAP ap-
paratus taking into account the following parameters: AHI residual respiratory disorder
index, 90th percentile therapeutic pressure generated over time pressure therapy, and the
average pressure generated during treatment with the auto-CPAP device. Each patient was
provided with a comfortable and tight mask that allowed free breathing. To distinguish the
parameters used in the analyses for this study, the AHI indicator from auto-CPAP titration
was modified to the abbreviation AHI CPAP. The Encore Basic (Respironics, PA, USA, 2019)
software was provided by the auto-CPAP manufacturer. According to the manufacturer’s
information, auto-CPAP responds to respiratory events in accordance with the principles
of manual titration.

2.4. Statistical Analysis

A population of 105 subjects was required to show differences with type I error stated
as alpha 0.05 and with the power of 95%. The data were expressed as mean, median, and
standard deviation. The normality of the distribution was checked by the Shapiro-Wilk test.
The Mann-Whitney test was used to analyze the differences between the variables from
the diagnostic stage and auto-CPAP therapy and to describe the differences before and
after medical intervention. Using the Spearman’s R correlation the relationship between
AHI and ODI indices from the therapeutic process was demonstrated. The validation of
the automatic algorithm of the auto-CPAP apparatus was made using the Bland— Altman
chart and a mountain plot. A p-value < 0.05 defined statistically significant differences. All
calculations were performed with the use of Statistica 10 software (TIBICO Software Inc.,
Palo Alto, CA, USA, 2017).

3. Results

One hundred five adult patients were recruited for the study. Five subjects did not
meet inclusion criteria (indications for (ENT) intervention—three patients, and taking
sedatives—two patients)—Figure 1.

The study included 100 (50% men) patients diagnosed with at least moderate OSAS
and associated excessive daytime sleepiness (ESS > 11 points) who qualified for treatment
with CPAP air prosthesis. The basic features of the study population and the clinical
characteristics of patients with moderate and severe OSAS are presented in Table 1.

The results of the Mann-Whitney U Test (p = 0.5126), with the adopted significance
level (o = 0.05), indicate statistically significant differences between the distributions of
variables from the diagnostic stage (PSG) and after the CPAP treatment process. On the
other hand, the results of the Mann-Whitney U Test (p < 0.0001) indicate no significant
differences between the AHI values derived from CPAP and polygraph (PG). Spearman’s
rank correlation (R = 0.7193, p < 0.0001) shows a significant relationship between AHI CPAP
and AHI PG (Figure 2).
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Figure 1. The patient sample selection.

Table 1. CPAP treatment results analyzed using auto-CPAP with polygraph.

Analyzed Variable Mean Minimum Maximum SD Lower Quartile Upper Quartile Median p-Value
AHI CPAP (1/h) 8.6 1.1 223 4.8 4.9 10.9 7.6 <0.0001
AHI PG (1/h) 8.3 1.0 23.0 4.6 4.5 10.8 7.5 <0.0001
ODIPG (1/h) 9.4 2.1 39.3 6.2 5.8 10.7 7.9 <0.0001
Mean saturation PG (%) 92.3 74.0 96.0 3.6 91.0 95.0 3.6 <0.0001
Lowest saturation PG (%) 83.7 58.0 93.0 6.5 81.0 88.5 6.5 <0.0001

Abbreviations: AHI CPAP, Apnea-Hypopnea Index analyzed by auto-CPAP; AHI PG, Apnea-Hypopnea Index
scored by polygraph; ODI PG, oxygen desaturation index scored by polygraphy; PG, polygraphy.
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Figure 2. Relationship between AHI CPAP and AHI PG.

In order to validate the operation of the automatic algorithm of the CPAP device,
statistical methods were used to compare the AHI residual index values from the titration
during CPAP titration and the AHI and ODI values from the manual interpretation of the
polygraphy (AHI PG and ODI PG).

A significant correlation was demonstrated between the AHI parameters analyzed
by CPAP and scored in polygraphy (Figure 2). However, a significant relationship was
demonstrated between the parameters of AHI analyzed by CPAP and the ODI scored in
polygraphy (Table 2).

37



Life 2022, 12, 1357

Table 2. The relationship between AHI analyzed by CPAP and the ODI scored in polygraphy.

Analyzed Variable R Spearman p-Value
AHI CPAP and AHI PG 0.7193 <0.0001
AHI CPAP and ODI PG 0.4435 <0.0001

Abbreviations: AHI CPAP, Apnea—Hypopnea Index analyzed by auto-CPAP; AHI PG, Apnea—Hypopnea Index
scored in polygraphy; ODI PG, oxygen desaturation index scored in polygraphy; PG, polygraphy.

Differences between the results of the residual respiratory disorder index obtained
from individual patients by means of apparatus titration auto-CPAP and the results from
the Alice Night One polygraph were compared with the mean value of the results obtained
from both test methods. The solid blue line represents the error systematic and the dashed
red lines indicate the 95% compliance limits (Figure 3).
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Figure 3. The mean difference between the AHI CPAP and AHI PG. The data are presented using
Bland-Altman graph.

The mean difference between the AHI CPAP and AHI PG values was 0.6080 1/h with
an accuracy of 3.94 1/h (Table 3).

Table 3. The mean difference between the AHI CPAP and AHI PG.

Analyzed Variable Mean Difference SD Standard Error
Difference between AHI CPAP and AHI PG 0.6080 3.94 0.39

These data are presented using Bland-Altman analysis. Abbreviations: AHI CPAP, Apnea-Hypopnea Index
analyzed by auto-CPAP; AHI PG, Apnea-Hypopnea Index scored in polygraphy.

To confirm the identity of both methods, a mountain plot was made, which is a
graphical representation of the differences in the values of AHI CPAP residual indices and
ODI PG relative to the expected value. A strong positive correlation between the AHI PSG
and ODI PSG values (Figure 4) was used for the preparation mountain plot.

By analogy, the value of the AHI PG index has been established as the expected value
for the residual respiratory AHI CPAP disturbance indices and ODI PG. The chart is created
by determining the percentiles for the ranked ones ascending differences between the
AHI CPAP and ODI PG values relative to the value expected AHI PG. A slight shift in
the maximum peaks is noticeable as it curves from the zero point, which proves the high
compliance with the expected value. The shape of the curves confirms a little discrepancy
in the determination of the residual index breathing disorders between both methods.
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The determined ROC curves show the sensitivity and specificity of the AHI parameter
PSG (Figure 5) and the cut-off point above which the value of the residual index AHI CPAP is
most consistent with the real value. The sensitivity and specificity of the calculated cut point 8.2
1/h are 55% and 82%, respectively. The calculated AUC for the AHI CPAP parameter is 0.633.

Mountain plot

|
|

Percentile
= o NN W oW AN g
o oo ©o u & @ o o o

[$)]

|
|
|
l
|
|
]
]
|

— AHICPAP
-20 -15 -10 -5 0 5 10 15 20 —ODIPG

Difference to AHIPG

Figure 4. The correlation between the AHI PSG and ODI PSG values (mountain plot).
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Figure 5. The sensitivity and specificity of the AHI parameter PSG and the cut-off point above which
the value of the residual index AHI CPAP is most consistent with the real value using ROC curve.
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4. Discussion

The current study is an attempt to validate the automatic algorithm of the auto-CPAP
device in the reduction in breathing disorders during OSAS treatment. According to the
current AASM guidelines [17], therapy with the CPAP device should be monitored using
a polysomnographic device. The insufficient number of polysomnographic laboratories
in Poland (currently OSAS diagnostics can be performed in 57 canters), the long waiting
time for the examination, and the lack of reimbursed diagnostic procedures performed on
an outpatient basis were the reasons for the author to look for a reliable diagnostic and
therapeutic method that could improve the existing situation. The possibility of titration
with an auto-CPAP device was analyzed without needing to use devices to supervise the
operation of an air prosthesis and to evaluate the value of residual AHI. The obtained
results indicate a 97.5% effectiveness of AHI reduction as a result of auto-CPAP therapy.
The results of the current study suggest that in the case of limited access to PSG, an
automatic algorithm of the auto-CPAP seems a sufficient tool to assess the effectiveness of
OSAS treatment.

Objective assessment of this issue required a careful selection of patients participating
in this project. Corral et al. [18] showed a high agreement of the AHI respiratory disturbance
index values obtained from type one and type three devices, according to the AASM
guidelines [19]. It has been shown that the sensitivity of the polygraph increases with the
value of the AHI respiratory disturbance index [20]. Taking into account the effectiveness
of polygraph diagnostics and the poor availability of polysomnography, other authors
decided to use a polygraph to evaluate the titration of the auto-CPAP apparatus [21,22].

The current study results revealed a high effectiveness of CPAP treatment using
polygraphy and automatic CPAP algorithm. Similar effectiveness of positive pressure
therapy was demonstrated by Kotzian et al. [19], pointing to the groups of patients for
whom a correction of the therapeutic pressure value is required to enable an effective
reduction in AHI. Immediate reduction in daytime sleepiness was confirmed in the majority
of patients, distinguishing at the same time a group for which the effect of one night was
not sufficient [19]. Similar observations were made by Djonlagic et al. [20]. The authors of
this study validated the effectiveness of reducing respiratory disturbances by an automatic
algorithm for recognizing respiratory events in which the auto-CPAP device is equipped.
Some of the performed statistical analyses showed high compliance of the residual index of
respiratory disorders from auto-CPAP and the monitoring device polygraph. Spearman’s
rank correlation showed a significant relationship between the AHI CPAP and AHI PG
values and a clear relationship between AHI CPAP and ODI PG. Gagnadoux et al. [23]
confirmed these results. The Passing—Bablok regression analysis carried out by Gagnadoux
et al. [23] showed the identity of both research methods. According to the interpretation of
the statistical method used, auto-CPAP titration, without the use of surveillance equipment,
can be used to determine the residual AHI value, which is a cheaper and simpler method
of initial treatment.

Our study showed that titration performed only with the auto-CPAP algorithm is
sufficient for the proper course of OSAS therapy in patients with moderate and severe
disease, excessive daytime sleepiness, and no indications of ENT treatment. The results
of research works published by Corral [18], Botokeky [24], and Nigro [25] confirm these
observations. Auto-CPAP titration after the first month of treatment is more effective than
manual inpatient titration in patients requiring positive pressure therapy and without
serious comorbidities. This results in better adherence to the recommendations for CPAP
therapy, a noticeable increase in the number of patients using long-term CPAP, and a
reduced percentage of patients discontinuing treatment [20]. Observation of the therapy
at home by partners has a positive effect on patient’s compliance with treatment with
positive blood pressure [22,24]. On the other hand, over the years, psychological measures
of behavior change constructs have been increasingly recognized as the most consistent
predictors of CPAP adherence and, as a result, the most successful interventions to optimize
adherence have been behavioral. Combining theory-based behavioral approaches with
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telemedicine technology could be the answer to increasing CPAP adherence rates in the
real world, although randomized trials are still needed and socioeconomic barriers to
telemedicine will need to be addressed to promote health equity [26].

The Bland-Altman difference diagram used in the current study showed a high agree-
ment of the obtained residual AHI values from both methods. The mean difference in
the obtained measurements was 0.6080 events per hour. One of the criteria for enrolling
patients in the study was the diagnosis of excessive daytime sleepiness. Effective therapy
with positive pressure, objectively confirmed in the measurements carried out, also allows
the subjective feeling of the effects of treatment, among others in the form of relief from
sleepiness. Noseda et al. [27], in his work, showed that in patients with excessive daytime
sleepiness, titration with auto-CPAP is as effective as manual titration with polysomnogra-
phy and CPAP prosthesis, and the obtained therapeutic pressures do not differ significantly.
In our study, we confirmed the equivalence of both methods in determining the residual
AHI, which was presented graphically by means of a slope chart. The shape of the obtained
graph, as well as a slight shift of the peaks in relation to the zero value, indicate a high
compatibility of both methods. The presented study indicates no statistically significant
differences between the distributions of AHI CPAP and AHI PG. The results of our analysis
are confirmed in the previously conducted research by Li et al. [28]. In purpose to show
statistical differences between the values of the parameters AHI, ODI, mean saturation,
and the lowest saturation, this study was supplemented with a non-parametric analysis of
variance test, which showed that the variables from two study stages do not belong to one
population. Herkenrath et al. [29] showed similar conclusions, showing statistically signifi-
cant differences between the medians of the AHI index during diagnosis and treatment
with the auto-CPAP device.

5. Limitations

This study has a few limitations. It was conducted only in one center. The study group
consisted of patients with moderate to severe OSAS and high sleepiness, creating a relatively
small sample size. This is a limitation of the possibility of extrapolating the obtained results
to the general population of patients with OSAS. In the patients included in the study, we
noticed problems with the proper subjective assessment of sleepiness. Therefore, it was
eliminated mainly by collecting an interview from accompanying persons—sleep partners.
A certain inconvenience of the study is the failure to obtain data distribution in accordance
with the normal distribution, resulting, inter alia, from the non-random selection of patients
and the numerical predominance of people with the severe stage of the disease.

6. Conclusions

In conclusion, our study results suggest that the automatic algorithm of the auto-CPAP
device is a good tool for the assessment of the treatment efficacy of CPAP in patients with a
moderate or severe stage OSAS-presented high sleepiness. This method of assessing the
effectiveness of CPAP treatment can be used especially in primary care and in countries
where access to PSG is still insufficient.
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Abstract: Obstructive sleep apnea (OSA) and systemic inflammation typically coexist within a
vicious cycle. This study aimed at exploring the effectiveness of a weight-loss lifestyle intervention in
reducing plasma tumor necrosis factor-alpha (TNF-a), a well-established modulator of systematic
inflammation in OSA. Eighty-four adult, overweight patients with a diagnosis of moderate-to-severe
OSA were randomized to a standard care (SCG, n = 42) or a Mediterranean lifestyle group (MLG,
n = 42). Both groups were prescribed continuous positive airway pressure (CPAP), while the MLG
additionally participated in a 6-month behavioral intervention aiming at healthier weight and lifestyle
habits according to the Mediterranean pattern. Plasma TNF-a was measured by an immunoenzymatic
method both pre- and post-intervention. Drop-out rates were 33% (1 = 14) for the SCG and 24%
(n =10) for the MLG. Intention-to-treat analysis (n = 84) revealed a significant decrease in median
TNF-a only in the MLG (from 2.92 to 2.00 pg/mL, p = 0.001). Compared to the SCG, the MLG
exhibited lower follow-up TNF-a levels (mean difference adjusted for age, sex, baseline TNF-a and
CPAP use: —0.97 pg/mL, p = 0.014), and further controlling for weight loss did not attenuate this
difference (p = 0.020). Per protocol analyses (n = 60) revealed similar results. In conclusion, a healthy
lifestyle intervention can lower plasma TNF-a levels in patients with OSA.

Keywords: sleep-disordered breathing; inflammation; tumor necrosis factor alpha; obstructive sleep
apnea; weight loss; dietary intervention; lifestyle intervention; Mediterranean diet

1. Introduction

Obstructive sleep apnea (OSA) and systemic inflammation typically coexist and com-
binedly contribute to increased cardiovascular risk [1]. Continuous positive airway pres-
sure (CPAP) is currently the first line treatment for OSA, but its effectiveness in improving
patients” inflammatory profile remains questionable [1]. Although weight loss and the
adoption of a healthy lifestyle may reduce inflammation [2], only a few interventional
studies have explored the anti-inflammatory benefits of lifestyle modification in patients
with OSA, showing improvements in C-reactive protein (CRP) levels [3,4]. Besides CRP,
tumor necrosis factor-alpha (TNF-a) is a well-established modulator of systematic inflam-
mation and has been proposed as a key biomarker for the onset and progression of OSA;
chronic intermittent hypoxia, a key characteristic of respiratory pathology in OSA, can
induce TNF-a expression and lead to cardiovascular complications, while TNF-a inhibition
has been shown to ameliorate OSA progression [5].

In previous reports of the MIMOSA (Mediterranean diet/lifestyle Intervention for the
Management of Obstructive Sleep Apnea) randomized controlled clinical trial [6-8], we
demonstrated that the combination of a 6-month weight-loss dietary/lifestyle intervention
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based on the Mediterranean pattern with the prescription of CPAP therapy can lead
to greater improvements in OSA patients’ polysomnographic indices, symptoms and
cardiometabolic manifestations, including reductions in high-sensitivity CRP, compared to
CPAP alone; we additionally showed that a Mediterranean lifestyle intervention, a holistic
approach for beneficial dietary, physical activity and sleep modification according to the
Mediterranean pattern, is superior in improving several sleep-related, cardiometabolic and
oxidative stress indices in patient with OSA compared to the Mediterranean diet per se. In
the present study we aimed at further exploring the potential benefits of this weight-loss
Mediterranean lifestyle intervention in ameliorating systemic inflammation in OSA through
improvements in plasma TNF-a levels.

2. Materials and Methods

This manuscript presents secondary analyses of the MIMOSA trial (registered at
ClinicalTrials.gov, identifier: NCT02515357) in a subsample with available plasma TNF-
a measurements. The study protocol has been previously presented in detail [6-8] and
was approved by the Ethics Committee of Harokopio University. The study population
consisted of 84 newly-diagnosed, adult, overweight male and female patients with a
polysomnography (PSG)-extracted apnea-hypopnea index (AHI) > 15 events/h (indicative
of moderate-to-severe OSA), who provided a signed written consent and were randomly
allocated to a standard care group (SCG, n = 42) or a Mediterranean lifestyle group (MLG,
n = 42). Patients of both groups were prescribed CPAP therapy as the standard care for
OSA management. Specifically, following the initial diagnostic PSG, participants were
subjected to an overnight in-laboratory CPAP titration sleep study and were accordingly
prescribed the same auto-CPAP device on the basis of current recommendations for OSA
management [9,10]. Patients were asked to obtain the prescribed auto-CPAP device, were
given detailed information on CPAP technical standards, cleaning and maintenance and
were instructed to use it daily during night sleep for the whole study period.

On top of CPAP, patients in the MLG also participated in a 6-month lifestyle mod-
ification program aiming at a healthier body weight, improving dietary habits towards
a Mediterranean-style diet (i.e., a dietary pattern characterized by abundance of fruits,
vegetables, non-refined grains, legumes, nuts and seeds; olive oil as the principal fat source;
moderate consumption of dairy products, white meat and fish/seafood; prudent alcohol
intake; limited amounts of red meat and the avoidance of processed foods, such as sweets,
sugar-sweetened beverages and fast food) [11], the adoption of a physically active lifestyle
(>150 min/week of any kind of lifestyle physical activity or organized exercise) [12] and op-
timal night-time sleep duration (7-9 h/day) [13]. The lifestyle intervention was structured
in seven, 60-min, group (3-5 patients) counselling sessions led by the research dietitian,
performed biweekly for the first two months and then monthly for the next four months of
the study. In brief, the first session was devoted to weight loss and emphasis was given to
dietary practices that can help reduce energy intake, such as food portion control, correct
identification of hunger and satiety and proper meal conditions. Patients were also pro-
vided with pedometers and were asked to record their total daily steps, aiming at a gradual
increase with the ultimate goal of 10,000 steps/day. In the following six sessions, patients
were gradually trained to increase adherence to the principles of the Mediterranean lifestyle.
In each session patients were informed about the nutritional value and health effects of
specific food groups and were given goals about their optimal consumption according
to the Mediterranean diet pyramid [11]. Other healthy dietary/lifestyle practices, such
as ensuring a nutritional variety, choosing unprocessed, traditional, local and seasonal
Mediterranean foods; implementing healthy cooking techniques; adopting a physically
active lifestyle with emphasis on outdoor convivial activities; and sleep hygiene were also
addressed. The intervention was based on cognitive-behavioral therapy, with emphasis on
goal setting, problem solving, self-monitoring of lifestyle habits (patients were asked to
record specific lifestyle parameters in self-monitoring print forms on a daily basis through-
out the 6-month intervention, such as the consumption of major food groups, the duration
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of physical activity and the duration of night-sleep, in order to evaluate adherence to inter-
vention goals and enhance motivation), stimulus control, managing high-risk situations
and relapse prevention to facilitate behavioral change [14,15]. At the beginning of each
session, the research dietitian weighed the patients, reviewed their self-monitoring forms
and patients were asked to report difficulties /barriers in achieving the lifestyle goals set
at the previous session. Then, patients were led in a group discussion to create a plan for
dealing with the difficulties /barriers described. In the second part of each session, new
lifestyle goals were set, the adherence to which was evaluated in the next session.

Participants’” anthropometric indices, lifestyle habits and 12-h fasting plasma TNF-a
levels were assessed pre- and post-intervention. Body weight (kg) and height (m) were
measured following a standardized protocol; the body mass index (BMI) was calculated as
weight divided by height squared, and participants were classified as overweight or obese
according to international BMI cut-off points. Dietary habits, in terms of habitual food /food
group consumption were evaluated through a food frequency questionnaire previously
validated in the adult Greek population [16], and adherence to the Mediterranean diet was
evaluated through the Mediterranean Diet Score (MedDietScore) [17]. The MedDietScore is
an a priori index, taking into account the habitual consumption of nine food groups (i.e.,
whole grains, potatoes, fruits, vegetables, legumes, full-fat dairy products, fish, poultry,
and red meat and products), olive oil and alcohol. Based on the recommendations of the
Mediterranean diet, the consumption of each of the 11 components of the index is scored
using a scale that ranges from 0 to 5. For foods typical of the Mediterranean diet, i.e.,
whole grains, potatoes, fruits, vegetables, legumes, fish and olive oil, scoring ranges from
0 to 5 for a very rare to a very frequent consumption, respectively, while the opposite
scale (i.e., 0 for a very frequent to 5 for a very rare consumption) is used for foods not
typically consumed in the Mediterranean diet, i.e., full-fat dairy products, poultry and red
meat. Alcohol consumption was given a score of 0 for no consumption or consumption of
>7 standardized servings per day, and scores of 1 to 5 for the consumption of 6-7, 5-6, 4-5,
3—4 and <3 standardized servings per day, respectively (1 standardized serving equals to
12 g of ethanol). The total MedDietScore ranges from 0 to 55, with higher values indicating
a greater level of adherence to the Mediterranean diet. The short-form of the International
Physical Activity Questionnaire [18] was used to evaluate physical activity habits, and
total daily time (min/day) of physical activity was calculated for each participant. Daily
duration (h/day) of night sleep and CPAP use were self-reported by participants. TNF-a
levels were measured by an immunoenzymatic method (Human TNF-alpha Quantikine
ELISA Kit, R&D Systems, Minneapolis, MN, USA); the intra-assay and inter-assay variation
coefficients were <5% and <8%, respectively.

The MIMOSA trial was originally powered to detect a significant effect size of the
lifestyle intervention on the AHI in a population of 180 patients. For the purpose of the
present secondary analysis, post hoc power calculation revealed that the study subsample
(n = 84) was sulfficient to obtain >80% power to detect a difference in follow-up TNF-a
levels between the SCG and the MLG, allowing for a type-I error rate of 0.05. The intention-
to-treat method [19] was applied in the primary analyses and a secondary per protocol
analysis was also performed. Analyses were conducted using the SPSS software version
23 (IBM Corp. 2015, Armonk, NY, USA) and p-values < 0.050 indicated statistically sig-
nificant results. The Shapiro-Wilk test was used to assess the normality of continuous
variables. Differences between groups were tested through the chi-square test for cat-
egorical variables or the Student’s t-test and the Mann-Whitney U test for normal and
skewed continuous variables, respectively. Changes from baseline within each group and
differences between groups in plasma TNF-a were tested through the Wilcoxon signed-rank
test and the Mann-Whitney U test, respectively. The analysis of covariance was applied to
explore mean differences (MD) and 95% confidence intervals (CI) between groups in TNF-a
at the 6-month follow-up; age, sex, baseline values of TNF-a, CPAP use (h/day), %A weight
[((follow-up weight — baseline weight)/baseline weight) x 100] and follow-up AHI levels
served as covariates.
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3. Results

The trial flow diagram of the MIMOSA study can be found in previously published
reports [6-8]. For the needs of the present secondary analyses, 84 newly-diagnosed patients
with moderate-to-severe OSA originally randomized in two groups (n = 42 in the SCG and
n =42 in the MLG) and for whom plasma TNF-a measurements were available, consisted
the final study population. Of those, 24 patients were lost to follow-up, 14 (33%) in the SCG
and 10 (24%) in the MLG. The main reasons for study discontinuation in the MLG were
circumstances or events that made participation in the counselling sessions unfeasible, the
lack of interest in the intervention, group-session scheduling conflicts or the unjustified
complete loss of contact with the research dietitian. Participants in the SCG were considered
dropouts if they did not complete the 6-month re-evaluation (e.g., could not be reached
to schedule an appointment, refused to participate in the follow-up due to lack of time or
interest or did not show up for their scheduled appointment).

The baseline characteristics of the study population are shown in Table 1. Mean age
was 47 £ 9 years, males accounted for 81% of the study sample and obesity prevalence
was 82%. Participants exhibited a moderate adherence to the Mediterranean diet (mean
MedDietScore: 31.9 & 4.6), low physical activity level [median (1st, 3rd quartile) min/day:
12.9 (4.29, 34.3)] and an inadequate mean daily night-time sleep duration (6.1 & 1.5 h/day,
compared to the recommended 7-9 h/day for adults). The median (1st, 3rd quartile) AHI
value was 58.0 (26.0, 89.0) events/h and 74% of participants had an AHI > 30 events/h,
indicative of severe disease. Although all enrolled patients were prescribed with CPAP, 86%
of the SCG and 79% of the MLG acquired the device and started the treatment at baseline
(p = 0.393). Among users, mean daily CPAP use was 4.32 £ 2.45 h/day in the SCG and
3.41 £+ 2.45h/day in the MLG (p = 0.128). No significant differences between the SCG and
the MLG were observed in baseline sociodemographic, lifestyle and clinical characteristics.

Table 1. Baseline characteristics of the study population.

a

Total (n = 84) SCG (n = 42) MLG (1 = 42) p
Age, years 46,5 + 9.4 46,5 +9.4 465+ 95 0.991
Male sex, 1 (%) 68 (81) 35 (83) 33 (79) 0.578
BMI, kg/m? 355455 35.6 + 5.4 355 +57 0.953
Obesity, 1 (%) © 69 (82) 34 (81) 35 (83) 0.776
MedDietScore (0-55) © 319 + 4.6 321446 317 + 47 0.709
Physical activity, min/day 12.9 (4.29, 34.3) 10.7 (0.00, 34.3) 16.0 (5.71, 34.5) 0.296
Sleep duration, h/day 61+15 59+ 14 63+ 1.6 0.183
AHI, events/h 58.0 (26.0, 89.0) 52.0 (28.5, 87.0) 63.5 (21.0,94.0) 0.989
Severe OSA, 1 (%) 4 62 (74) 32 (76) 30 (71) 0.666
CPAP therapy, n (%) 69 (82) 36 (86) 33 (79) 0.393

Normally distributed and skewed continuous variables are presented as mean = standard deviation and median
(1st, 3rd quartile), respectively, while categorical variables are presented as absolute number (relative frequency).
2 Based on the chi-square test for categorical variables or the Student’s t-test and the Mann-Whitney U test for
normal and skewed continuous variables, respectively. p-values < 0.050 indicate statistically significant differences.
b BMI > 30 kg/m?. © The score ranges from 0 to 55; higher values indicate higher adherence to the Mediterranean
diet. ¢ AHI > 30 events/h of sleep. AHI, apnea-hypopnea index; BMI, body mass index; CPAP, continuous
positive airway pressure; MedDietScore, Mediterranean diet score; MLG, Mediterranean lifestyle group; OSA,
obstructive sleep apnea; SCG, standard care group.

At the 6-month follow-up, mean percent body weight change was 0.16 £ 2.91 %
in the SCG and —11.1 & 590 % in the MLG (p < 0.001). Patients in the SCG did not
present any significant changes in lifestyle habits (data not shown); on the contrary, mean
MedDietScore (from 31.7 £ 4.7 to 40.9 £ 3.9), median (1st, 3rd quartile) daily physical
activity time [from 16.0 (5.71, 34.5) to 50.8 (42.9, 63.6) min/day] and mean sleep duration
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(from 6.3 £ 1.6 to 7.1 £ 0.57 h/day) increased in the MLG (all p < 0.001), with a significant
difference compared to the SCG (all p < 0.001). According to the intention-to-treat analysis
(n = 84), a decrease in median TNF-a levels was observed in the MLG (p = 0.001) but not
in the SCG (p = 0.975) (Table 2). Median absolute and percent reduction of TNF-a was
also higher in the MLG compared to the SCG (both p < 0.050). Post-intervention age-,
sex-, baseline- and CPAP use-adjusted levels of TNF-a were lower in the MLG compared
to the SCG [MD (95%CI): —0.97 (—1.74, —0.20) pg/mL, p = 0.014] and the difference
between groups was not attenuated after further adjustment for %A weight (p = 0.020).
When 6-month AHI was also included as a covariate in the model, the difference in TNF-a
remained marginally significant (p = 0.050). Per protocol analyses (1 = 60) revealed similar
results (Table 2).

Table 2. Changes within groups and differences between groups in plasma TNF-a levels.

Intention-to-Treat Analysis (1 = 84)

SCG (n = 42) p? MLG (1 = 42) p? p?
TNF-a BL (pg/mL) 2.98 (1.42, 4.09) 2.92 (2.37, 4.00) 0.986
0.975 0.001 ———
TNF-a FU (pg/mL) 2.90 (2.58,3.11) 2.00 (0.92, 3.30) 0.009
A TNF-a (pg/mL) 0.13 (—1.58,1.78) —0.73 (—2.24,0.14) 0.029
%A TNF-a 11.1 (—36.3, 108) —25.0 (—67.1, 6.85) 0.004
Per Protocol Analysis (n = 60)
SCG (n = 28) p? MLG (n = 32) p? p?
TNF-a BL (pg/mL) 2.96 (1.30, 3.90) 2.97 (2.42,4.18) 0.575
0.685 0.006 ————
TNF-a FU (pg/mL) 2.90 (1.62, 3.60) 2.27(0.79, 3.38) 0.283
A TNF-a (pg/mL) 0.63 (—1.29, 1.79) —1.02 (—2.30, 0.28) 0.049
%A TNF-a 29.7 (—33.0, 117) —29.5 (—70.0, 4.68) 0.015

Data are presented as median (Ist, 3rd quartile). # Based on the Wilcoxon signed-rank test. p-values < 0.050 indicate
statistically significant changes. P Based on the Mann-Whitney U test. p-values < 0.050 indicate statistically
significant differences. BL, baseline; FU, follow-up; MLG, Mediterranean lifestyle group; SCG, standard care
group; TNF-a, tumor necrosis factor-a; (%)A, (percent) change.

4. Discussion

In the present study, the effect of a weight-loss lifestyle intervention on plasma TNF-a
levels was explored in an adult, overweight population of patients with OSA of at least
moderate-severity. Although CPAP alone did not have a significant effect on TNF-a, a
meaningful reduction of approximately 1 pg/mL was achieved when CPAP was combined
with a feasible behavioral intervention aiming at a healthier body weight through the
adoption of the Mediterranean lifestyle. This is in line with previous clinical trials showing
improvements in TNF-a after healthy lifestyle interventions in individuals of increased
cardiometabolic risk (e.g., those with metabolic syndrome) and patients with diabetes
mellitus type 2 and cardiovascular disease, conditions which are tightly linked to OSA
from a pathophysiological point of view [20,21]. Interestingly, the observed reduction in
TNF-a was independent of weight loss and can be partly attributed to the strong anti-
inflammatory properties of a healthy lifestyle, combining a Mediterranean-style diet [22]
with daily physical activity [23] and adequate sleep duration [24].

OSA is tightly and bidirectionally linked to systemic inflammation [1]. Although
several inflammatory markers have been positively associated with the presence of OSA,
TNF-a in particular has emerged as a clinically-useful index for predicting OSA risk,
with patients exhibiting higher TNF-a levels compared to healthy controls, and TNF-a
values increasing as OSA severity progresses from mild to severe [5]. Given that TNF-a is
implicated in cardiovascular pathophysiology [25], interventions for normalizing TNF-a
values are important in OSA, which is currently recognized as a disease of cardiometabolic
nature [26]. In this context, although CPAP remains the gold-standard therapy for OSA, its
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effectiveness in ameliorating inflammation remains controversial; some previous clinical
trials have revealed that CPAP therapy can lead to significant reductions in markers of
inflammation (e.g., CRP, TNF-a and interleukin-6) in patients with OSA [27], whereas
other studies, similarly to our findings, have not reported a significant anti-inflammatory
effect [28]. The observed lack of a significant effect of CPAP on TNF-a is in line with theories
proposing that OSA represents a manifestation of the metabolic syndrome [29,30]. In this
context, it can be speculated that chronic subclinical inflammation, a typical component
of the metabolic syndrome, pre-exists and contributes to the onset and progression of
OSA, combined with central obesity, insulin resistance and oxidative stress. Although
the cause—effect link between inflammation and OSA requires further investigation, it is
possible that the inflammatory state in OSA is not merely a consequence of sleep-disordered
breathing and intermittent hypoxia, and therefore cannot be entirely reversed through
CPAP, which aims at normalizing breathing during sleep. This is also supported by the fact
that the difference between groups in TNF-a observed in our study was partly attenuated
but remained marginally significant after adjustment for residual AHI; this observation
suggests that improvements in OSA severity can only partially explain improvements in
inflammation and that healthy lifestyle interventions can both improve OSA severity and
ameliorate inflammation through other mechanisms, including beneficial effects on body
weight status and the pathophysiology of the metabolic syndrome [31]. The suboptimal
use of CPAP by study participants, which is in line with previously published data [32], is
another possible explanation for the lack of a significant change in TNF-a levels in the SCG.

To our best knowledge, this is the first interventional study to explore the effects
of a weight-loss lifestyle intervention on plasma TNF-a levels in OSA. The study design
(randomized controlled clinical trial); the diagnosis of OSA through an attended overnight
in-hospital PSG; the evaluation of patients” inflammatory status through TNF-a, which is
considered a key modulator of systemic inflammation and an important biomarker for the
onset and progression of OSA; and the implementation of a well-designed, feasible, multi-
component behavioral lifestyle intervention based on the health-promoting Mediterranean
pattern are strong points of the present work. Limitations of our study include: the fact that
this was a secondary analysis in a subsample of the original study population with available
TNF-a measurements; the small sample size (n = 84) and the relatively high drop-out rate
(n = 24, 28.5% of the study population), although we partially compensated for attrition
by implementing intention-to-treat analysis and achieved sufficient statistical power for
analyses; the fact that CPAP was prescribed and not provided to patients, which could
explain its suboptimal use (82% of the study population, mean use: 3.89 & 2.47 h/day),
although the parentage of CPAP users was similar between study groups and the daily
duration of CPAP use was included as a covariate in analyses; and the fact that our study
was implemented in Greece, a typical Mediterranean country, in which the Mediterranean
diet could be more easy to adopt, well-accepted by patients and sustainable and therefore
our results cannot be universally generalized in the whole OSA population, especially
patients in non-Mediterranean countries.

In conclusion, our findings support that healthy lifestyle interventions can be an
efficient approach for improving OSA-related systemic inflammation and should be further
tested and confirmed in future clinical trials incorporating adequate samples of OSA
patients of different ethnic, sociodemographic and lifestyle backgrounds.

Author Contributions: Conceptualization, N.Y. and M.D.K.; methodology, N.Y., E.V. and M.D K.; for-
mal analysis, M.G.; investigation, M.G., LK., R.T. and K.L.; resources, N.Y. and E.V.; writing—original
draft preparation, M.G.; writing—review and editing, N.Y., LK., R.T., K.L., E.V. and M.D.K,; super-
vision, M.D.K,; project administration, N.Y. and M.D.K. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was partially funded by the Postgraduate Program “Applied Nutrition and
Dietetics”, Department of Nutrition and Dietetics, Harokopio University.

49



Life 2022, 12,1252

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of HAROKOPIO UNIVERSITY (protocol code
46/3-4-2015 and date of approval 3 April 2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Deidentified participant data and the study protocol will be made
available by the corresponding author upon request.

Acknowledgments: The authors are grateful to P. Ouzounidou, Center of Sleep Disorders, Evan-
gelismos Hospital, Athens, Greece, and Antigoni Tsiafitsa, Department of Nutrition & Dietetics,
Harokopio University, Athens, Greece for collecting patients” blood samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

Unnikrishnan, D.; Jun, J.; Polotsky, V. Inflammation in sleep apnea: An update. Rev. Endocr. Metab. Disord. 2015, 16, 25-34.
[CrossRef]

Galland, L. Diet and inflammation. Nutr. Clin. Pract. 2010, 25, 634-640. [CrossRef]

Barnes, M.; Goldsworthy, U.R.; Cary, B.A.; Hill, C.J. A diet and exercise program to improve clinical outcomes in patients with
obstructive sleep apnea-a feasibility study. J. Clin. Sleep Med. 2009, 5, 409—415. [CrossRef]

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

Li, Q.; Zheng, X. Tumor necrosis factor alpha is a promising circulating biomarker for the development of obstructive sleep apnea
syndrome: A meta-analysis. Oncotarget 2017, 8, 27616-27626. [CrossRef]

Georgoulis, M.; Yiannakouris, N.; Kechribari, I.; Lamprou, K.; Perraki, E.; Vagiakis, E.; Kontogianni, M.D. The effectiveness of a
weight-loss Mediterranean diet/lifestyle intervention in the management of obstructive sleep apnea: Results of the “MIMOSA”
randomized clinical trial. Clin. Nutr. 2021, 40, 850-859. [CrossRef]

Georgoulis, M.; Yiannakouris, N.; Tenta, R.; Fragopoulou, E.; Kechribari, I.; Lamprou, K.; Perraki, E.; Vagiakis, E.; Kontogianni,
M.D. A weight-loss Mediterranean diet/lifestyle intervention ameliorates inflammation and oxidative stress in patients with
obstructive sleep apnea: Results of the “MIMOSA” randomized clinical trial. Eur. J. Nutr. 2021, 60, 3799-3810. [CrossRef]
Georgoulis, M.; Yiannakouris, N.; Kechribari, I.; Lamprou, K.; Perraki, E.; Vagiakis, E.; Kontogianni, M.D. Cardiometabolic
Benefits of a Weight-Loss Mediterranean Diet/Lifestyle Intervention in Patients with Obstructive Sleep Apnea: The “MIMOSA”
Randomized Clinical Trial. Nutrients 2020, 12, 1570. [CrossRef]

Qaseem, A.; Holty, J.E.; Owens, D.K,; Dallas, P; Starkey, M.; Shekelle, P.; Clinical Guidelines Committee of the American College
of Physicians. Management of obstructive sleep apnea in adults: A clinical practice guideline from the American College of
Physicians. Ann. Intern. Med. 2013, 159, 471-483. [CrossRef]

Patil, S.P.; Ayappa, I.A.; Caples, S.M.; Kimoff, R.J.; Patel, S.R.; Harrod, C.G. Treatment of Adult Obstructive Sleep Apnea with
Positive Airway Pressure: An American Academy of Sleep Medicine Clinical Practice Guideline. J. Clin. Sleep Med. 2019, 15,
335-343. [CrossRef]

Bach-Faig, A.; Berry, EM.; Lairon, D.; Reguant, J.; Trichopoulou, A.; Dernini, S.; Medina, FX.; Battino, M.; Belahsen, R.;
Miranda, G.; et al. Mediterranean diet pyramid today. Science and cultural updates. Public Health Nutr. 2011, 14, 2274-2284.
[CrossRef]

Global Recommendations on Physical Activity for Health; WHO: Geneva, Switzerland, 2010.

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

Wadden, T.A.; Webb, V.L.; Moran, C.H.; Bailer, B.A. Lifestyle modification for obesity: New developments in diet, physical
activity, and behavior therapy. Circulation 2012, 125, 1157-1170. [CrossRef]

Wadden, T.A.; Butryn, M.L.; Wilson, C. Lifestyle modification for the management of obesity. Gastroenterology 2007, 132, 2226-2238.
[CrossRef]

Bountziouka, V.; Bathrellou, E.; Giotopoulou, A.; Katsagoni, C.; Bonou, M.; Vallianou, N.; Barbetseas, ].; Avgerinos, P.C.;
Panagiotakos, D.B. Development, repeatability and validity regarding energy and macronutrient intake of a semi-quantitative
food frequency questionnaire: Methodological considerations. Nutr. Metab. Cardiovasc. Dis. NMCD 2012, 22, 659-667. [CrossRef]
Panagiotakos, D.B.; Pitsavos, C.; Arvaniti, F; Stefanadis, C. Adherence to the Mediterranean food pattern predicts the prevalence
of hypertension, hypercholesterolemia, diabetes and obesity, among healthy adults; the accuracy of the MedDietScore. Prev. Med.
2007, 44, 335-340. [CrossRef]

Papathanasiou, G.; Georgoudis, G.; Georgakopoulos, D.; Katsouras, C.; Kalfakakou, V.; Evangelou, A. Criterion-related validity of
the short International Physical Activity Questionnaire against exercise capacity in young adults. Eur. |. Cardiovasc. Prev. Rehabil.
2010, 17, 380-386. [CrossRef]

50



Life 2022, 12,1252

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Little, R.J.; D’Agostino, R.; Cohen, M.L.; Dickersin, K.; Emerson, S.S.; Farrar, ].T.; Frangakis, C.; Hogan, ].W.; Molenberghs, G.;
Murphy, S.A.; et al. The prevention and treatment of missing data in clinical trials. N. Engl. ]. Med. 2012, 367, 1355-1360.
[CrossRef]

Beavers, K.M.; Nicklas, B.]. Effects of lifestyle interventions on inflammatory markers in the metabolic syndrome. Front. Biosci.
2011, 3, 168-177. [CrossRef]

Gaesser, G.A.; Angadi, S.S.; Ryan, D.M.; Johnston, C.S. Lifestyle Measures to Reduce Inflammation. Am. J. Lifestyle Med. 2012, 6,
4-13. [CrossRef]

Casas, R.; Sacanella, E.; Estruch, R. The immune protective effect of the Mediterranean diet against chronic low-grade inflammatory
diseases. Endocr. Metab. Immune Disord. Drug Targets 2014, 14, 245-254. [CrossRef]

Lin, X.; Zhang, X.; Guo, J.; Roberts, C.K.; McKenzie, S.; Wu, W.C,; Liu, S.; Song, Y. Effects of Exercise Training on Cardiorespiratory
Fitness and Biomarkers of Cardiometabolic Health: A Systematic Review and Meta-Analysis of Randomized Controlled Trials.
J. Am. Heart Assoc. 2015, 4, €002014. [CrossRef]

Irwin, M.R. Sleep and inflammation: Partners in sickness and in health. Nat. Rev. Immunol. 2019, 19, 702-715. [CrossRef]
Rolski, F; Blyszczuk, P. Complexity of TNF-alpha Signaling in Heart Disease. . Clin. Med. 2020, 9, 3267. [CrossRef]

Floras, J.S. Sleep Apnea and Cardiovascular Disease: An Enigmatic Risk Factor. Circ. Res. 2018, 122, 1741-1764. [CrossRef]

Xie, X,; Pan, L.; Ren, D.; Du, C.; Guo, Y. Effects of continuous positive airway pressure therapy on systemic inflammation in
obstructive sleep apnea: A meta-analysis. Sleep Med. 2013, 14, 1139-1150. [CrossRef]

Ning, Y.; Zhang, T.S.; Wen, WW.; Li, K;; Yang, Y.X,; Qin, YW.; Zhang, H.N.; Du, YH.; Li, L.Y,; Yang, S.; et al. Effects of continuous
positive airway pressure on cardiovascular biomarkers in patients with obstructive sleep apnea: A meta-analysis of randomized
controlled trials. Sleep Breath. Schlaf Atm. 2019, 23, 77-86. [CrossRef]

Vgontzas, A.N.; Gaines, J.; Ryan, S.; McNicholas, W.T. CrossTalk proposal: Metabolic syndrome causes sleep apnoea. J. Physiol.
2016, 594, 4687—-4690. [CrossRef]

Vgontzas, A.N.; Bixler, E.O.; Chrousos, G.P. Sleep apnea is a manifestation of the metabolic syndrome. Sleep Med. Rev. 2005, 9,
211-224. [CrossRef]

van Namen, M.; Prendergast, L.; Peiris, C. Supervised lifestyle intervention for people with metabolic syndrome improves
outcomes and reduces individual risk factors of metabolic syndrome: A systematic review and meta-analysis. Metab. Clin. Exp.
2019, 101, 153988. [CrossRef]

Askland, K.; Wright, L.; Wozniak, D.R.; Emmanuel, T.; Caston, J.; Smith, I. Educational, supportive and behavioural interventions
to improve usage of continuous positive airway pressure machines in adults with obstructive sleep apnoea. Cochrane Database
Syst. Rev. 2020, 4, CD007736. [CrossRef]

51



Article

The Changes in the Severity of Deep Neck Infection Post-UPPP
and Tonsillectomy in Patients with OSAS

Pin-Ching Hu Lt Liang-Chun Shih 12,3t Wen-Dien Chang 1Q, Jung-Nien Lai 5 Pei-Shao Liao 1,
Chih-Jaan Tai 1-3-67, Chia-Der Lin 1-3-¢, Hei-Tung Yip 7807, Te-Chun Shen ®° and Yung-An Tsou 1-2/3:6:*

check for
updates

Citation: Hu, P-C.; Shih, L.-C.;
Chang, W.-D,; Lai, J.-N.; Liao, P-S.;
Tai, C.-J.; Lin, C.-D.; Yip, H.-T; Shen,
T.-C.; Tsou, Y.-A. The Changes in the
Severity of Deep Neck Infection
Post-UPPP and Tonsillectomy in
Patients with OSAS. Life 2022, 12,
1196. https://doi.org/10.3390/
life12081196

Academic Editor:

Konstantinos Chaidas

Received: 26 June 2022
Accepted: 3 August 2022
Published: 5 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Otolaryngology-Head and Neck Surgery, China Medical University Hospital,

Taichung 404332, Taiwan

Department of Otolaryngology-Head and Neck Surgery, Asia University Hospital, Taichung 40002, Taiwan
Graduate Institute of Biomedical Sciences, China Medical University, Taichung 40402, Taiwan

Department of Sport Performance, National Taiwan University of Sport, Taichung 404401, Taiwan

School of Chinese Medicine, College of Chinese Medicine, China Medical University, Taichung 40402, Taiwan
School of Medicine, China Medical University, Taichung 40402, Taiwan

Department of Health Services Administration, China Medical University, Taichung 40402, Taiwan
Management Office for Health Data, China Medical University Hospital, Taichung 404332, Taiwan
Division of Pulmonary and Critical Care Medicine, Department of Internal Medicine,

China Medical University Hospital, Taichung 40447, Taiwan

*  Correspondence: d22052121@gmail.com

t These authors contributed equally to this work.

O ® N Ul e WN

Abstract: The main aim of this study is to compare the incidence rate and severity of deep neck
infection (DNI) in patients post-UPPP+ T (uvulopalatopharyngoplasty plus tonsillectomy) and
without UPPP+ T. We utilized the data derived from the Longitudinal Health Insurance Database
(LHID) of the National Health Insurance Research Database (NHIRD) in Taiwan from 1 January
2000 to 31 December 2012. Patients who had undergone combined UPPP and tonsillectomy were
selected using National Health Insurance (NHI) surgical order. Patients with DNI were selected using
International Classification of Diseases (ICD-9-CM) code. A logistic regression model was applied for
risk analysis. There were 1574 patients in the UPPP+ T cohort, and 6,296 patients who did not undergo
combined UPPP and tonsillectomy for the control group. Our analysis showed that patients with an
obstructive sleep apnea syndrome (OSAS) history constitute 76.1% (1 = 1198) of the UPPP+ T cohort.
Compared to the control group, there was no significantly increased incidence rate of DNI after
UPPP+ T within 1-60 months. Patients undergoing combined UPPP and tonsillectomy had a lower
intubation rate for DNI, with an adjusted odds ratio of 0.47 (95% CI = 0.32-0.69). The combined UPPP
and tonsillectomy does not increase the risk of DNI within 1-60 months. Furthermore, combined
UPPP and tonsillectomy can reduce the severity for DNI by decreasing the intubation rate and length
of hospitalization.

Keywords: deep neck infection; uvulopalatopharyngoplasty; obstructive sleep apnea syndrome;
National Health Insurance Research Database

1. Introduction

Deep neck infection (DNI) is a severe but treatable infection of deep cervical spaces,
featuring rapid disease progression and many life-threatening complications [1]. Potential
causes of DNI include odontogenic infections, salivary origin infections, pharyngitis, tonsil-
litis, cervical lymphadenitis, and trauma to the head and neck. There were several deep
cervical spaces frequently related to tonsillitis, including peritonsillar space, submandibu-
lar space, parapharyngeal spaces, carotid spaces, and retropharyngeal space. Tonsillitis
related peritonsillar abscess and pharyngeal spaces (parapharyngeal spaces, carotid spaces,
retropharyngeal space) are considerably correlated. Quisy tonsillectomy is also consid-
ered as a therapy for peritonsillar abscess and repeated tonsillitis. Klebsiella pneumoniae,
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Staphylococcus aureus, and streptococci are common aerobic pathogens; Bacteroides and
peptostreptococcus were the common nonaerobic pathogen. Surgical incision and drainage
of deep neck abscess is warranted if empiric antibiotics cannot control the infectious con-
dition. Disease progression often leads to sepsis and compromised airway condition.
Diabetes mellitus, HIV infection, intravenous drug abuse, steroid therapy, chemotherapy,
and other immune dysfunction diseases are common risk factors of DNI [1,2].

Obstructive sleep apnea syndrome (OSAS) is a sleep disorder featuring repeated
episodes of apnea or hypopnea during sleep and intermittent arousals from sleep, which is
a result of total and/or partial collapse of upper airways [3]. The disruption of breathing
leads to intermittent hypoxemia and sympathetic activation [4,5], oxidative stress, sys-
temic inflammation, and metabolic changes, resulting in cardiovascular and metabolic
morbidities [5]. Current research showed that OSAS associated with known cardiovascular
risk factors, such as obesity, insulin resistance, and dyslipidemia [6]. Antonopoulou et al.
indicated that local and systemic inflammation relate to the pathophysiology of OSAS [7].
Inancli et al. also have found that OSAS associates with upper airway inflammation, and
the inflammatory processes may be potential mediators of cardiovascular morbidity in
these patients who have OSAS [8]. OSAS affects approximately 24% of men and 9% of
women [9]. Obesity, male sex, and aging are major risk factors of OSAS [4].

Upper airway anatomy, such as airway length, lateral pharyngeal wall thickness,
tongue volume and dilator muscle activity are important mechanisms that affect the occur-
rence of OSAS [4,10]. When it comes to surgical therapy for OSAS, uvulopalatopharyngo-
plasty (UPPP) combined with tonsillectomy is a common and widely performed surgery,
which typically involves resection of the uvula, palatine tonsils, and posterior segment of
the soft palate, remodeling the retropalatal airway and decreasing the collapsibility of the
upper airway [11].

As stated before, many studies have addressed UPPP+ T (uvulopalatopharyngo-
plasty plus tonsillectomy) and its surgical response in the cardiovascular system [12,13].
Long-term complications of UPPP+ T include velopharyngeal insufficiency, pharyngeal
symptoms, such as tightness or dryness, taste/voice disturbance, and nasopharyngeal
stenosis [11]. However, the relationship between UPPP+ T and local infection, especially
DNI, remains unclear. In our research, we compared the risk and severity of DNI in the
patients with post-UPPP+ T to those without UPPP+ T.

2. Materials and Methods
2.1. Data Source

In this cohort study, we used the data from the Taiwan National Health Insurance
Research Database (NHIRD), which was established by the Taiwan government in 1995. The
study period is from 2000 to 2012. The treatment combined UPPP and tonsillectomy is all
performed between 2000 to 2007, the occurrence of DNI is observed after operation or till to
end of 2012. We utilized the data derived from the Longitudinal Health Insurance Database
(LHID) of the NHIRD in Taiwan from 1 January 2000, to 31 December 2012. This is because
of the NHI authority only allowed us to analyze that time span and thus we could only
survey that time period. Almost all of Taiwan's residents participated in the National Health
Insurance program and the health information is stored in NHIRD. The information in the
database includes medical services, devices, and prescription drug records. The diagnosis
code recorded in the database followed the International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM) code. The subset data, LHID, containing data
of one million randomly selected insurances from the NHIRD, was the main data source. P-
C.H, L.-C.S., and Y.-A.T. collected the data and L.-C.S,, Y.-A.T., C.-].T.,, and C.-D.L. checked
each datum and discussed the real DNI condition that was defined as an infection event.
W.-D.C,, J.-N.L., P-S.L., H.-T.Y,, and T.-C.S. rechecked the collected data and conducted
the data analyses. This study was approved by the Institutional Review Board of China
Medical University Hospital.
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2.2. Study Population

Our study was a case cohort study, considering patients who underwent UPPP+ T
between 2000 and 2012. Those without UPPP+ T were the control patients. Four control
patients were matched to a case patient by sex, age, index year, and comorbidities using
propensity score matching. The index date of the case group was the date of received
UPPP+ T and that of the control group was a random date within the study period. We
eliminated patients developed outcomes of interest before the index date, with a follow-up
time less than six months and all aged below 18. All subjects were followed until the
occurrence of primary outcome, withdraw from the program, or the end of 2013.

2.3. Main Outcome and Comorbidities

Deep neck infection (DNI) (ICD-9-CM code 475, 478.22, 478.24 527.3, 528.3, 682.0,
682.1) was the primary outcome of this study. We excluded DNI that occurred within
a month after UPPP+ T because physicians often prescribe post-operation antibiotics to
prevent tonsillitis or DNI. Patients who had undergone UPPP+ T were selected using
national health insurance (NHI) surgical order (66025B). The UPPP+ T is not only for
treating sleep apnea or snoring, but also for repeated tonsillitis and chronic pharyngeal
inflammation [14]. So, as for UPPP+ T subgroup analyzation, after excluding deviated nasal
septum disease (ICD-9-CM code 470), other diseases of upper respiratory tract (ICD-9-CM
code 478) and other sleep disturbances (ICD-9-CM code 780.59), we further divided UPPP+
T cohort into OSAS-caused group and inflammation/infection group. Obstructive sleep
apnea syndrome (OSAS) was defined by ICD-9-CM code 780.51, 780.53, 780.57, 327.20,
327.23, 327.29, 327.8, 780.50, 786.09. Inflammation and infection group was defined by
ICD-9-CM code 474.0, A315, 474.0, A319, 472.0, 463, 474.11. The procedures of UPPP+ T
included tonsillectomy and pharyngoplasty. One of the indications of UPPP+ T is chronic
tonsillitis with snoring [15]. Chronic tonsillitis means 3—4 occurrences of tonsillitis per
year [16]. The palatine tonsils represent the nidus of inflammation, and therefore surgery,
such as combined UPPP and tonsillectomy, involving the removal of infection source in the
tonsil, could treat the tonsillar-related infection. UPPP+ T is not only used to treat chronic
tonsillitis, but also breathing disorders like snoring. To clarify whether the risk of DNI
increased after UPPP+ T, we analyzed the incidence rate of DNI after 1-60 months between
the control group and UPPP+ T cohort.

For further study, we also looked into the length of hospital stay, emergency depart-
ment (ED) admission and stayed in intensive care unit (ICU) to determine the seriousness
of DNI [17]. Airway complications such as intubation (NHI procedure code 47031C), tra-
cheostomy (NHI procedure code 56022C) and oxygen inhalation (NHI procedure code
57003C and 57004C) were observed to assess the progression and severity for DNI. Dia-
betes mellitus, hypercholesterolemia, overweight and obesity, depression, hypertension,
deviated nasal septum, nasal polyps, hypertrophy of tonsils and adenoids, asthma, and
gastroesophageal reflux disease were considered as comorbidities of UPPP+ T.

2.4. Statistical Analysis

To examine the distribution of sex, age group, and comorbidities between the case
cohort and the control cohort, the chi-square test was used. The average age among two
groups was tested by the Student’s t-test. Univariable and multivariable Cox proportional
hazard models were employed to estimate the crude hazard ratio (cHR) and the adjusted
hazard ratio (aHR). The Kaplan—-Meier method was applied to obtain the cumulative
incidence curve and testing was performed using the log-rank test. Odds ratios were
estimated by the logistic regression model, and the relationship of changes was analyzed
using simple linear regression. All statistical analyses were conducted using R Statistical
Software, version 3.5.2 and SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA).
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3. Results

A total of 1574 patients with UPPP+ T and 6296 patients without UPPP+ T were
recruited in our cohort study. Refer to Table 1, male patients were dominant in the par-
ticipants. Most of them were in the 30-39 year-old age group and the mean age of the
controls and cases were 40.3 and 38.7. The UPPP+ T patients had a higher proportion of
hypertrophy of tonsils and adenoids than non-UPPP+ T patients.

Table 1. Baseline characteristics of patients.

Non-UPPP+ T UPPP+ T
No (n = 6296) Yes (n = 1574)
Variable n % n % p-Value
Gender 0.76
female 1636 26.0 415 26.4
male 4660 74.0 1159 73.6
Age, year 0.87
18-29 1695 26.9 425 27.0
30-39 1826 29.0 463 29.4
40-49 1545 245 393 25.0
>50 1230 19.5 293 18.6
mean, (SD) 40.26 (14.9) 38.74 (12.3) <0.001
Comorbidities
diabetes mellitus 700 11.1 180 114 0.72
hypercholesterolemia 692 11.0 168 10.7 0.72
overweight and obesity 189 3.0 46 29 0.87
depression 650 10.3 148 9.4 0.28
hypertension 1428 22.7 349 222 0.67
deviated nasal septum 1513 24.0 352 22.4 0.16
nasal polyps 96 1.5 27 1.7 0.59
hypertrophy of tonsils and adenoids 169 2.7 66 42 0.002
asthma 880 14.0 219 13.9 0.95
gastroesophageal reflux disease 141 2.2 35 2.2 0.97

n: number of patients; UPPP: uvulopalatopharyngoplasty; SD: standard deviation.

Table 2 demonstrates the incidence and hazard ratio of baseline factors for DNI.
Relative to those subjects aged 18-29, the DNI risk is higher in 30-39, 40-49, and over
50 age group, especially subjects aged 40-49, where the risk of DNI increased by 1.52 folds
(95% CI = 1.01-2.30). Patients with diabetes mellitus will have an increased risk of DNI
(aHR =1.73; 95% CI = 1.12-2.67).

In Tables 3 and 4, we perform a subgroup analysis, which showed that patients with
OSAS history constitute 76.1% (n = 1198) of the UPPP+ T cohort. Compared to the control
group, there was no significantly increased incidence rate of DNI in UPPP+ T cohort
within 1-60 months (p > 0.05), as shown in Table 3. The slope of the regression line for
the incidence rate of DNI for UPPP+ T (r = —0.92, R? = 0.45) and non-UPPP+ T (r = 0.08,
R? = 0.06) decreased over follow-up, indicating that incidence rate of DNI decreased over
the course for UPPP+ T. The difference in the slope change of the incidence rate of DNI
was statistically significant (p < 0.05). The incidence rate and hazard ratios of DNI between
UPPP+ T subgroups have no significant difference (Table 4).

The mean hospital stay of the UPPP+ T cohort (5.20 days) was significantly shorter
than non-UPPP+ T cohort (7.81 days), with an adjusted relative ratio of 0.60, and patients
in the inflammation/infection group were not hospitalized (Table 5). In the non-UPPP+ T
cohort, 4.41% patients (1 = 6) were admitted from the emergency department (ED), 0.74%
patients (n = 1) were transferred to the intensive care unit (ICU), while the UPPP+ T cohort
had only 1.59% patients (n = 1) admitted from ED and no case transferred to ICU (Table 5).
Considering non-UPPP+ T patients as the reference group, the UPPP+ T cohort had a lower
intubation rate, with an adjusted odds ratio of 0.47 (95% CI = 0.32-0.69) (Table 6).
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Table 2. Incidence and hazard ratio of baseline factors for Deep Neck Infection.

Deep Neck Infection

Variables n PY IR cHR (95% CI) aHR (95% CI)
Gender

Female 61 15,216 4.01 1.00 (reference) 1.00 (reference)

Male 138 39,428 3.50 0.87 (0.64,1.18) 0.85 (0.63,1.15)
Age, year

18-29 42 15,664 2.68 1.00 (reference) 1.00 (reference)

30-39 63 16,342 3.86 1.45 (0.98,2.15) 1.44 (0.97,2.14)

40-49 58 13,876 4.18 1.58 (1.06, 2.35) * 1.52 (1.01, 2.30) *

>50 36 8762 411 1.51 (0.97,2.37) 1.38 (0.83,2.27)
Comorbidities
Diabetes mellitus

No 170 50,049 3.40 1.00 (reference) 1.00 (reference)

Yes 29 4595 6.31 1.80 (1.21, 2.68) ** 173 (1.12,2.67) *
Hypercholesterolemia

No 186 50,327 3.70 1.00 (reference) 1.00 (reference)

Yes 13 4317 3.01 0.78 (0.45, 1.38) 0.65 (0.36,1.17)
Overweight and obesity

No 194 53,589 3.62 1.00 (reference) 1.00 (reference)

Yes 5 1055 4.74 1.25 (0.51, 3.04) 1.05 (042, 2.6)
Depression

No 180 50,440 3.57 1.00 (reference) 1.00 (reference)

Yes 19 4204 4.52 1.23 (0.76,1.97) 1.15 (0.71, 1.85)
Hypertension

No 157 45,060 3.48 1.00 (reference) 1.00 (reference)

Yes 42 9584 438 1.22 (0.86, 1.71) 1.08 (0.73, 1.6)
Deviated nasal septum

No 165 44,173 3.74 1.00 (reference) 1.00 (reference)

Yes 34 10,471 3.25 0.84 (0.58,1.22) 0.86 (0.59, 1.25)
Nasal polyps

No 198 54,108 3.66 1.00 (reference) 1.00 (reference)

Yes 1 536 1.86 0.49 (0.07,3.5) 0.54 (0.08, 3.94)
Hypertrophy of tonsils and adenoids

No 193 53,440 3.61 1.00 (reference) 1.00 (reference)

Yes 6 1204 498 1.33 (0.59, 3.00) 1.31 (0.58, 2.98)
Asthma

No 180 48,701 3.70 1.00 (reference) 1.00 (reference)

Yes 19 5943 3.20 0.84 (0.52,1.34) 0.84 (0.52,1.35)
Gastroesophageal reflux disease

No 197 54,174 3.64 1.00 (reference) 1.00 (reference)

Yes 2 470 4.26 1.11 (0.27, 4.49) 1.04 (0.25, 4.23)

n: number of patients; PY: person-year; IR: incidence rate pre 1000 person-years; cHR: crude hazard ratio;
aHR: adjusted hazard ratio; CI: confidence interval; }: adjusted by sex, age and comorbidities; *: p-value < 0.05;
**: p-value < 0.01.

Table 3. Analysis of the incidence rate of DNI among the follow-up.

Incidence rate of DNI per 1000 Person-Years

" Event?  Baseline 1-3 3-6 6-12 12-36 36-60
Months Months Months Months Months

Non-UPPP+ T 6296 136 2.16 2.56 3.96 3.46 3.44 3.23
UPPP+ T 1574 63 4.01 7.66 10.40 5.41 5.96 5.25

p value 0.15 0.23 0.54 0.18 0.46

OSAS cause 1198 41 3.42 10.07 10.27 5.39 448 6.61
p value 0.15 0.33 0.22 0.27 0.19

Inflammation and infection 195 7 3.58 0 0 0 1.92 0

p value na na na 0.93 na

n: number of patients; DNI: deep neck infection; OSAS: Obstructive sleep apnea syndrome; UPPP: uvu-
lopalatopharyngoplasty; na, not applicable; * number of DNI before the interventions; * p < 0.05, compare
to baseline by using chi-square test.
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Table 4. Incidences rate and hazard ratios of DNI between the UPPP+ T subgroups.

n Event ? PY Incidence Rate Crude HR Adjusted HR
UPPP+T
OSAS-caused 1198 41 8219 4.99 1 (reference) 1 (reference)
Inflammation and infection 195 7 1811 3.87 0.81 (0.36, 1.81) 0.82 (0.36, 1.85)
n: number of patients; PY: person-year; Crude HR: crude hazard ratio; Adjusted HR: adjusted hazard ratio;
2 number of DNI before the interventions.
Table 5. S Severity of DNI between UPPP+ T and non-UPPP+ T groups.
Hospital Stay ED ICU
Mean, (SD) aRR (95% CI) n (%) n (%)
Non-UPPP+ T 7.81 (5.50) 1 (reference) 6 (4.41%) 1 (0.74%)
UPPP+T 5.20 (1.81) 0.60 (0.43, 0.84) ** 1(1.59%) 0 (0%)
OSAS cause 5.40 (0.98) 0.62 (0.40, 0.96) * 0 (0%) 0 (0%)
Inflammation and infection - - 0 (0%) 0 (0%)
n: number of events; CI: confidence interval; SD: standard deviation; UPPP+ T: uvulopalatopharyngoplasty
plus tonsillectomy; ED: emergency department admission; ICU: intensive care unit; DNI: deep neck infection;
OSAS: Obstructive sleep apnea syndrome;.adjusted RR: adjusted by sex, age and comorbidities; *: p-value <0.05;
**: p-value <0.01.
Table 6. Airway complication rate.
Intubation Tracheostomy Oxygen Inhalation
. Adjusted OR Adjusted OR
o, o, o, o,
n (%) Adjusted OR (95% CI) n (%) 95% CI) n (%) 95% CI)
Non-UPPP+T 251 (4.02%) 1.00 (reference) 31 (0.49%) 1.00 (reference) 720 (12.9%) 1.00 (reference)
UPPP+T 31 (1.97%) 0.47 (0.32, 0.69) *** 13 (0.83%) 1.74 (0.90, 3.35) 188 (14.8%) 1.18 (0.98, 1.41)

n: number of events; OR: odds ratio; CI: confidence interval; UPPP+ T: uvulopalatopharyngoplasty plus tonsillec-
tomy; adjusted OR: adjusted by sex, age and comorbidities; ***: p-value <0.001.

4. Discussion

The combined UPPP and tonsillectomy including tonsillectomy is indicated for sleep
apnea and chronic tonsillitis with snoring. It is considered to cause an immune compro-
mising condition due to the partial removal of immune tissue at the pharynx. However,
the risk of deep neck infection is not significant after combined UPPP and tonsillectomy
within 1-60 months. In addition, we found that combined UPPP and tonsillectomy not
only reduces the severity for DNI by decreasing intubation rate and shortening the length
of hospitalization. In comparison to non-UPPP+ T, the baseline of DNI incident rate was
higher in UPPP+ T. In fact, the surgical procedure of combined UPPP and tonsillectomy
includes tonsillectomy, uvulectomy, and suture palatoplasty. Therefore, the palatine tonsils
are removed after combined UPPP and tonsillectomy. Thus, the possible tonsillitis is treated,
decreasing the inflammatory condition caused by chronic tonsillitis. In addition, UPPP+
T is also adopted as a surgery for sleep apnea and intermittent hypoxic condition. It is
possible that improved sleep apnea or less intermittent hypoxemia after UPPP+ T also
rendered anti-inflammatory therapeutic results that reduced the incidence of deep neck
infection. In general, the incidence rate is higher in the UPPP+ T group than non-UPPP+ T
group. With time, there was a more prominent decrease in DNI incidence rate than in the
non-UPPP+ T group, as shown in Figure 1.
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Figure 1. Changes in the slopes of DNI incidence rate.

4.1. Risk Factors for Deep Neck Infection

A review by Knapp et al. concluded that it is a common concept that diabetic mellitus
(DM) patients can be infected more easily [18]. Moreover, it is known that DM is a common
risk factor of DNI [1,2]. In line with previous studies, we found that the risk of DNI in
the DM group was significantly higher than the non-DM group, with an adjusted hazard
ratio of 1.73 (p < 0.05; Table 2). As stated before, odontogenic infection is the main cause of
DNI. Adovi¢a et al. indicated that the occurrence rate of dental infection was significantly
lower in elders because of the fewer teeth in their oral cavity [19]. Another study by Zamiri
et al. also found that in the sixth, seventh, and eighth decades, the incidence rate of dental
infection was lowest [20]. Our study had a similar result in that the adjusted hazard ratio
was lower in the age group over 50 than age groups 4049 and 30-39 (Table 2). However,
contrary to the findings of previous research, our finding showed that compared to control
group (age group 18-29), the DNI risk was higher in age group 30-39, 4049, and over 50
(Table 2). Especially in age group 4049, there was a significantly higher risk of DNI than
the control group, with an adjusted hazard ratio of 1.52 (p < 0.05), as shown in Table 2. An
apparent concern is that although the major infection source of DNI is dental infection,
DNI presents less in elder patients, possible because they are more concerned about their
teeth and have better hygiene. Besides, other infection sources exist, such as tonsillitis
and pharyngitis. Furthermore, it is also important to consider the comorbidity in elder
people. In the UPPP+ T group composing OSA that may also impact immunity, poor sleep
quality leads to an immune compromising condition. There were also case of tonsillitis
in the UPPP+ T group. In the combined UPPP and tonsillectomy, the tonsillectomy study
illustrated that surgery has a protective effect in the case of cardiac problems, dementia,
etc. [13,21,22] performed in Taiwan and Korea [23]. There were also studies showing the
impact of adenotonsillectomy on the evolution of inflammatory markers that decreases
tonsillitis related infection.

4.2. Risk of Deep Neck Infection after Uvulopalatopharyngoplasty

From our main result, we found that in patients with DNI, the patients without com-
bined UPPP and tonsillectomy had a more consistent and lower incidence rate. However,
compared to the control group, there was no significantly increased incidence rate of
DNI after combined UPPP and tonsillectomy within 1-60 months (Table 3). This may
imply that combined UPPP and tonsillectomy does not increase the risk of DNI within
1-60 months. Combined UPPP and tonsillectomy involves resection of the uvula, ton-
sils, and soft palate [11]. The tonsils provide the first line of protection against foreign
pathogens, such as bacteria and viruses, but there is still a debate on whether tonsillectomy
has a negative effect on the immune system [24]. We reviewed previous studies about
the impact of immune system after tonsillectomy and two opposing opinions appeared
(Table 7). Kaygusuz et al. found that long-term immune function shows no difference with
healthy controls after tonsillectomy [25]. In a recent systematic review by Altwairqi et al.,
tonsillectomy had no negative affect on both humeral and cellular immunity in children
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and the level of immunoglobulin would recover to normal range postoperatively [26].
The other systematic review also showed that tonsillectomy has no negative clinical or
immunological sequalae on the immune system [27]. A similar pattern of results was
obtained in our study, showing that combined UPPP and tonsillectomy does not increase
the risk of DNI within 1-60 months.

Table 7. Reviewed studies—impact of tonsillectomy on immune system.

Study Year Study Design Main Results

Positive Opinion

Tonsillectomy does not impair
long-term (54 months) humoral and
cellular immunity of children
compared to their early-stage
immune status (1 month). Moreover,
the long-term (54 months) immune
function has no different than
healthy controls.

Kaygusuz et al. [25] 2009 cross-sectional

Tonsillectomy has no negative
Bitar et al. [27] 2015 systematic review clinical or immunological sequalae
on the immune system.

Tonsillectomy has no negative affect
Altwairqi et al. [26] 2020 systematic review on both humeral and cellular
immunity in children.

Negative Opinion
retrospective Adenotonsillectomy would change
Duval et al. [28] 2008 P the humoral and cellular response of
case-control study . . .
the immune system in children.
Wang et al. [24] 2015 cohort study RISk.Of DNIincreased after
tonsillectomy
Early-life (before age 9)
tonsillectomy and adenoidectomy
were associated with higher
Byars et al. [29] 2018 cohort study

long-term (age 30) risks of
respiratory, infectious, and allergic
diseases.

In contrast, Wang et al. identified that the risk of DNI significantly increased among
patients who have undergone tonsillectomy [24], and Duval et al. reported that adeno-
tonsillectomy would change the humoral and cellular response of the immune system
in children [28]. Another cohort study demonstrated that early-life tonsillectomy and
adenoidectomy were associated with higher long-term risks of respiratory and infectious
diseases [29]. However, very few publications mention the influence of tonsillectomy in
adulthood. Whether tonsillectomy affects adult immune system still needs more investiga-
tion.

4.3. Adjustment of Obstructive Sleep Apnea Syndrome to Deep Neck Infection

Previous studies have indicated that the most common cause of DNI among adults is
odontogenic or of salivary origin, such as dental and periodontal infection [1,2]. Normally,
the oral biome is in balance, but mouth breathing in OSAS patients leads to dryness of the
oral cavity and may also decrease the self-cleaning ability of the oral mucosa, leading to
increased periodontal microbiota colonization and a chronic inflammatory response [30,31].
Xu et al. also revealed that changes of oxygen concentrations in the oral cavity in OSA
patients might be associated with oral dysbiosis [32]. In a recent research by Ding et al. [33],
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there is a significantly higher occurrence of DNI in patients with sleep apnea. According to
above research, there may be a correlation between DNI and OSAS.

In our study, we found that the incidence rate of DNI between UPPP+ T and non-
UPPP+ T cohort had no significant difference (Table 3), even though a higher OSAS com-
position of combined UPPP and tonsillectomy subgroup (76.1%) might link to higher
hypoxia-related inflammation and DNI risk. The combined UPPP and tonsillectomy is the
main scope of our study. Moreover, the direction of selecting the research object and ex-
perimental design were different at the beginning, possibly explaining the different results
compared to the above studies. However, a larger sample size study is still warranted in
the future.

4.4. Severity of Deep Neck Infection after Uvulopalatopharyngoplasty

Based on our result, we found that combined UPPP and tonsillectomy can reduce the
length of hospitalization and intubation rate of DNI. Length of hospitalization is often used
as an indicator of infection severity. As reported by Sakarya et al., the average hospital stay
of DNI patients was 12.9 days [34]. A single-center analysis by Kauffmann et al. showed
that the mean duration of DNI hospital stay was 15.3 days, and patients with diabetes
mellitus had a significantly longer duration of hospitalization [35]. Another retrospective
review conducted by University of Kentucky focused on the postoperative length of stay in
patients with DNI, which showed the overall hospitalization period was three days [36].
These studies also indicated that age, comorbidity, such as diabetes mellitus, development
of complications, and treatment only with medicine service led to longer hospital stay
days [34-36]. From our result, in patients with DNI, the mean hospital stay of the UPPP+
T cohort (5.20 days) was significantly lower than the non-UPPP+ T cohort (7.81 days)
(Table 5). Furthermore, in the non-UPPP+ T cohort, 4.41% patients (n = 6) were admitted
from the emergency department (ED) and 0.74% patients (n = 1) transferred to intensive
care unit (ICU), while the UPPP+ T cohort had only 1.59% patients (n = 1) admitted from
ED and no case transferred to ICU (Table 5). This may imply that combined UPPP and
tonsillectomy can reduce the severity of DNI. However, it must be pointed out that the
duration of hospitalization of DNI in our study was shorter than most other research [34,35].
In Taiwan, it is very convenient for the public to seek medical treatment because of the
implementation of Taiwan's health insurance system. Hence, people in Taiwan get medical
intervention earlier before the diseases progress.

We also observed airway complications, such as intubation, tracheostomy, and oxygen
inhalation, to analyze the severity of DNI. Compared to the control group, the UPPP+ T
cohort had a lower intubation rate (aOR = 0.47, p < 0.001; Table 6). Tracheostomy rate and
oxygen using the rate of UPPP+ T cohort showed no significant difference compared to
control group. Based on our result, it may imply that combined UPPP and tonsillectomy
can reduce the intubation rate in DNI patients.

4.5. Limitations

Our study had some limitations. First, this study used the data from the Taiwan
National Health Insurance Database (NHIRD), which may be affected by regional charac-
teristics and cannot fully represent the overall situation of the world. Moreover, Taiwan's
national health insurance allows people to get medical treatment regardless of their socio-
economic status. Hence, some data may not be generalized to other populations. Second,
the crucial data for surgical decision making, such as the apnea-hypopnea index and body
mass index, are not available in our study, since NHIRD does not include biometric data of
patients. Third, the incidence of multilevel combined UPPP and tonsillectomy increased
from 2000 to 2012 in Taiwan [37]. Since NHIRD does not record patients’ medical records,
and whether combined UPPP and tonsillectomy is combined with other palatal, nasal,
hypopharyngeal, or tongue surgery, it may affect the subsequent incidence of DNI and
complication rate. Fourth, length of hospitalization as a severity indicator of DNI, may vary
from institution to institution because of different medical resources. Fifth, this study is the
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first cohort study to confirm the relationship between combined UPPP and tonsillectomy
and DNI, so it is hard to compare our result to previous research. Furthermore, the number
of patients referred from ED and admitted to ICU was too small. Hence, the data were just
for information. Last, much research on tonsillectomy and its impact on immunity in chil-
dren has been done, but previous publications rarely mention the influence of tonsillectomy
in adulthood. Since our study excluded patients aged below 18, whether tonsillectomy
affects the adult immune system still needs more investigation to clarify.

5. Conclusions

Our study investigated the association between combined UPPP and tonsillectomy
and DNI. Based on our study, we identified that combined UPPP and tonsillectomy does
not increase the risk of DNI within 1-60 months. Moreover, it may imply the efficacy
of combined UPPP and tonsillectomy in reducing the severity of DNI by decreasing the
intubation rate and length of hospitalization.
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Abstract: Background: Obstructive sleep apnea syndrome (OSAS), affecting approximately 1 billion
adults globally, is characterized by recurrent airway obstruction during sleep, leading to oxygen
desaturation, elevated carbon dioxide levels, and disrupted sleep architecture. OSAS significantly
impacts quality of life and is associated with increased morbidity and mortality, particularly in the
cardiovascular and cognitive domains. The cyclic pattern of intermittent hypoxia in OSAS triggers
oxidative stress, contributing to cellular damage. This review explores the intricate relationship be-
tween OSAS and oxidative stress, shedding light on molecular mechanisms and potential therapeutic
interventions. Methods: A comprehensive review spanning from 2000 to 2023 was conducted using
the PubMed, Cochrane, and EMBASE databases. Inclusion criteria encompassed English articles
focusing on adults or animals and reporting values for oxidative stress and inflammation biomarkers.
Results: The review delineates the imbalance between pro-inflammatory and anti-inflammatory fac-
tors in OSAS, leading to heightened oxidative stress. Reactive oxygen species biomarkers, nitric oxide,
inflammatory cytokines, endothelial dysfunction, and antioxidant defense mechanisms are explored
in the context of OSAS. OSAS-related complications include cardiovascular disorders, neurological
impairments, metabolic dysfunction, and a potential link to cancer. This review emphasizes the
potential of antioxidant therapy as a complementary treatment strategy. Conclusions: Understanding
the molecular intricacies of oxidative stress in OSAS is crucial for developing targeted therapeutic
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interventions. The comprehensive analysis of biomarkers provides insights into the complex interplay
between OSAS and systemic complications, offering avenues for future research and therapeutic
advancements in this multifaceted sleep disorder.

Keywords: obstructive sleep apnea syndrome (OSAS); intermittent hypoxia (IH); oxidative stress;
inflammation biomarkers; reactive oxygen species (ROS); nitric oxide (NO); inflammatory cytokines;
endothelial dysfunction; antioxidant defense; cellular damage

1. Introduction

Obstructive sleep apnea syndrome (OSAS) is a widespread and intricate respiratory
disorder affecting nearly 1 billion adults aged 30-69 years globally, contingent upon geo-
graphical variations [1]. Characterized by recurrent episodes of upper airway obstruction
during sleep, OSAS sets off a cascade of physiological events, leading to compromised
oxygen saturation, elevated carbon dioxide levels, and recurrent arousals that disrupt sleep
architecture [2,3]. This phenomenon results in a range of symptoms, including daytime
somnolence, impaired cognitive function, and chronic fatigue, significantly impacting af-
fected individuals” quality of life. Moreover, OSAS is a recognized contributor to morbidity
and mortality, elevating the risk of cardiovascular pathologies [4,5], hypertension, cognitive
dysfunction, and an accelerated aging process [6]. The cyclic pattern of intermittent hypoxia
in OSAS triggers arterial chemoreceptors, heightening sympathetic nervous system activ-
ity [7]. This, in turn, influences vascular reactivity, contributing to the generation of free
radicals—highly reactive molecules that interact with nucleic acids, proteins, and lipids,
thereby altering cellular metabolism and causing cellular damage. This phenomenon,
termed oxidative stress, represents an imbalance between the production of oxygen free
radicals and antioxidant capacity, measurable through various biomarkers [8,9]. In addition
to oxidative stress, OSAS induces pro-inflammatory factors, leading to the production of
cytokines like tumor necrosis factor and interleukins 6 and 8 [9]. These cytokines are
implicated in the pathogenesis of atherosclerosis and hypertension, positioning OSAS as an
independent risk factor for these conditions [10]. While studies suggest an excess of reactive
oxygen species in OSAS, consensus is lacking regarding specific markers to measure and
the choice of antioxidants for mitigating the detrimental oxidative effects [11,12]. This
review explores the intricate relationship between oxidative stress and OSAS, exploring the
impact of intermittent hypoxia on the redox balance and the potential downstream effects
on cellular and systemic health. By examining the current literature on oxidative stress
in OSAS patients, we seek to shed light on the molecular mechanisms involved and the
implications for therapeutic interventions targeting oxidative stress in this sleep disorder.

2. Materials and Methods
Study Protocol

A comprehensive review of the medical literature from January 2000 to December 2023
was conducted using databases such as PubMed, Cochrane, and EMBASE. We considered
several study types, including clinical, preclinical, animal research, ongoing clinical trials,
and literature reviews. We considered full-text English articles focusing on the adult
population or animal subjects, providing reported values for at least one oxidative stress or
inflammation marker.

The literature search was performed using a combination of key terms specific to the
domains of obstructive sleep apnea and oxidative stress. Studies exploring inflammation
biomarkers such as protein C reactive, tumor necrosis factor-alpha (TNF-c), interleukin 6
(IL-6), interleukin 8 (IL-8), NADPH oxidase, nitric oxide (NO), asymmetric dimethylargi-
nine (ADMA), arginase, antioxidant system, glutathione, vitamin C, and vitamin E were
retrieved. These carefully chosen keywords were pivotal in identifying studies pertinent
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to the intricate relationship between obstructive sleep apnea and markers indicative of
oxidative stress and inflammation.

3. Results

This comprehensive review included 16 research articles in the final analysis. These
articles explored several different biomarkers implicated in oxidative stress in patients with
obstructive sleep apnea, aimed at proposing new biological markers useful in quantifying
systemic inflammation related to OSA. As can be seen in the table below, the included
studies were conducted on markers of reactive oxygen species, nitric oxide, inflammatory
cytokines, antioxidant defense, and endothelial and organ dysfunction (Table 1). The
inherent imbalance between pro-inflammatory and anti-inflammatory factors precipitates
heightened oxidative stress, primarily attributed to an upsurge in oxygen free radicals
coupled with an inadequate antioxidant capacity [13] (Figure 1). In the complex pathophys-
iology of obstructive sleep apnea syndrome (OSAS), the intricate interplay of molecular
mechanisms begins with the activation of Hypoxia-Inducible Factor 1-alpha (HIF-1«) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) in response to the
chronic intermittent hypoxia that characterizes this condition [14-18]. Such activation is
a pivotal adaptive response to hypoxemia, but it becomes maladaptive when repeatedly
triggered, leading to a cascade of subsequent events [19-21]. The stabilization and activa-
tion of HIF-1& upregulate various genes, including those involved in oxidative stress and
inflammatory responses, while NF-«kB plays a crucial role in the transcriptional activation
of pro-inflammatory cytokines [22]. The oscillating oxygen levels drive the generation of
reactive oxygen species (ROS), such as superoxide dismutase (SOD), glutathione reduced
(GSH), and catalase (CAT), overwhelming the endogenous antioxidant defenses and tip-
ping the balance towards a state of oxidative stress [17]. This oxidative stress, in turn,
facilitates the activation of NF-«B, further promoting the release of pro-inflammatory cy-
tokines like tumor necrosis factor (TNF) and interleukins (IL), such as IL-6 and 1L-8 [12,18].
These cytokines contribute to systemic inflammation and play a role in the development of
endothelial dysfunction, a precursor to atherosclerosis and cardiovascular disease [8,23].
Elevated levels of these markers correlate with the severity of OSAS, typically measured by
the apnea—hypopnea index (AHI). Furthermore, the depletion of antioxidant molecules like
GSH and the accumulation of oxidized equivalents such as glutathione oxidized (GSSG) re-
flect the impaired redox state in OSAS patients. The intracellular ratio of GSSG to GSH rises,
indicating oxidative stress, while the activity of enzymes like SOD and CAT is often found
to be altered, reflecting the body’s attempt to counteract the increased oxidative burden [22].
The results highlight a complex network of interrelated pathways involving HIF-1x and
NEF-«kB activation, ROS production, antioxidant defense compromise, inflammatory cy-
tokine release, and endothelial dysfunction, all contributing to the pathophysiological
landscape of OSAS [11,17]. These mechanisms serve as both potential biomarkers for the
severity of the disease and targets for therapeutic intervention to alleviate the systemic
consequences of OSAS [15].

A comprehensive understanding of chronic systemic inflammation involves the
quantification of various inflammatory biomarkers present in blood or urine, emanat-
ing from nucleic acids, proteins, and lipids. Furthermore, the recurrent cycles of chronic
hypoxia/reoxygenation and sleep fragmentation, culminating in an augmented production
of reactive oxygen species, circulating cytokines, and adhesion molecules, have been exten-
sively correlated in the literature with cardiovascular, metabolic, and neurodegenerative
comorbidities in individuals with OSAS. The interplay of these factors offers insights into
the intricate connections between the physiological perturbations associated with OSAS
and the development of associated health complications (Table 1).
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Table 1. Properties of oxidative stress indicators in individuals with obstructive sleep apnea syndrome
(OSAS). Abbreviation: SOD, superoxide dismutase; GSH, glutathione reduced; GSSG, glutathione
oxidized; AHI, apnea-hypopnea index; TNF, tumor necrosis factor; NADPH, nicotinamide adenine
dinucleotide phosphate; IL, interleukin; CAT, catalase.

Authors

Study Characteristics

Outcome

Reactive Oxygen Species

Liu H.G., Zhou Y.N., Liu K. et al.

(2010) [17]

R. Schulz, S. Mahmoudi, K.
Hattarm et al. (2000) [21]

30 OSAS patients vs. 23 healthy controls.

18 OSAS patients vs. two control groups
of 10 healthy volunteers and 10 patients
without OSAS.

The mRNA levels of NADPH oxidase p22phox
in sputum samples significantly increased in
individuals with OSAS (p < 0.05).

The release of superoxide demonstrated a
marked increase in each comparison (p < 0.01).

Nitric Oxide

Duchna H.W,, Guilleminault C.,
Stoohs R.A. et al. [23]

Kapusuz Gencer Z.,, Ozkirig M.,
Gogmen Y. et al. [24]

Canino B., Hopps E.,
Calandrino V. et al. [25]

Wu, ZH.,, Tang, Y.,
Niu, X. et al. [26]

23 male OSAS patients and 12 male
healthy controls.

36 OSAS patients vs. 22 healthy controls.

48 OSAS patients vs. 31 healthy controls.

Metanalysis of a total of 7 eligible studies,
including 250 OSAS patients and
158 non-OSAS patients).

Patients with OSAS exhibit impaired
endothelium-dependent NO-mediated
vasodilation (p < 0.001).

There is a positive correlation between plasma
NO levels and AHL
Across the entire OSAS subject group, no
significant difference in NO was identified when
compared to the control group.

OSAS exhibited a significant association with
serum or plasma NO levels (WMD = —11.66,
95% CI —17.21 to —6.11; p < 0.01), indicating that
serum or plasma NO levels in OSAS patients are
lower than those in controls.

Inflammatory Cytokines

Lin C.C., Liaw S.E,, Chiu C.H.
etal. (2016) [27]

Li X.,, HuR., Ren X,,
HeJ. (2021) [28]

35 patients with moderately severe to
severe OSAS vs. 20 healthy controls

Metanalysis of a total of 25 eligible
studies, including 2301 participants and
1123 controls to evaluate the association

between serum IL-8 concentration

and OSAS.

TNF-o levels were elevated (p < 0.01).

Correlation between serum IL-8 concentration
and OSAS, revealed that both adults and
children with OSAS exhibited higher serum IL-8
concentrations compared to controls
(SMD = 0.997, 95% CI = 0.437-1.517, p < 0.001;
SMD = 0.431, 95% CI = 0.104-0.759, p = 0.01).

Ifergane G., Ovanyan A,
Toledano R. et al. (2016) [29]

Wu MLE, Chen Y.H., Chen H.C.
et al. (2020) [30]

Yokoe T., Minoguchi K., Matsuo
H. et al. (2003) [14]

The final analysis incorporated
43 individuals experiencing acute stroke
and sleep apnea.

The final analysis incorporated
100 participants, comprising
63 individuals with normal to moderate
OSAS and 37 with severe OSAS.

A total of 30 individuals diagnosed with
OSAS and 14 obese participants serving
as control subjects.

There was a positive correlation between AHI
and IL-6 (p = 0.37, p = 0.02).

There was a significant interaction effect on IL-6
levels for all OSAS severity and sex (p = 0.030).
Additionally, IL-6 levels were higher in the obese
group than in the non-obese group, irrespective
of OSAS severity and sex (p = 0.000).

IL-6 levels were significantly higher in patients
with OSAS compared to the control group
(r <0.05).
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Table 1. Cont.

Authors

Study Characteristics Outcome

Antioxidant Defense

Tian Z., Sun H., Kang J. et al.

(2022) [31]

Ntalapascha M., Makris D.,
Kyparos A. et al. (2012) [32]

Metanalysis of a total of 14 eligible The cir.cul.a’.cing SOD levels in patienfcs with OSAS
studies, including 1240 patients and were significantly lower than those in the control
457 controls group (SMD = —1.645, 95% CI = —2.279 to
: —1.011, p < 0.001).

The overnight ratio of GSH/GSSG and the levels
of GSH were significantly different from controls
(p = 0.03 and p = 0.048, respectively).
Vitamin E exhibited lower levels (p < 0.006), SOD
showed a decrease (p < 0.001), vitamin B11

18 patients with severe OSAS and
13 controls were included in the study.

Sales L.V, Bruin V.M., D’Almeida 14 patients with obstructive sleep apnea demonstrated a decline (p < 0.001), and

V. et al. (2013) [33]

vs. 13 controls. homocysteine concentrations increased (p < 0.02).
Serum concentrations of vitamin C, CAT, GSH,
and vitamin B12 remained unaltered.

Simiakakis M., Kapsimalis F., 66 total subjects were referred The antioxidant capacity levels in OSAS patients
Chaligiannis E. et al. (2012) [18] (42 patients with OSAS vs. 24 controls). were significantly lower (p = 0.004).
The total GSH levels were significantly lower in
Mancuso M., Bonanni E., Lo Gerfo 41 untreated patients with a new OSAS patients than controls (95% CI for the
A.etal. (2012) [15] diagnosis of OSAS vs. 32 healthy subjects. mean 0.389-0.449 nmol/uL vs.

0.574-0.713 nmol/uL; p < 0.0001).
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Figure 1. The figure illustrates the intricate network of oxidative stress and inflammation biomarkers
in individuals with OSAS. The diagram categorizes the main biomarkers into physiopathogenetic
clusters, providing a comprehensive overview of the molecular mechanisms involved in OSAS-
related complications. Different clusters represent specific pathways, such as reactive oxygen species
biomarkers, nitric oxide regulation, inflammatory cytokines, endothelial dysfunction, antioxidant
defense, and cellular damage. The interconnections and associations between these clusters are
visually depicted, offering a clear understanding of how OSAS induces oxidative stress, inflammation,

and subsequent health complications.

3.1. Altered Sleep Architecture and Intermittent Hypoxia in Obstructive Sleep Apnea

Sleep architecture in OSA patients is significantly disrupted due to frequent awaken-
ings or micro-awakenings and chronic intermittent hypoxia (CIH) typical of obstructive
sleep apnea [4,34-36]. In patients with OSA, CIH and frequent awakenings lead to a
significant reduction in the quantity and quality of N3 and REM sleep [37-39]. This disrup-
tion results in a sleep pattern characterized by excessive transitions between sleep stages,
with more time spent in the lighter stages of sleep and less time in the deeper, restorative
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stages [40—42]. Molecularly, the sleep disruptions can impact the expression and regulation
of various neurotransmitters and neural pathways that are critical for maintaining sleep
stages, particularly the deeper stages of non-REM sleep and REM sleep [43,44]. The lack of
restorative sleep further exacerbates the systemic effects of CIH, as it impairs the body’s
healing and metabolic processes that are typically more active during these deeper sleep
stages. The interplay between CIH-induced molecular pathways and disrupted sleep archi-
tecture leads to a cycle of physiological stress and impaired tissue function [45-47]. OSA-
induced sleep fragmentation sets off a domino effect of sympathetic nervous activation,
circadian rhythm disruption, inflammatory pathway engagement, endocrine dysregulation,
and oxidative stress, all of which intertwine to contribute to the multi-system impact of
this sleep disorder [48-53]. The interrelated nature of these mechanisms highlights the
importance of addressing sleep quality and architecture in the management and treatment
of OSA. Altered sleep architecture in obstructive sleep apnea leads to a complex cascade
of pathophysiological events, particularly due to sleep fragmentation, starting with the
activation of the sympathetic nervous system [50-52]. Each arousal catapults the body
into a ‘fight or flight’ state, increasing heart rate and blood pressure, which, over time,
can result in cardiovascular complications and heightened stress responses [53-55]. Si-
multaneously, the disrupted sleep pattern wreaks havoc on the body’s circadian rhythms.
These rhythms are essential for regulating not only sleep and wakefulness but also various
hormonal outputs such as melatonin and cortisol [5,24,30]. The disarray caused by OSA can
lead to mood disturbances and metabolic issues as these hormones become dysregulated.
Moreover, as sleep is fragmented, the stages of sleep that usually help to down-regulate
pro-inflammatory pathways are interrupted, resulting in elevated levels of inflammatory
cytokines like IL-6 and TNF-« [53-57]. This state of chronic inflammation is a contributing
factor to systemic health issues and can accelerate atherosclerotic processes [58-60]. The
repercussions of fragmented sleep and heightened sympathetic activity also extend to
endocrine functions. The normal secretion patterns of hormones, including those from
the hypothalamic-pituitary-adrenal axis and growth hormone, are altered, contributing
to an array of metabolic dysregulations, such as insulin resistance and abnormal appetite
control [24]. Furthermore, the oxidative stress burden increases as the body’s antioxidant
defenses are compromised due to inadequate restorative sleep, leading to cellular damage
and contributing to the risk of developing cardiovascular disease, neurodegeneration, and
other oxidative stress-related pathologies [33,43,44]. The association of Hypoxia-Inducible
Factor 1-alpha (HIF-1«) with the pathophysiological processes of obstructive sleep apnea
(OSA) is a critical element [10]. HIF-1« is instrumental in the body’s adaptive response to
the hypoxic conditions characteristic of OSA, which result from repeated airway blockages
leading to intermittent hypoxia. Upon a decrease in oxygen levels, HIF-1o stabilizes and
accumulates, triggering the transcription of various genes aimed at helping the body adjust
to the lack of oxygen [20]. HIF-1« is deeply involved in the molecular pathways that lead to
oxidative stress, sympathetic overactivity, and systemic inflammation seen in patients with
OSA. It influences the expression of genes associated with angiogenesis, erythropoiesis,
and glucose metabolism, and it escalates the production of reactive oxygen species (ROS)
by enhancing the expression of enzymes responsible for mitochondrial respiration [22].
This escalation in ROS may exceed the capacity of antioxidant defenses, causing oxidative
stress, which subsequently damages DNA, proteins, and lipids within cells [21,26,30]. Ad-
ditionally, HIF-1x plays a role in the inflammatory response that is characteristic of OSA.
It can initiate the transcription of pro-inflammatory cytokines and adhesion molecules,
which contribute to systemic inflammation and endothelial dysfunction [40,51]. These
mechanisms are pivotal in the onset of cardiovascular diseases, which are frequently seen
as comorbid conditions in individuals with OSA. Recognizing the significance of HIF-1« in
the pathogenesis of OSA is vital, for it may highlight new therapeutic targets. Modulating
HIF-1« signaling pathways could potentially reduce the negative impact of intermittent
hypoxia on oxidative stress and inflammation.
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3.2. Reactive Oxygen Species Biomarkers

Reactive oxygen species (ROS) biomarkers in OSAS play a crucial role in unraveling
the intricate relationship between this sleep disorder and the oxidative stress it induces.
The respiratory or oxidative burst orchestrates the generation and release of ROS, including
the superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet oxygen [14].

Various stimuli, such as the characteristic hypoxia observed in OSAS, can initiate this
reaction [15]. Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), an
enzyme, plays a central role in this process, converting free oxygen (O,) into superoxide
and subsequently triggering the production of other reactive molecules like hydroxide
anions, peroxide, hypochlorite, and nitrogen monoxide [16,17]. Importantly, this enzymatic
step is responsible for oxidizing biological compounds such as lipids, proteins, and DNA,
leading to altered plasma concentrations of associated oxidative markers [18]. Elevated
levels of the superoxide anion, a primary ROS, are observed in OSAS. This molecule
is a key contributor to oxidative stress, participating in various pathways that can lead
to cellular damage [19]. Superoxide anions are also converted to hydrogen peroxide
by superoxide dismutase enzymes; while hydrogen peroxide is less reactive and can
function as a signaling molecule, in excessive amounts, it contributes to oxidative damage,
necessitating the activation of cellular defenses like catalase and glutathione peroxidase
for its breakdown. Hydrogen peroxide (H;O;), another ROS, is produced because of
the dismutation of the superoxide anion. Increased H,O; levels in OSAS contribute to
oxidative stress, affecting cellular components and signaling pathways [20]. The hydroxyl
radical (¢OH), one of the most potent ROS, is generated through the Fenton reaction. Its
presence in OSAS signifies a heightened state of oxidative stress, potentially impacting
cellular structures and functions. Singlet oxygen (10;), a highly reactive form of oxygen,
can injtiate oxidative damage to biomolecules such as lipids, proteins, and DNA [21]. These
reactive species are proficient at initiating lipid peroxidation, which compromises cell
membranes and creates toxic byproducts that further damage macromolecules. Proteins,
vital for myriad cellular functions, are susceptible to structural and functional alterations
due to the oxidative modification of amino acids, with consequences that include disrupted
enzyme activities and signaling pathways. DNA is not spared; it undergoes oxidative
attacks that can result in mutations or even genomic instability, potentially leading to cell
death or carcinogenesis. Mitochondria, implicated in both ROS generation and targeting,
suffer from oxidative damage that impairs their function, culminating in a dysfunctional
energy supply and the release of signals that promote cell death. Specific studies directly
addressing singlet oxygen in OSAS are limited but, along with other ROS, may contribute to
endothelial dysfunction, inflammation, and tissue damage observed in OSAS patients [22].
ROS-induced endothelial dysfunction can precipitate a series of events that restrict blood
flow and further deprive tissues of oxygen, setting the stage for more ROS production.
Compounding the problem, ROS can activate matrix metalloproteinases that degrade the
extracellular matrix, undermining tissue architecture and stability. The balance between
cell survival and death is also tipped, as apoptosis and necrosis pathways are triggered by
excessive ROS levels, contributing to organ dysfunction. Even autophagy, a cellular cleanup
process, can be thrown into disarray by ROS, leading to the accumulation of cellular debris
and dysfunction. Moreover, ROS influence cell signaling pathways, sometimes fostering
pathological conditions by promoting aberrant cell proliferation and survival.

3.3. Nitric Oxide

Nitric oxide (NO) assumes a multifaceted role in OSAS. Synthesized by nitric oxide
synthase (NOS), thanks to the essential amino acid L-arginine. NO regulates vascular tone
through vasodilation, but its balance is influenced by OSAS-related factors like intermittent
hypoxia. OSAS is associated with endothelial dysfunction, and the reduced bioavailability
of NO, often linked to oxidative stress and inflammation, may contribute to cardiovascular
complications, the mediating vasodilating effect, and platelet aggregation [4,33]. The inter-
action between NO and ROS in the context of intermittent hypoxia can lead to the formation
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of peroxynitrite by interaction with superoxide or the action of dimethylarginine (ADMA),
potentially contributing to oxidative stress. At elevated levels, it disrupts the synthesis of
NO by diminishing the activity of the enzyme dimethylarginine dimethylaminohydrolase,
resulting in increased levels of ADMA [12,45-48]. In recent times, several investigations
have delved into the levels of NOx in individuals with OSAHS. Nevertheless, the findings
are inconclusive. Kapusuz et al. [24] observed notably elevated plasma NO levels in OSAS
patients in contrast to the control group, whereas Canino et al. [25] did not observe any
distinction in NO levels between OSAS subjects and their healthy counterparts. A recent
meta-analysis conducted by Wu et al. found that OSAS was significantly related to serum or
plasma NO levels and that serum or plasma NO levels in OSAS patients are lower than in
controls [30]. Studies suggest a connection between OSAS, diminished NO bioavailability,
and increased cardiovascular risks, with impaired NO-mediated vasodilation contributing
to hypertension and atherosclerosis [4,32,33]. NO may also play a role in sleep regulation,
and changes in its levels could contribute to the sleep disturbances observed in OSAS [38].
Despite its involvement in various physiological processes, the precise mechanisms and
therapeutic implications of NO in OSAS remain areas of active research.

3.4. Antioxidant Defense

The antioxidant defense system includes various components such as enzymes (e.g.,
superoxide dismutase, catalase, and peroxidase) and non-enzymatic molecules (e.g., glu-
tathione, vitamin C, and vitamin E) [13,22]. These antioxidants work synergistically to
neutralize ROS and prevent oxidative damage to cellular components like lipids, proteins,
and DNA. Individuals with OSAS exhibit an imbalance between the production of oxidative
agents and the compensatory action performed by the antioxidant system, known as total
antioxidant capacity (TAC) [7,18,39,40]. Superoxide, a vital cellular oxidizing agent, under-
goes dismutation catalyzed by the superoxide dismutase (SOD) enzyme family, leading to
the dissociation of the superoxide anion into molecular oxygen and hydrogen peroxide in
healthy individuals [41-45]. However, OSAS patients have been reported to have lower
plasma levels of SOD [30,31]. Catalase (CAT) plays a crucial role in mitigating oxidative
stress by facilitating the breakdown of hydrogen peroxide into water and molecular oxy-
gen [39]. The primary function of glutathione peroxidase (GPx) is to catalyze the reduction
of hydrogen peroxide (H,O,) and organic hydroperoxides, utilizing reduced glutathione
(GSH) as a substrate [45]. This enzymatic reaction helps prevent the accumulation of harm-
ful ROS within cells and tissues [40]. The glutathione system, which includes GPx, acts as a
first line of defense against oxidative damage by neutralizing peroxides and maintaining
the cellular redox balance [49]. A study conducted by Asker et al. demonstrates that OSAS
patients had lower levels of CAT and GPX [46]. Interestingly, a correlation was detected
between CAT and GPX levels and polysomnographic indices. Both correlated directly with
the AHI, but glutathione peroxidase levels were inversely correlated with the mean dura-
tion of apnea. Literature suggests that molecules like glutathione, vitamin C, and vitamin E
contribute to ameliorating oxidative stress in OSAS patients, especially in conjunction with
continuous positive airway pressure (CPAP) therapy [49,55]. Additionally, oxidative stress
is linked to sleep disturbances in OSAS patients, and the intake of antioxidants has been
shown to enhance sleep quality [7]. Sales et al. discovered reduced antioxidants in OSAS
patients, indicating a correlation between antioxidants and neuropsychological alterations
in obstructive sleep apnea [33]. Specifically, they observed decreased levels of vitamin
E (p <0.006), superoxide dismutase (p < 0.001), and vitamin B11 (p < 0.001), along with
increased homocysteine levels (p < 0.02).

3.5. Inflammatory Cytokines

In individuals affected by OSAS, encompassing both children and adults, the presence
of chronic intermittent hypoxia induces a systemic inflammatory response. Addition-
ally, key inflammatory cytokines such as interleukin-8, tumor necrosis factor-alpha, and
interleukin-6 exhibit upregulation, potentially linked to the activation of the nuclear factor
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pathway [46]. OSAS is characterized as a low-grade chronic inflammatory respiratory
condition, as the repetitive episodes of chronic intermittent hypoxia during sleep insti-
gate an anti-inflammatory cascade. These cytokines, often elevated in the serum of OSAS
patients, can exert widespread effects on multiple organ systems. The upregulation of
these cytokines in OSAS is thought to be closely associated with the activation of the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) pathway. NF-kB is a
transcription factor that plays a critical role in the inflammatory response. Under normal
conditions, NF-«kB is sequestered in the cytoplasm by the inhibitor IkB. However, during
episodes of hypoxia, IkB is phosphorylated and degraded, freeing NF-«kB to translocate
into the nucleus, where it can initiate the transcription of various inflammatory genes,
including those for IL-8, TNF-«, and IL-6. These inflammatory mediators contribute to
the pathophysiology of OSAS by promoting leukocyte recruitment, inducing the expres-
sion of adhesion molecules on endothelial cells, and elevating the production of reactive
oxygen species (ROS). Moreover, pro-inflammatory cytokines may modulate metabolic
processes, influence the hepatic production of acute-phase reactants, and contribute to the
development of insulin resistance.

3.5.1. Tumor Necrosis Factor-«

Tumor necrosis factor-alpha (TNF-«) serves as a pivotal proinflammatory cytokine in
the intricate immunological landscape of OSAS. OSAS, characterized by recurrent episodes
of hypoxia and reoxygenation, manifests an augmented inflammatory milieu marked by
heightened systemic levels of TNF-o«. Evidence suggests that TNF-« levels positively
correlate with the severity of OSAS [47]. The nuanced interplay of TNF-o with other in-
flammatory mediators in OSAS contributes to the complexity of the inflammatory cascade,
with cumulative effects implicated in the development of cardiovascular comorbidities
commonly observed in individuals with OSAS. TNF-« plays a significant role in promoting
atherosclerosis, inducing the expression of cellular adhesion molecules, and facilitating
the adhesion of leukocytes to the vascular endothelium [48,49]. Elevated circulating levels
of TNF-a have been correlated with early atherosclerotic signs in healthy middle-aged
individuals [46,50-53]. Furthermore, these levels serve as predictive markers for coronary
heart disease and congestive cardiac failure. In the context of OSAS, TNF-o concentra-
tion is elevated compared to healthy subjects, underscoring its potential contribution to
cardiovascular risks in OSAS patients. Remarkably, continuous positive airway pressure
(CPAP) treatment demonstrates the capacity to normalize TNF values in OSAS individuals,
suggesting a potential avenue for mitigating the inflammatory impact associated with this
sleep disorder [29-31].

3.5.2. Interleukin-8

Interleukin-8 (IL-8), acknowledged as one of the most potent inflammatory cell
chemokines, plays a crucial role in initiating systemic inflammation in OSAS and associ-
ated cardiovascular conditions. IL-8 functions by inducing myeloperoxidase release from
neutrophils and recruiting inflammatory cells, contributing to a sustained inflammatory
response. Akyol et al. reported that IL-8 binding to specific receptors on neutrophil sur-
faces leads to cell deformation, degranulation, and increased production of reactive oxygen
species [53]. This process may activate arachidonic acid through lysosomal secretion, result-
ing in heightened vascular permeability, plasma protein exudation, and subsequent tissue
damage, atherosclerosis, and other diseases [54]. Recent meta-analysis findings emphasize
that individuals, both children and adults, with OSAS exhibit significantly elevated IL-8
concentrations, with IL-8 levels positively correlating with the severity of OSAS indicated
by the apnea-hypopnea index (AHI) and being linked to obesity and ethnicity [55].

3.5.3. Interleukin-6

Interleukin-6 (IL-6) is a multifunctional cytokine with several biological activities,
such as the proliferation of T lymphocytes, the differentiation of B lymphocytes, and the
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stimulation of immunoglobulin secretion [51,58]. Moreover, IL-6 plays a role in regulating
the natural sleep patterns associated with the circadian secretion pattern. In individuals
with OSAS, particularly during episodes of intermittent hypoxia and reoxygenation, there
is an upregulation of IL-6 as part of the systemic inflammatory response [59-62]. A meta-
analysis performed by Nadeem et al. indicates elevated levels of interleukin-6 (IL-6) in
patients with OSAS compared to control individuals [46]. Furthermore, a recent metanalysis
performed by Imani et al. confirms the significant correlation between IL-6 and the AHI,
indicating a potential link between IL-6 and the severity of OSAS, and has also highlighted
a positive correlation between IL-6 production and body mass index [59].

3.6. Endothelial Dysfunction

A potential early sign of vascular disease is endothelial dysfunction [60]. Research
indicates that individuals with OSAS who have not experienced vascular issues previously
exhibit endothelial dysfunction [61]. Unfortunately, the specific mechanisms triggering the
development of endothelial dysfunction in OSA remain unclear [62]. Exposure to harmful
cellular risks, such as oxidative stress, may result in endothelial dysfunction [63-65], lead-
ing to a reduction in its ability to dilate blood vessels, an elevation in proinflammatory and
prothrombotic reactions, and abnormal regulation of vascular growth [66]. OSAS induces
intermittent hypoxia, triggering oxidative stress and inflammation. This, in turn, prompts
the release of proinflammatory cytokines, such as IL-6 and TNF-«, and elevates C-reactive
protein levels (CRP) [46,55]. These inflammatory mediators lead to an endothelium with
proinflammatory tendencies and subsequent endothelial dysfunction. This dysfunctional
state is characterized by an elevation in the expression of cell adhesion molecules (CAMs),
including E-selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhe-
sion molecule-1 ICAM-1) [67,68]. These molecules facilitate the adhesion and migration of
leukocytes into the vessel wall, a crucial step in the initiation of atherosclerosis [69,70]. A
dysfunctional endothelium also exhibits diminished nitric oxide levels, a reduction that
may result from an elevated CRP level, leading to the downregulation of endothelial nitric
oxide synthase (eNOS) expression and bioactivity [71]. Furthermore, the reduction in NO
levels may be attributed to the presence of superoxide anions arising from an imbalance
between ROS synthesis and antioxidant systems, leading to oxidative stress [72]. These
pathophysiological mechanisms associated with OSAS potentially contribute to the devel-
opment of cardiovascular events, such as systemic hypertension and other cardiovascular
diseases, and are a key factor in developing atherosclerotic plaques [73].

3.7. Cellular Damage and Organ Dysfunction

In individuals with OSAS, repetitive airway collapse and obstruction due to various
pathological factors result in recurrent apnea, periodic arousal during sleep, intermittent
hypoxia (IH), and sleep fragmentation. These core processes trigger various cellular [71]
and molecular mechanisms, including increased sympathetic nerve activity [69], metabolic
dysregulation [58], systemic inflammation [73], oxidative stress, and endothelial dysfunc-
tion [60]. These mechanisms, identified as pathogenic in clinical and experimental models,
contribute to OSAS-related complications across different systems [61-64].

3.7.1. Cardiovascular Disorders

Notably, OSAS is strongly associated with cardiovascular complications, including
systemic hypertension, arrhythmias, coronary artery disease, and stroke [50,57,66,73].
The link between OSAS and hypertension is particularly significant, with up to 80% of
patients with resistant hypertension potentially suffering from OSAS [73]. The increase
in sympathetic nerve activity, driven by ROS, is a prominent feature of OSAS and is
implicated in OSAS-related cardiovascular issues [74,75]. Oxidative stress, inflammation,
and molecular mechanisms play crucial roles in developing cardiocerebrovascular diseases
in OSAS patients [76]. In addition, intermittent hypoxia (IH) and recurrent arousals, likely
through mechanisms involving oxidative stress and activation of Hypoxia-Inducible Factor
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1 (HIF-1), result in sympathetic overactivity in patients with obstructive sleep apnea (OSA).
The effects of this overactivity include elevated catecholamine levels, systemic hypertension,
changes in ventricular repolarization, and cardiac remodeling. These physiological changes
contribute to the cardiovascular burden often observed in individuals with OSA [60-64].
The complex interplay of these factors underscores the importance of early intervention
and treatment of breathing disorders during sleep to prevent cardiovascular morbidity [77].
In addition, the recurrent changes in intrathoracic pressure associated with obstructive
sleep apnea (OSA) provoke an augmented venous return to the heart, which in turn can
cause an overload of the right ventricle. Moreover, the intrathoracic pressure dips below
that of the external structures surrounding the heart, which increases the afterload on
the left ventricle. This heightened afterload can impair the heart’s systolic and diastolic
functions. Over time, these pressures may lead to a chronic dilation of the left atrium,
which could have significant implications for cardiac health and function. Animal studies
have provided significant insights into the cardiovascular consequences of obstructive sleep
apnea (OSA) and the molecular mechanisms underlying these effects. In various animal
models, OSA is simulated through induced intermittent hypoxia, mirroring the oxygen
desaturation-reoxygenation cycles seen in human OSA. These studies have shown that
such hypoxic episodes can lead to sympathetic nervous system activation, oxidative stress,
and systemic inflammation—all factors contributing to cardiovascular pathology. Key
molecular pathways include activation of the sympathetic nervous system and downstream
signaling processes such as those mediated by HIF-1«, which have been implicated in the
development of hypertension and atherosclerosis. In rodent models, intermittent hypoxia
has been shown to lead to endothelial dysfunction, vascular remodeling, and a propensity
for arrhythmogenesis, providing a mechanistic basis for the association between OSA and
increased cardiovascular risk. In humans, the relationship between OSA and cardiovascular
events has been extensively studied through randomized clinical trials and observational
cohorts. The evidence suggests that OSA is independently associated with an increased risk
of hypertension, coronary artery disease, heart failure, and arrhythmias, most notably atrial
fibrillation. continuous positive airway pressure (CPAP) therapy has been the cornerstone
of OSA management, with several trials demonstrating its efficacy in reducing apneic
events and improving the quality of sleep. However, its role in the secondary prevention of
cardiovascular events remains controversial. While some studies have shown that CPAP
treatment can lower blood pressure and reduce the risk of recurrent cardiovascular events,
others have not found a significant benefit in terms of cardiovascular outcomes. This has
led to an ongoing debate in the field, with some experts suggesting that the heterogeneity
in patient populations, varying adherence to CPAP treatment, and differences in baseline
cardiovascular risk may contribute to these conflicting results. Future studies with rigorous
design, perhaps focusing on personalized medicine approaches to identify those most likely
to benefit from CPAP, are needed to clarify its role in cardiovascular risk reduction among
patients with OSA.

3.7.2. Neurological Disorders

Prolonged exposure to IH in patients with OSAS has profound effects on various
central nervous system (CNS) functions, resulting in severe neurocognitive and behav-
ioral deficits. OSAS is associated with a decline in cognitive functions, including memory,
executive function, and comprehension, as well as mood disturbances, insomnia, and
excessive daytime sleepiness [77,78]. Animal studies indicate that IH induces neuronal
injury, inflammation, and astrocyte activation in the rat brain, leading to impaired cog-
nitive performance in tasks such as the Morris water maze test [78,79]. Clinical studies
in OSAS patients reveal cognitive impairments in attention, delayed memory function,
and executive function, which are correlated with the severity of OSAS. Structural and
functional alterations in brain anatomy, including decreased gray matter in various regions,
provide indirect evidence of brain damage in OSAS patients [76,80]. The brain, being
sensitive to hypoxia, experiences oxidative stress, inflammation, and neuronal damage due
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to IH. The involvement of ROS, oxidative stress, inflammatory damage, and microglial
activation contributes to neuronal apoptosis and/or necrosis, leading to OSAS-related cog-
nitive impairments. The NF-kB, TNF-«, CRP, IL-13, IL-6, and cyclooxygenase-2 (COX-2)
pathways are implicated in neuroinflammation and cognitive dysfunction in OSAS [78,79].
Microglia, as major inflammatory cells in the CNS, mediate oxidative stress and inflam-
mation, and their activation is associated with neurotoxicity [80]. The NF-kB-mediated
JNK and p38 MAPK pathways play crucial roles in hippocampal injury and cognitive
dysfunction [17]. Additionally, brain-derived neurotrophic factor (BDNF) and excitotoxic
neurotransmitters such as glutamate contribute to OSAS-related CNS damage [81]. The
accumulating evidence highlights the intricate relationship between inflammation and
cognitive impairment in OSAS, suggesting potential links with neurological disorders that
warrant further investigation.

3.7.3. OSAS, Obesity, and Metabolic Disorders

Emerging evidence from animal models of OSAS suggests that IH is independently
linked to metabolic dysfunction. OSAS demonstrates an independent association with
insulin resistance, implying its potential role in the development of type 2 diabetes and
metabolic syndrome, characterized by obesity, insulin resistance, hypertension, and dys-
lipidemia [82]. Clinical studies have revealed significantly higher levels of fasting blood
glucose and insulin resistance in OSAS patients, with the severity of OSAS correlating
with increased insulin resistance [83]. This association extends to non-obese patients, and
AHI has been identified as an independent risk factor for insulin resistance and type 2
diabetes [84]. IH-induced oxidative stress and inflammation in OSAS contribute to insulin
resistance, with inflammatory factors inhibiting insulin receptors and the phosphorylation
of insulin receptor substrates. IH also impacts glucose metabolism by reducing glucose
uptake in muscles, affecting pancreatic 3-cell function, and increasing sympathetic tone,
thereby disrupting glycemic and insulin homeostasis. OSAS is further implicated in lipid
abnormalities, elevating total cholesterol, triglycerides, LDL, and VLDL levels [85].

Obstructive sleep apnea (OSA) is closely intertwined with obesity, a condition that
itself is a well-established pro-inflammatory state. The high prevalence of overweight
and obese individuals among OSA patients complicates the understanding of the sys-
temic inflammation observed in OSA. Adipose tissue in obese individuals is not merely
a storage depot for excess calories but an active endocrine organ that secretes a variety
of cytokines and inflammatory mediators, such as TNF-«, IL-6, and C-reactive protein
(CRP). These mediators contribute to chronic, low-grade systemic inflammation. In OSA,
intermittent hypoxia and sleep fragmentation further exacerbate this inflammatory milieu.
However, distinguishing the inflammation due to OSA from that due to obesity can be
challenging, as both conditions independently contribute to systemic inflammation and
share common pathophysiological pathways. As such, the inflammation observed in OSA
patients may be compounded by the presence of obesity, making it a confounding factor
in the assessment and management of inflammation in OSA. This overlap implies that
the therapeutic strategies targeting OSA should also consider the management of obesity
to effectively mitigate the compounded inflammatory state. Treatment with CPAP may
positively influence lipid profiles. IH-associated changes in leptin and adiponectin levels
contribute to insulin sensitivity and metabolic homeostasis [86-88]. Although the exact
relationship between OSAS and metabolic diseases is still debated, recognizing their strong
association is crucial for early detection and intervention. Further research is needed to
elucidate specific mechanisms and address controversies in this complex relationship.

3.7.4. OSAS, Oxidative Stress, and Cancer

In recent years, accumulating circumstantial, epidemiological, clinical, and experi-
mental evidence has strongly suggested a notable impact of OSAS on tumorigenesis and
tumor development. A comprehensive multicenter cohort study involving cancer-free
OSAS patients revealed a significant association between nocturnal hypoxemia and over-
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all cancer incidence [89]. Moreover, individuals under 45 years old with severe OSAS
demonstrated a markedly increased risk of various cancer types compared to the general
population [90]. Epidemiological investigations further confirmed a link between OSAS
and elevated cancer-related mortality, revealing a dose-response relationship between
OSAS severity and cancer-specific mortality. This association spans over a 22-year follow-
up period, where severe OSAS was associated with nearly a fivefold risk of death from
cancer [91-94]. OSAS is implicated in raising the incidence of specific tumor types, includ-
ing lung cancer, breast cancer, prostate cancer, nasopharyngeal tumors, and melanoma.
Notably, in certain tumors, exposure to IH, mimicking the oxygenation pattern induced by
OSAS during sleep, has been shown to promote the growth, invasion, and metastasis of
lung cancer, colon cancer, and melanoma [92].

3.8. OSA Treatment Effectiveness on Inflammation and Oxidative Stress

CPAP remains the gold standard treatment for OSA. Numerous studies have demon-
strated the effectiveness of CPAP in reducing systemic inflammation, a key player in the
pathogenesis of atherosclerosis and cardiovascular disease [95-98]. Inflammatory biomark-
ers, such as C-reactive protein (CRP), TNF-«, and interleukins (IL-6 and IL-8), have been
shown to decrease significantly with compliant use of CPAP therapy [99]. Oxidative stress,
which contributes to endothelial dysfunction and subsequent cardiovascular disease, is also
mitigated by CPAP [100]. Markers of oxidative stress, such as malondialdehyde (MDA)
and nitric oxide (NO) levels, exhibit notable improvements with CPAP use [101]. The
impact of CPAP on reducing inflammation and oxidative stress has profound implications
for comorbid conditions. For instance, cardiovascular risk factors such as hypertension
and arrhythmias are markedly improved with effective CPAP therapy;, likely due to the
reduction in sympathetic nervous system activity and improved vascular endothelial func-
tion [102]. Similarly, CPAP use has been linked to improvements in insulin sensitivity
and lipid profiles, reducing the risk for metabolic syndrome and type 2 diabetes [103,104].
The reduction of inflammation and oxidative stress through the treatment of OSA has a
favorable impact on several comorbid conditions [105]. For instance, the cardiovascular
benefits of reducing these pathological processes are substantial, leading to a decrease
in the incidence of myocardial infarction, stroke, and heart failure [106]. Additionally,
improvements in metabolic outcomes, such as better glucose control and lipid metabolism,
can significantly reduce the risk of diabetes and contribute to weight loss [107]. Cognitive
benefits are also noteworthy, as untreated OSA is associated with an increased risk of
cognitive decline and dementia. By reducing inflammation and oxidative stress, which are
implicated in neurodegeneration, treatments for OSA may also preserve cognitive function
and reduce the risk of neurocognitive disorders [108]. Other respiratory indices have been
assessed to identify predictors of OSA treatment. The study by Fernandes et al. analyzed
the relationship between mean oxygen saturation (SpO;) and inflammatory markers in
OSA patients treated with CPAP [109]. They found that subjects with a lower mean SpO,
(<95%) had a higher inflammatory profile, including a higher number of leukocytes, a
higher number of neutrophils, a higher number of basophils, and an elevated concentration
of C-reactive protein. These results suggest that SpO, levels may play a role in predicting
the inflammatory status and treatment outcome of OSAS subjects. Conversely, the study
conducted by Ming et al. reported that TNF-o levels were negatively correlated with the
mean and lowest oxygen saturation levels (MSaO, and LSaO,). Additionally, they observed
a positive correlation between IL-8 levels and AHI, as well as morning systolic and diastolic
blood pressure, while IL-8 levels were negatively correlated with MSaO, and LSaO,. These
results suggest that TNF-a and IL-8 may be variably involved in the inflammatory and
cardiovascular consequences of obstructive sleep apnea [110]. In the study conducted by
Tauman et al., they found that children with moderate-severe sleep-disordered breathing
(SDB) had increased plasma levels of IL-6 compared to controls, and this increase was
statistically significant (p = 0.03). In particular, the levels of IL-6 were positively correlated
with the apnea-hypopnea index (AHI) (r = 0.28, p = 0.003) and negatively correlated with
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the lowest oxygen saturation levels (S5pO, nadir) (r = —0.24, p = 0.02). Additionally, the
study revealed that children with SDB exhibited severity-dependent increases in plasma
C-reactive protein (CRP) and IL-6 levels, regardless of their obesity status. Although less
frequently, outcomes on oxidative stress, inflammation, and different specific biomarkers
have been evaluated in other types of treatment. MADs are oral appliances designed to
advance the mandible and, consequently, the base of the tongue, enlarging the airway
space to reduce apneic events [111]. While CPAP is more effective in reducing the apnea—
hypopnea index (AHI), MADs offer a viable alternative for patients with mild to moderate
OSA or those who are non-compliant with CPAP. Studies have shown that MADs can lead
to improvements in inflammatory markers similar to those seen with CPAP, albeit to a
lesser extent in some cases [112]. The reduction in oxidative stress with MAD use, while
still a topic of ongoing research, has promising preliminary results, suggesting that they can
offer cardiovascular protective effects [113,114]. Surgical options for OSA aim to address
anatomical abnormalities contributing to airway obstruction. These procedures range from
uvulopalatopharyngoplasty (UPPP) to more complex surgeries such as maxillomandibular
advancement (MMA) [34,35]. The impact of surgery on inflammatory and oxidative stress
markers is less clear than with CPAP or MADs, primarily due to the variability in surgical
techniques and individual patient anatomy [115]. However, successful surgical outcomes
that lead to a significant reduction in AHI do correlate with a decrease in systemic in-
flammation and oxidative stress [116]. Despite the potential benefits, surgical treatments
are often considered a last resort due to their invasive nature and associated risks. When
surgery successfully reduces or eliminates apneic events, it can have a significant impact
on reducing the overall inflammatory burden and the risk of cardiovascular disease [117].
Moreover, surgery may provide a permanent solution for selected patients, which can be
particularly appealing compared to the need for ongoing treatment with CPAP or MADs.

3.9. Future Perspectives for Sleep Apnea Biomarkers

The burgeoning field of biomarker research in OSA is uncovering novel pathways and
targets that could revolutionize the diagnosis and treatment of this complex disorder. Fan
etal. have shown that NAD+ biosynthesis reduction may lead to mitochondrial dysfunction
and vascular endothelial injury, which are critical in the pathogenesis of OSA [63]. Under
chronic intermittent hypoxia (CIH), the study found a decrease in NAD+ biosynthesis due to
inhibited NAMPT enzyme activity, which led to mitochondrial dysfunction in endothelial
cells, characterized by reduced ATP and mitochondrial membrane potential, impaired
respiratory chain activity, increased oxidative stress, and compromised vascular function.
Supplementing with nicotinamide mononucleotide (NMN) reversed the mitochondrial and
endothelial dysfunction caused by CIH. However, endothelial damage induced by oxidized
low-density lipoprotein (ox-LDL) did not show involvement of the NAD+ pathway and was
not mitigated by NMN supplementation. Similarly, Chen et al. have identified that the long,
non-coding RNA FKSG29 plays a pivotal role in regulating oxidative stress and endothelial
dysfunction in OSA, suggesting a new molecular target for intervention [64]. The authors
reported that FKSG29 and certain pro-oxidant genes were upregulated in OSA patients,
while anti-oxidant genes were downregulated compared to primary snorers. In vitro,
knocking down FKSG29 in cells exposed to intermittent hypoxia with re-oxygenation (IHR)
reduced reactive oxygen species production, apoptosis, and abnormal gene expression
associated with oxidative stress, and these protective effects were negated by concurrently
knocking down miR-23a-3p. The research suggested that targeting the FKSG29/miR-23a-
3p/IL6R pathway could be a novel therapeutic strategy for OSA-induced endothelial
dysfunction. Promising data are also present on the role of miRNA as a novel biomarker for
OSA patients. The work of Fadaei et al. supports the potential utility of circulating miRNAs,
specifically miR125a, miR126, and miR146a-5p, as biomarkers for endothelial dysfunction in
OSA patients, which could serve as non-invasive diagnostic tools [65]. The transition from
physiological adaptation to pathological maladaptation in response to chronic intermittent
hypoxia, a hallmark of OSA, is discussed by Arnaud et al., providing insights into the
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systemic effects of the disorder [66]. Nguyen et al. highlighted the role of peripheral
inflammation due to sleep fragmentation, suggesting that inflammation biomarkers could
be a key to understanding and treating OSA-related comorbidities [93]. In particular, the
authors found that acute sleep fragmentation in male C57BL/6] mice induced a swift
activation of the hypothalamic-pituitary-adrenal axis, increasing serum corticosterone
levels within 1 h and persisting up to 24 h. Instead, a peripheral inflammatory response
was evidenced by elevated pro-inflammatory gene expression in the heart from 1 h of ASF
and a delayed increase in serum IL-6 concentration after 6 h. Collectively, a future can
be envisioned where a comprehensive biomarker panel derived from genetic, molecular,
and inflammatory markers could be developed, facilitating a more nuanced approach to
OSA management, enabling earlier diagnosis, better risk stratification, and more precise
targeting of therapies to ameliorate the multifactorial consequences of the disorder.

4. Study Limitations

Notwithstanding the fact that this study offers a thorough synthesis of the most recent
data about biomarkers in OSAS, some limitations must be noted. One major drawback
is that many of these biomarkers are not measured using uniform methods and assays
across studies, which could explain part of the variation in reported findings. Few studies
used longitudinal follow-up, and the majority had sample sizes that were quite small.
The cohorts’ limited applicability to women and other age groups resulted from their
predominance of middle-aged male participants. Confounding variables were frequently
not sufficiently taken into consideration, including underlying comorbidities, drugs, and
lifestyle choices. Synthesizing biomarker data is further complicated by the variety of
OSAS populations, which vary in severity, symptoms, and co-occurring medical illnesses.
To validate findings, more high-quality research with reliable techniques, larger sample
numbers, confounder adjustment, and longitudinal evaluations are warranted. Assay and
biomarker panel standardization would enable cross-study comparability. It is necessary
to include a variety of patient demographics that reflect the heterogeneity of OSAS in the
real world. Although this analysis offers a solid foundation, its shortcomings point to the
need for additional thorough investigation to improve our knowledge of the mechanisms
of inflammation and oxidative stress that underlie the pathophysiology and clinical conse-
quences of OSAS. Filling up these gaps would increase the possibility of biomarkers being
translated into better diagnosis, prognosis, and treatment for OSAS.

5. Conclusions

Obstructive sleep apnea syndrome (OSAS) significantly impacts health, driving a range
of complications through oxidative stress and inflammation. This disorder affects multi-
ple physiological processes, contributing to cardiovascular, neurological, and metabolic
disorders, and may increase cancer risk. The pathophysiology of OSA involves a complex
interaction of factors, including sympathetic activation, endothelial dysfunction, hypoxia-
induced metabolic imbalance, and increased inflammatory and proatherogenic activity. The
intermittent hypoxia characteristic of OSAS leads to oxidative stress, systemic inflammation,
and subsequent multi-organ dysfunction. Cardiovascular issues, cognitive decline, and
metabolic syndrome are closely linked to OSAS, necessitating multidisciplinary research
and clinical approaches. The potential role of OSAS in cancer progression also highlights
the need for further sleep-related oncology research. Despite progress, gaps remain, particu-
larly in identifying biomarkers and effective antioxidant therapies. Understanding OSAS’s
molecular mechanisms is critical for developing targeted treatments and integrating sleep
medicine into comprehensive patient care.
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Abstract: Obstructive sleep apnea is considered a risk factor for erectile dysfunction. The aim of this
study was to determine sleep architecture and assess daytime sleepiness in patients with erectile
dysfunction. The study group included 280 patients. The 107 enrolled patients had reported erectile
dysfunction. The control group consisted of 173 patients who had no history of erectile dysfunction.
The Epworth sleepiness scale (ESS) was used to measure the subjects’ level of daytime sleepiness. All
patients underwent a standardized overnight, single-night polysomnography in sleep laboratory. In
the erectile dysfunction group, we observed increased ESS total score and N1 sleep phase duration.
Mean and minimal oxygen saturation and mean oxygen desaturation were decreased in comparison
to the control group. In summary, subjects with erectile dysfunction have altered sleep architecture,
oxygen saturation parameters and increased daytime sleepiness.

Keywords: hypertension; excessive daytime sleepiness; sleep apnea; sexual dysfunction

1. Introduction

Erectile dysfunction (ED) is defined as the consistent inability to obtain and/or main-
tain a penile erection during sexual activity [1]. ED affects millions of middle-aged to
elderly men worldwide [2]. There are many causes of ED including diabetes, ischemic
heart disease, medications (e.g., thiazides, b-blockers, spironolactone, and antidepressants),
neurogenic disorders, atherosclerosis, tobacco use, hyperlipidemia, hypogonadism, lower
urinary tract symptoms, metabolic syndrome, and depression [3,4]. The prevalence of
ED increases with age, particularly after the age of 60 years [4-6]. There also data sug-
gesting that obstructive sleep apnea (OSA) may have an independent association with
sexual dysfunction and impotence [7,8]. OSA is a common sleep disorder characterized by
the collapse of the upper airway leading to the cessation of airflow, intermittent arterial
oxygen desaturation and arousals during sleep. Recent evidence showed that one in five
adults suffer from at least a mild degree of OSA, 936 million adults aged 30-69 years have
mild-to-severe OSA and 425 million (399-450) adults aged 3069 years have moderate-to-
severe obstructive sleep apnea globally [9,10]. Thus, this is one of the most common sleep
disorders. Male sex and obesity are known risk factors for sleep apnea [11]. Several studies
confirmed the increased prevalence of ED in patients with OSA [12,13].

Overnight polysomnography (PSG) is a gold standard in diagnosis of OSA [14]. Due
to limited accessibility of PSG and its high expenditure, alternative tools for screening
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purposes have been developed including the Epworth sleepiness scale, Berlin Questionnaire
or STOB-BANG Questionnaire. One of the most widely used is the Epworth sleepiness scale
(ESS), which measures general level of sleepiness. The scale is self-administered: patients
estimate their probability of falling asleep during different situations. The tool has been
used in normal subjects [15], as well as in those with OSA [16], narcolepsy [17], stroke [18],
coronary artery disease [19], heart failure [20], epilepsy [21], Parkinson’s disease [22],
hemodialysis [23], diabetes [24], rheumatoid arthritis [25] and obesity [24]. However, the
data concerning daytime sleepiness in erectile dysfunctions are limited.

The aims of this study were as follows: 1. to determine sleep architecture in ED
patients; and to 2. assess sleepiness scores using the Epworth sleepiness scale (ESS) in
ED patients.

2. Materials and Methods

A summary of the study protocol is shown in Figure 1.

population from which study group was recruited:
patients of Department and Clinic of Internal Medicine,

Occupational Diseases, Hypertension and Clinical Oncology
of Wroclaw Medical University

inclusion criteria:
-age >18vy.0,,
- obstructive sleep apnea suspicion based on STOP-Bang Questionnaire
and Jor dinical symptoms,
- male gender,
- ability to undergo polysomnography,
- willingness to participate in the study.

exclusion criteria:
- neurological disorders,
- active inflammation,
- severe respiratory and cardiac insufficiency,
- confirmed active malignancy,
- use of drugs that affect the erection,
- previously treated erectile dysfunction,
- use of drugs that affect sleepiness,
- total sleep time < 240 minutes in polysomnography,
- lack of compliance during polysomnography.

study group:
280 patients

single question about study subgroups:

erectile dysfunction (ED) - ED: 107 patients,
- C (control): 173 patients.

_—

study objectives:
1. assess sleepiness using ESS in ED,
2. determine sleep architecture in ED.

Figure 1. Material, methods and objectives of the study according to its protocol.
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The study group included 280 male patients of Department and Clinic of Inter-
nal Medicine, Occupational Diseases, Hypertension and Clinical Oncology hospitalized
for the assessment of possible obstructive sleep apnea. The inclusion criteria obtain
age > 18 years old, obstructive sleep apnea suspicion based on STOP-Bang Question-
naire and/or clinical symptoms, male gender, ability to undergo polysomnography and
willingness to participate in the study, while the exclusion criteria included the presence of
neurological disorders, active inflammation, severe respiratory and cardiac insufficiency,
confirmed active malignancy, the use of drugs that affect the erection, previously treated
erectile dysfunction, the use of drugs that affect sleepiness, in polysomnography total sleep
time < 240 min and a lack of compliance during the study. The 107 enrolled patients had
reported erectile dysfunction (ED). The control group (C) consisted of 173 patients who had
no history of erectile dysfunction. ED was assessed via a single question during a clinical
interview [26,27]. The Epworth sleepiness scale (ESS) was used to measure the subjects’
level of daytime sleepiness. The ESS was developed by Murray Johns at Epworth Hospital
in Australia and was first reported in 1991. In the Epworth scale, the patients rate dozing
in eight different situations. The minimum score of 0 indicates “would never doze”, while
a maximum score of 3 indicates “high chance of dozing”. The total score can range from a
minimum of 0 to a maximum of 24. Scores > 10 on the ESS were indicative of excessive
daytime sleepiness [15,16].

Height and weight were recorded using a nursing calibrated scale. The body mass
index (BMI, calculated as weight in kilogram divided by square of height in meter) was
calculated. Besides ESS, a questionnaire on OSA symptoms, OSA comorbidities, smoking
status was performed. In the study group, 37.50% were smokers (1 = 105), 78.21% hyper-
tensives (n = 219), 12.85% patients had coronary heart disease (1 = 36), 6.7% patients had
a history of myocardial infarction (1 = 19), and 8.2% were assessed after a stroke (1 = 23).
The mean score of the Epworth scale was 9.33 £ 5.40. The mean PSG parameters of the
entire study group are presented in Table 1.

Table 1. The PSG parameters of the entire study group.

PSG Parameter Mean Value SD
TST (min) 384.53 108.77
Sleep latency (min) 31.0 31.87
SE (%) 73.82 18.82
AHI (n/h) 21.83 20.63
Mean O, Sat (%) 93.71 2.84
ODI (min/h) 20.44 21.17
Mean desaturation (%) 495 1.81
Min O, Sat(O5;) 81.16 8.80
SatO; < 90% (%) 14.85 22.21
N1 (%TST) 11.73 14.14
N2 (%TST) 49.94 18.93
N3 (%TST) 19.56 17.73
REM (%TST) 19.21 10.18

PSG—polysomnography; TST—total sleep time; AHI—apnea/hypopnea index; ODI—oxygen desaturation index;
mean SpO,—mean oxygen saturation; min SpO,—minimal oxygen saturation; REM—rapid eye movements.

All patients underwent a standardized overnight, single-night polysomnography in a
sleep laboratory. We used the NOXA1 (NOX Medical) PSG system. Polysomnograms were
assessed in 30 s epochs according to the AASM (American Academy of Sleep Medicine)
standard criteria for sleep scoring. PSG outcome variables included sleep latency, total
sleep time (TST) and sleep efficiency (%), the ratio of N1, N2, N3 and the stage of REM.
Abnormal respiratory events were scored from the pressure airflow signal evaluated ac-
cording to the standard criteria of the American Academy of Sleep Medicine Task Force [28].
Apneas were defined as the absence of airflow for >10 s. Hypopnea was defined as a
reduction in the amplitude of breathing by >30% for >10 s with a decline >3% in blood
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oxygen saturation or an arousal. A NONIN WristOx2 3150 pulse oximeter (Nonin Medical
Inc., Plymouth, MN, USA), coupled with the PSG system, was used to record the oxygen
saturation level. To analyze the full polysomnography recording, the Noxturnal soft-
ware (Nox Medical, Reykjavik, Iceland) was used. A certified, qualified physician (H.M.)
from the sleep laboratory scored and manually analyzed the data in accordance with the
AASM guidelines.

Statistical analysis was conducted using the statistical software Statistica 12 PL, Sta-
tistica, Tulsa, US. For quantitative variables, arithmetic means and standard deviations
were calculated for the estimated parameters in the studied groups. The distribution of
the variables was tested using the Shapiro-Wilk test. In cases of quantitative variables
manifesting the normal distribution in further statistical analysis, the ¢ test for unlinked
variables was used. In cases of variables manifesting distribution distinct from the normal
one, the nonparametric equivalent of the ¢t test, i.e., the Mann-Whitney U test was used. In
order to detect relationships between the studied variables, univariate regression analysis
was performed. The results at the level of p < 0.05 were accepted as statistically significant.

This study was approved by the Ethical Committee of Wroclaw Medical University
(ID KB-227/2015) and was conducted in accordance with the Declaration of Helsinki. All
patients signed an informed consent form for this study.

3. Results

The mean BMI was higher in the ED group compared to the that of the control. The
mean age, BMI, height, body mass and smoking status are shown in Table 2.

Table 2. The height, body mass, BMI (body mass index), and smoking status of patients with erectile
dysfunction (ED) and control (C) subjects.

C (n=173) ED (n =107) P
Age (years) 48.49 +13.31 48.92 +10.30 ns
Height (cm) 17713 +7.44 174.76 + 6.84 <0.05
Body mass (kg) 95.83 + 18.90 99.57 +17.49 ns
BMI (kg/m?) 30.50 £ 5.46 3252 +4.73 <0.01
Smoking (years) 20.45 +£11.70 23.55 £ 12.61 ns

In the ED group, statistically significantly AHI (apnea/hypopnea index) < 5 (AHI
excluding OSA) was observed less frequently than in the control group. The number of
subjects according to AHI in patients with erectile dysfunction (ED) and control (C) subjects
is shown in Table 3.

Table 3. The number of subjects according to AHI in patients with erectile dysfunction (ED) and
control (C) subjects.

AHI Cn=173) ED (1 = 107) p

<5 (n = 44) 32 (24) 12 (13) <0.05
>5 and <15 (1 = 66) 39 (30) 27 (30) ns
>15 and <30 (1 = 51) 27 (21) 24 (26) ns
>30 (1 = 61) 33 (25) 28 (31) ns

AHI—apnea/hypopnea index.

In the erectile dysfunction group (ED), we observed a higher ESS total score and lower
mean and minimal oxygen saturation levels compared to those of the control group. The
mean oxygen desaturation levels were lower in the ED group in comparison with the
control group. The N1 sleep phase was increased in comparison with the control group.
The polysomnographic parameters and ESS (Epworth sleepiness scale) score in patients
with erectile dysfunction (ED) and control (C) subjects are presented in Table 4.
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Table 4. The polysomnographic parameters and ESS (Epworth sleepiness scale) score in patients with
erectile dysfunction (ED) and control (C) subjects.

C (n=173) ED (n =107) p
ESS score (points) 8.87 £5.33 10.07 +5.44 <0.05
TST (min) 399.92 + 110.83 360.55 + 102.35 ns
Sleep latency (min) 29.38 £ 31.26 33.75 £33.13 ns
AHI (/h) 20.41 £+ 20.65 23.87 4+ 20.54 ns
Mean SpO5 (%) 94.19 + 2.12 92.98 + 3.57 <0.01
Min SpO;(%) 82.24 £2.11 79.56 + 9.68 <0.05
ODI (/h) 18.85 + 20.63 22.84 +21.87 ns
Mean oxygen desaturation (%) 4.67 £1.79 542 +1.78 <0.05
Mean HR (bpm) 60.72 £ 8.62 62.09 £+ 9.51 ns
N1 (%TST) 8.35 £ 6.93 17.34 + 20.22 <0.01
N2 (%TST) 52.32 +19.24 46.01 + 18.00 ns
N3 (%TST) 19.75 + 17.87 19.26 + 17.78 ns
REM (%TST) 20.35 £+ 10.06 17.39 + 10.26 ns
Sleep efficiency (%) 76.30 + 17.78 70.06 £+ 19.69 ns

TST—total sleep time; AHI—apnea/hypopnea index; ODI—oxygen desaturation index; Mean SpO,—mean
oxygen saturation; Min SpO,—minimal oxygen saturation; REM—rapid eye movements.

Then, we performed an additional analysis considering the occurrence of hypertension.
Hypertension is an important risk factor for erectile dysfunction and may also affect the
sleep architecture and the level of sleepiness. Therefore, it might affect the results of the
study. We divided all participants into two subgroups (normotensive and hypertensives).
In univariate regression analysis, in the hypertensive group, we observed a relationship
between the presence of erectile dysfunction and mean saturation (r = —0.20; p < 0.05),
minimal saturation (r = —0.14; p < 0.05), and N1 (%TST) (r = 0.31, p < 0.05). In the
normotensive group, we observed a relationship between ED and AHI (apnea/hypopnea
index) (r = 0.43, p < 0.05), ED and ODI (r = 0.45, p < 0.05) and ED and TST (r = —0.82,
p < 0.05). In this group, we also observed a relationship between ED and mean saturation
(r = —0.44, p < 0.05) and minimal saturation (r = —0.45, p < 0.05). Interestingly, in the
normotensive group, we observed a relationship between ED and N2 (%TST) (r = —0.57,
p < 0.05), N3 (%TST) (r = 0.62, p < 0.05) and REM (rapid eye movement) sleep (%TST)
(r=—0.61, p < 0.05). The result of the univariate regression analyses in the hypertensive
and normotensive groups are summarized in Table 5.

Table 5. The results of univariate regression analyzes between erectile dysfunction (ED) and
polysomnographic parameters in hypertensive and normotensive groups.

Dependent Variable

Presence of erectile dysfunction

Independent Variable Hypertensive Group Normotensive Group
ESS score (points) ns ns

TST (min) ns r=—0.82
Sleep latency (min) ns ns

AHI (/h) ns r=043
Mean SpO; (%) r=-0.20 r=-044
Min SpO; (%) r=-0.14 r=—-0.45
ODI (/h) ns r=045
Mean oxygen desaturation (%) ns ns

Mean HR (bpm) ns ns

N1 (%TST) r=0.31 ns

N2 (%TST) ns r=—0.57
N3 (%TST) ns r=0.63
REM (%TST) ns r=-0.61
Sleep efficiency (%) ns ns

TST—total sleep time; AHI—apnea/hypopnea index; ODI—oxygen desaturation index; Mean SpO,—mean
oxygen saturation; Min SpO,—minimal oxygen saturation; REM—rapid eye movements.
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4. Discussion

Obstructive sleep apnea affects both the patient and the sexual partner [29-31]. In
a cross-sectional study of 401 men referred to a sleep lab for suspected OSA, 92% were
diagnosed with OSA, and ED was present in 69% of those with OSA and 34% without
OSA [8]. The evidence for the association between OSA and ED remains inconclusive, with
some studies suggesting no association, or an association being shown for severe OSA
only [32,33]. The pathogenesis of ED in OSA is complex. The factors implicated include
increased sympathetic activity, oxidative stress, endothelial dysfunction a reduction in
nitric oxide formation [34,35]. Sleep fragmentation and a lack of rapid eye movement
(REM) periods related to OSA may be involved in ED pathogenesis because physiological
erections appear to help maintain erectile function through cavernous tissue oxygenation
during the REM sleep period [36,37]. ED is also related to changes in the hormonal axis
caused by sleep pattern changes associated with OSA [38].

The main result of this study is an increased ESS total score in patients with erectile
dysfunction compared to those of the control group, although the AHI and ODI (oxygen
desaturation index) were similar in both groups. It is worth noting that this is a novel
observation. In the ED group, the mean saturation, minimal saturation and mean desat-
uration levels were decreased compared to those of control group. Interestingly, we also
observed increased N1 sleep duration (%TST) in the ED group. N1 is the lighter stage of
NREM sleep, which usually occurs at the beginning of sleep and often alternates with brief
arousal episodes. N1 is the period of transition from unsynchronized beta and gamma
brain waves to more synchronized but slower alpha waves, and then to theta waves with
slow rolling eye movement. This stage comprises only about 5% of the total sleep time.
In our study, N1 comprises as much as 17.3% of TST in patients with erectile dysfunction.
This phenomenon may be a consequence of increased activity of the sympathetic nervous
system, which is common in OSA due to repeated hypoxemia. Additionally, fatigue and
a decrease in rapid eye movement (REM) sleep period may provoke the deterioration
in the quality of erections [39,40]. These results agree with those of our study. We ob-
served a negative relationship between ED and the REM (rapid eye movement) period
(%TST); however, we did not observe statistical differences between the REM period in ED
and controls.

In our study, the patients with ED had lower mean oxygen saturation, minimal
saturation and mean desaturation levels compared to the control group. These results are
in agreement with those of previous studies, which showed that recurrent apnea attacks
in patients with OSA cause hypoxia reperfusion injury and oxidative stress, endothelial
dysfunction and, consequently, ED [41]. Severe and moderate OSA was more prevalent
in the ED group than in the control group, which may be a possible explanation for
these observations.

OSA is a known risk factor for erectile dysfunction; however, the mechanism un-
derlying ED in patients with OSA is complex and remains unclear. The data on EDS
(excessive daytime sleepiness) and ED are limited and often contradictory. Surprisingly, it
was demonstrated that ED subjects had significantly lower ESS and SaO, [42]. Recently.
Jeon also showed that ESS is inversely correlated with the International Index of Erectile
Function (KIIEF-5) [43]. We have shown that patients with ED have increased total ESS
scores compared to those of the control group, which is a novel observation. This is most
likely the result of increased frequency of severe and moderate OSA in the ED group.
However, we have not observed a statistically significant difference in AHI between the ED
and control groups; thus, other mechanisms may be involved.

The most unexpected result of our study is the presence of a relationship between ED
and N3 sleep (%TST) in normotensive patients; however, the duration of N3 was similar
between the ED group and the control group. We did not observe this relationship in
hypertensive patients, which might suggest different relationships between the structure of
sleep and ED depending on the blood pressure levels. We have also observed a positive
relationship between AHI, ODI (oxygen desaturation index), and erectile dysfunction, and
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a negative relationship between mean saturation, minimal saturation, TST and erectile
dysfunction in the normotensive group. The relationship between AHI, ODI, TST and ED
was not observed in hypertensive patients.

The present study confirms the strong role of hypoxia in erectile dysfunction. Firstly,
we observed decreased mean oxygen saturation as well as minimal oxygen saturation
levels in the erectile dysfunction group compared to those of the control group. Secondly,
both in hypertensive and normotensive patients, mean and minimal oxygen saturation
were related to erectile dysfunction. Chronic hypoxia may be observed in physiological
conditions such as aging, as well as in many pathological conditions such as smoking and
chronic obstructive pulmonary disease (COPD), heart and respiratory failure, obstructive
sleep apnea, atherosclerosis, diabetes, and hypertension. It is worth noting that CPAP
(continuous positive airway pressure), when used with testosterone replacement therapy,
can increase total testosterone and cause an improvement in the indicators of altered
nocturnal penile erection episodes [44]. In the present study’s regression analysis, the
oxygen desaturation index was associated with ED only in the normotensive group. These
results may indicate the role of oxygen level drops in normotensive but not in hypertensive
patients. Recently, Feng demonstrated that minimum oxygen saturation and average
oxygen saturation may predict the occurrence of ED in obstructive sleep apnea patients [45].
The possible mechanisms involved in hypoxia on erectile dysfunction mainly include
excessive reactive-oxygen-species-mediated oxidative stress, hypoxia-inducible factors-1o
mediated endothelial cell apoptosis and proliferation inhibition, endothelial dysfunction,
reduced nitric oxide production and systematic inflammation [46].

Short sleep duration is considered a risk factor for erectile dysfunction. The sleep
duration recommended by the AASM is between 7 and 9 h of sleep. A short sleep duration
is defined as habitual sleep time of less than 6 h [47]. It was previously shown that
short sleep is associated with a large group of disorders, such as hypertension, diabetes,
major depressive disorder, and other morbidities [48,49]. Sleep duration is decreasing in
modern societies, as large cohorts studies have shown [50-52]. As much as 29.1% of adults
suffered from short sleep duration is United States [53]. The pathomechanisms of erectile
dysfunction in short sleepers are complex and lead to hypothalamic—pituitary—adrenal axis
overactivity, resulting in cortisol release as well as an autonomic nervous system imbalance,
consequently resulting in catecholamines release and vasoconstriction. Moreover, short
sleep duration may reduce the testosterone level and the frequency of REM sleep and
sleep-related erections (SREs) [54]. SREs or nocturnal penile tumescence (NPT) can be
measured using PSG. The majority of NPT occurrences, which are a physiological and
spontaneous phenomenon, are related to REM sleep [55]. The erection initiates during
the shift from NREM to REM sleep with full tumescence throughout REM; however, in
the present study, we did not measure NPT. It is worth noting that short sleep duration
is related to many negative health outcomes such as cardiovascular diseases, increased
morbidity and mortality [56,57]. In the present study, we did not observe statistically
significant differences in total sleep time between the patients with erectile dysfunction
and the control group. Although sleep time was comparable, we noticed an increased stage
N1 sleep duration. A high percentage of the stage N1 sleep is usually a result of frequent
arousals caused by sleep disorders or environmental disturbances. Thus, in the present
study, altered sleep structure, but not sleep duration, was related to erectile dysfunction.

Summarizing, we studied the sleep structure and level of sleepiness of a relatively
large ED cohort using polysomnography, which is the gold standard for sleep assessment.
We have confirmed many observations that have been described before, especially the
relationship between OSA and ED; however, this study has some novel conclusions. We
have also observed an increased sleepiness level in ED subjects in comparison to that of the
control group. We have shown the importance of oxygen saturation parameters and altered
sleep architecture in erectile dysfunction. We have also confirmed the relationship between
ED and sleep parameters in normotensive but not in hypertensive patients. These results

89



Life 2023, 13, 1541

indicate a different mechanism of ED in hypertension; thus, further studies are needed to
explain these observations.

The strengths of this study are its large population and use of the gold standard
in sleep disorders diagnosis (avPSG). However, several limitations of the present study
should be highlighted. Firstly, we did not use any scales for measuring erectile dysfunc-
tion, including the International Index of Erectile Dysfunction (IIED), which may be a
major confounder. The cause, type and degree of severity of ED was not studied. We
did not collect data on hypotensive therapy, which could affect erectile dysfunction. In
addition, there was a small number of patients in the group without OSA compared to the
OSA group.

5. Conclusions

Patients with erectile dysfunction are more likely to be affected by obstructive sleep
apnea, altered sleep architecture and oxygen saturation parameters compared to the control
group. The sleepiness measured using ESS in patients with erectile dysfunction is increased
compared to that of the control group.
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Abstract: Background: The use of artificial intelligence (AI) in health sciences is becoming increasingly
popular among doctors nowadays. This study evaluated the literature regarding the use of Al for
CBCT airway analysis. To our knowledge, this is the first systematic review that examines the
performance of artificial intelligence in CBCT airway analysis. Methods: Electronic databases and the
reference lists of the relevant research papers were searched for published and unpublished literature.
Study selection, data extraction, and risk of bias evaluation were all carried out independently and
twice. Finally, five articles were chosen. Results: The results suggested a high correlation between
the automatic and manual airway measurements indicating that the airway measurements may be
automatically and accurately calculated from CBCT images. Conclusions: According to the present
literature, automatic airway segmentation can be used for clinical purposes. The main key findings of
this systematic review are that the automatic airway segmentation is accurate in the measurement of
the airway and, at the same time, appears to be fast and easy to use. However, the present literature
is really limited, and more studies in the future providing high-quality evidence are needed.

Keywords: Artificial Intelligence; CBCT; airway

1. Introduction

The digital era in health sciences has been ushered in by recent innovations like cone
beam computed tomography (CBCT), 3D printing, and artificial intelligence (AI). Those
innovations have been playing an important role in the field of health sciences to support
diagnosis and customized treatment solutions [1-3]. In 1956, Dartmouth University was
the first to use the terminology “artificial intelligence”, which is defined as computerized
synthetic human cognitive function [4]. Since then, the application of Al has grown dra-
matically [5,6]. Thanks to improvements in analytics methods, computing power, and data
accessibility, Al may touch many aspects of modern culture. On a global scale, we are
already noticing its effects on our day-to-day lives. In addition to filtering information
for social media and web searches, it also does this for consumer electronics like cameras,
cellphones, tablets, and even cars. Due to the scientific method, which is presently under-
going a paradigm shift in the multidisciplinary link between Al and data science, all recent
advancements and advances in dentistry have been made possible [7,8].

Artificial intelligence (AI) refers to fundamental technologies including deep learning,
artificial neural networks (ANNs), and machine learning. A significant area of artificial
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intelligence is machine learning. Machine learning makes predictions about new data and
circumstances using the statistical patterns of previously learned data. Training data are
necessary for machine learning to function. Machine learning cannot work without training
data. With this approach, the computer model can develop over time by learning from
experience rather than through conventional explicit programming. A model needs a large
quantity of data to using abstractions from various processing levels. A subset of artificial
intelligence is deep learning. Deep learning is the process by which computers learn to
think utilizing structures inspired by the human brain, whereas machine learning is the
process by which computers learn to think and act with less human intervention. The
benefit of deep learning is that little engineering effort is needed to prepare the data for
analysis. Recognition of visual objects and item identification have seen the most use of
deep learning techniques. Orthodontic and Otolaryngology (ORL) clinical applications
favor more advanced Al solutions, such as cone beam computed tomography (CBCT) and
3D convolutional neural networks (3D CNN). “Strong AI” or “deep Al” is a type of artificial
general intelligence (AGI) that is comparable to humans in terms of problem-solving ability.
In contrast to the majority of today’s advanced Al algorithms, physicians possess the
capacities for abstract thought, strategic planning, and the generation of original ideas [9].
AGI will have the capacity to think very much like a human. Beyond our comprehension,
artificial super intelligence (ASI) will be able to learn and grow beyond human capacities.

A notable dilemma involving legal culpability for flaws in Al algorithm assessment
and potential erroneous medical intervention is one of the issues surrounding Al applica-
tion. As is well known, Al can be programmed to reflect the biases of any individual [10].
We do not know how deep Al algorithms generated the results, which is another dilemma
that Zhang et al. addressed [11]. Due to the black-box nature of Al processes, current
research has focused on “explainable artificial intelligence (XAI)” to get around this limita-
tion. In contrast to Al methods like deep learning, XAI may offer both decision-making
and model explanations [11]. Several publications cover this subject [12,13].

The upper airway, also known as the pharyngeal airway space, is a complicated
anatomical region that is closely related to the nearby bone and soft tissue components. It is
mostly in charge of carrying out actions including breathing, speaking, and swallowing [14].
Since multiple investigations have shown its connection to craniofacial growth and develop-
ment, the upper airway assessment has attracted the attention of physicians [15-18]. Since
the craniofacial complex could be responsible for possible constrictions of the upper airway,
physicians used surgical and non-invasive methods to change the anatomy and resolve the
airway constriction. The use of X-rays is really important to assess the effectiveness and find
the possible side effects of these treatments [19]. In the past, two-dimensional (2D) lateral
cephalometry was used to evaluate airway alterations in patients with dentofacial and
skeletal anomalies during the stages of diagnosis, treatment planning, and follow-up [20,21].
However, due to the possible drawbacks of 2D approaches to representing the upper air-
way, computed tomography (CT), cone-beam CT (CBCT), and magnetic resonance imaging
(MRI) have largely taken their position as a clinical standard for assessing upper airway
volume and dimensional changes in order to comprehend their pathogenesis [22-24]. CBCT
has proven to be as accurate as other gold standard methods for measuring the upper
airway volume and constricted area [25].

It is now proved that CBCT can be used in every day practice to accurately measure
the airway volume and minimum cross-section area; this plays a critical role in evaluating
and managing different airway disorders [25]. The use of artificial intelligence in CBCT
airway analysis could provide accurate and fast measurements to the clinicians. This
would be translated to faster management of different airway disorders that could be life
threatening. This article aims to systematically review the current literature on the use of
artificial intelligence in CBCT airway analysis. To our knowledge, this is the first systematic
review that examines the performance of artificial intelligence in CBCT airway analysis.
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2. Materials and Methods
2.1. Protocol and Registration

The protocol for this present systematic review was registered on the Open Science
Forum Database following the Prisma-P guidelines1 (Protocol: 10.17605/OSF.10/4HWB]).

This systematic review was conducted by using the following keywords in the search
strategy “Artificial Intelligence”, “airway volume”, “cbct”. Those keywords were com-
bined with the following Medical Subject Heading (MeSH terms): “Artificial Intelligence”
[Mesh], “Cone-Beam Computed Tomography” [Mesh]. The databases used for the elec-
tronic search were Med-line (PubMed), Cochrane Library, and Scopus. A manual search
was also carried out. There was a choice of exclusively English-written papers, and the
publication duration was unrestricted. Personal opinions were omitted from studies. The
search was conducted for studies published until July 2022. The search strategy for PubMed

is presented in Table 1.

Table 1. The search strategy for PubMed.

“Cone-Beam Computed Tomography” [Mesh] AND airway volume 330 results
“Cone-Beam Computed Tomography” [Mesh] AND Artificial Intelligence” [Mesh] 257 results
Artificial Intelligence” [Mesh] AND airway volume 76 results
“Cone-Beam Computed Tomography” [Mesh] AND Artificial Intelligence” [Mesh] AND airway volume 4 results

Studies were chosen by three authors separately and in duplication (LA.T., E.P,, E.G.K)).
Discussion with other authors helped to clarify any potential inconsistencies (O.K., A.LT,
J.M.P). The names of the studies” authors, their institutions, or their research conclusions
were revealed (not blinded). The authors first looked for possibly pertinent research by
title, then they read the abstract and eliminated any irrelevant papers. Later, to locate more
papers that were missed by database searches, a manual search of relevant study references
was conducted. Finally, after thoroughly reviewing all of the papers, a decision was taken
based on our inclusion and exclusion criteria (Table 2).

Table 2. Inclusion and Exclusion criteria.

Studies that refer to the use of artificial intelligence for CBCT airway analysis Studies that are reviews or authors’ opinion

prospective or retrospective studies

2.2. Data Items and Collection Extraction and Management

The data were independently extracted and duplicated by three review writers (L. A.T.,
E.P., E.G.K.). Study participants, the intervention, the results, the techniques of outcome
evaluation, the findings, and the conclusion were among the data that were extracted. The
present authors reported and examined only the data that were available because they did
not have access to any missing data.

2.3. Risk of Bias/Quality Assessment in Individual Studies

The Cochrane Quality Assessment of the ACROBAT-NRSI tool was used to evaluate
the methodology of the included studies and determine whether there were any applicabil-
ity or bias problems. Based on the following, each domain was evaluated and classified as
high risk, low risk, or unclear:
1. Low risk of bias if all key domains of the study were at low risk of bias.
2. Unclear risk of bias if one or more key domains of the study were unclear.
3. High risk of bias if one or more key domains were at high risk of bias.
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3. Results

In the initial data search, 1050 studies were found from all data bases. Only 70 of these
papers were chosen, based on the study’s title. Each chosen article was then thoroughly
assessed by three independent authors who read the complete document. Five publications
in all were chosen for the present systematic review. Four studies were the result of PubMed
search while on extra research paper was found through Scopus.

All the final selected articles were prospective studies. All studies evaluated the
accuracy of Al systems in segmenting and calculating airway volume based on CNN and
RNN models. Three articles used their own model for software usage while one of the
remaining two used the Mimics 19.0, InVivo 5 software and the other one the Diognocat,
InVivo 5 software [26-30]. The procedure of article selection is presented on a flow diagram
(Figure 1), and data are briefly presented in Table 3.

Risk of Bias within Studies

The following seven criteria were applied to non-RCT studies: bias due to confounding,
bias in the selection of participants into the study, bias in the measurement of interven-
tions, bias due to departures from intended interventions, bias due to missing data, bias
in measurement outcomes and bias in the selection of the reported result. Two of the
studies presented high risk of bias while the other three presented low risk of bias in all
measurements (Table 4).

Initial studies identitied by database searching
(n=1050)

-Duplicate records removed (n=0)
-Records marked as ineligible by
automation tools (n=0)

Studies retrieved for more detailed evaluation
(n="70)

Studies excluded after examination
— of abstract (n=49)

v

Appropriate studies to be included

(m=21)
< Studies added from hand
(n=0)
v
Final studies included
(n=3)

Figure 1. Prisma Flow diagram-—selection of studies.
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4. Discussion

All studies in the present systematic review reported equal conclusions regarding the
accuracy and the benefit of automatic segmentation of the upper airway by deep learning
methods. It is important to mention that all studies were reported in 2021 and after. This
shows that the scientific interest in Al and airway volume segmentation has really increased
in the last few years. We were able to access all the known databases to minimize the
limitations of this study. However, a possible limitation could appear for articles not
included in any of the databases we used.

The first and most important stage in assessing the upper airway volume is segmenta-
tion, which allows the airway space to be distinguished from the rest of the scan and can
then be visualized and quantified in three dimensions. Various upper airway segmentation
methods and algorithms that are either manual, semiautomatic, or automatic in nature
have been developed over the past ten years [31]. Even while hand segmentation is the
gold standard and provides the most precise replication of the anatomical structure, it is
labor- and time-intensive. Numerous threshold-based semiautomatic software programs
have been approved for volumetric assessment as well [32]. In these programs, the user
specifies a volume of interest (VOI), and the program automatically combines the gray
threshold values in that area without effectively taking into account the image intensity
and anatomical variations. Similar to this, several studies have proposed a set threshold
value for segmenting the upper airway [33,34], although this value may change based on
the CBCT equipment, scanning parameters, machine calibration, and noise from patient
movement or metal artifacts [35,36]. The semiautomatic method has proven to be accu-
rately measured by different software [37]. For the segmentation of the upper airway, prior
studies have also presented fully automatic advanced and hybrid picture segmentation
techniques. However, due to either poor precision, fixed thresholding, manual localization
of seed points, manual VOI selection, reliance on picture orientation, or algorithmic failure
under varied scanning parameters, they are of limited value [32,38—40].

The first study discussed here was reported in early 2021 from Leonardi et al. Aiming
to fully automate the segmentation of the pharyngeal airway, and the sinonasal cavity from
cone-beam computed tomography (CBCT) scans, they evaluated the accuracy of a new
autonomous deep learning-based approach. In order to manually segment the sinonasal
cavity and pharyngeal subregions of 40 healthy patients” CBCT scans (20 women and
20 men), Mimics software was used (version 20.0; Materialise, Leuven, Belgium). A total
of 20 CBCT scans were chosen at random from the entire sample and used to train the
Al model file. By contrasting the segmentation volumes of the 3D models created with
automatic and manual segmentations, the remaining 20 CBCT segmentation masks were
utilized to assess the precision of the CNN completely automatic technique. Their results
suggested a low model error (0.31 mm?), and all the measurements were highly correlated
with an intraclass correlation coefficient of 0.921. Between the approaches, there was a
mean difference of 1.93 + 0.73 cm?, but it was not statistically significant (p > 0.05). The
average matching percentage found was 85.35 & 2.59 and 93.44 + 2.54. The disparities
between the assessments made using the two approaches were 3.3% and 5.8%, respectively,
as expressed by the Dice score coefficient in percentage [26].

In April of 2021, Park et al. reported on the precision of an airway volume measure-
ment made using a deep learning model based on regression neural networks. The system
for entirely automatic segmentation of a deep learning process was built using a set of
manually drawn airway data. One examiner used the mid-sagittal plane of 315 patients’
cone-beam computed tomography (CBCT) scans to identify the manual landmarks of
the airway. They performed clinical dataset-based training with data augmentation. The
airway channel was measured and segmented using markers that were annotated. The
authors were able to verify the accuracy of the model by assessing the following differences
between the examiner and the program: (1) a difference in the nasopharynx, oropharynx,
and hypopharynx volume; and (2) the Euclidean distance. A total of 61 samples were
collected and compared for the agreement analysis. The correlation test revealed a reliabil-
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ity range from high to outstanding. Regression analysis was used to examine differences
in volume. There was a strong linear regression connection between the slopes of the
two measurements, which was close to 1 (r? = 0.975, slope = 1.02, p < 0.001). These findings
suggested that fully automatic airway segmentation is trainable using deep learning in
artificial intelligence. Furthermore, they found that there was a strong correlation between
manual data and deep learning data [27].

A month later, and more specifically in May of 2021, Shujaat et al. reported an evalua-
tion of a deep learning-based three-dimensional (3D) convolutional neural network (CNN)
model for automatically segmenting the pharyngeal airway space, and its performance
was examined. From a database of individuals undergoing orthognathic surgery, 103 CT
and CBCT scans were obtained. Two CBCT devices (Promax 3D Max, Planmeca, Helsinki,
Finland, and Newtom VGi evo, Cefla, Imola, Italy) and one CT (128-slice multi-slice spiral
CT, Siemens Somatom Definition Flash, Siemens AG, Erlangen, Germany) with various
scanning parameters made up the acquisition devices. The airway was automatically
segmented using a 3D CNN-based model called the 3D U-Net. The entire CT/CBCT
dataset was divided into three sets: training set (1 = 48) for training the model based on
the observer-based manual segmentation that provided the basis for it; test set (n = 25)
for obtaining the model’s final performance; and validation set (n = 30) for comparing the
model’s performance to that of observer-based segmentation. Their results suggested that
the segmented region could be distinguished by the CNN model with the best precision
(0.97 £ 0.01) and recall (0.96 £ 0.03). The maximum deviation between the ground truth and
the artificial segmentation based on the 95% Hausdorff distance score was 0.98 & 0.74 mm.
The segmented region’s high likeness to the real world was validated by the dice score of
0.97 £ 0.02. It was also discovered that the Intersection over Union (IoU) metric had a high
value (0.93 £ 0.03). In comparison to the Promax 3D Max and CT device, the Newtom VGi
Evo CBCT performed better based on the acquisition devices [28].

In December of 2021, Sin et al. reported on a deep learning artificial intelligence
(AI) system to assess an automatic segmentation algorithm for the pharyngeal airway
in cone-beam computed tomography (CBCT) images. In this retrospective investigation,
data from 306 participants on the pharyngeal airway were included after archives of
CBCT pictures were reviewed. Using serial CBCT images, a machine learning method
built on Convolutional Neural Networks (CNN) segmented the pharyngeal airway. The
airway was manually generated using semi-automatic software (ITK-SNAP), and the
outcomes were contrasted with those of artificial intelligence. When comparing the results
of measurements made by humans versus algorithms powered by artificial intelligence,
the dice similarity coefficient (DSC) and intersection over union (IoU) were utilized as
measures of segmentation accuracy. The average pharyngeal airway volume, according to
the human observer, was 18.08 cm3, while the average volume of artificial intelligence was
17.32 em3. Tt is possible to segment the pharyngeal airways with a dice ratio of 0.919 and a
weighted IoU of 0.993 [29].

Finally, the study of Orhan et al. (2022) was characterized by two goals. The first
goal of this work was to develop and verify an algorithm for automatically detecting
the pharyngeal airway on CBCT data using artificial intelligence (AI) software called
Diacat. The second goal was to compare the recently created artificial intelligence system
to commercially available software for 3D CBCT evaluation in order to validate it. The
pharyngeal airway in obstructive sleep apnea (OSA) patients was automatically assessed
for the first time in this study. The segmentation of the pharyngeal airways in OSA and non-
OSA patients was performed using a machine learning technique based on convolutional
neural networks. Radiologists manually determined the airway using semi-automatic
software, and their measurements were compared with those of the Al. The mean airway
volumes of the several OSA patient groups (minimal, mild, moderate, and severe) were
compared. In addition, patients with OSA and those without it were compared in terms of
their airway’s narrowest points (mm), its field (mm?), and its volume (cc). In all groups,
there was no statistically significant difference between measures taken using the manual
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method and those taken using the Diagnocat (p > 0.05). For manual and automated
segmentation, the interclass correlation coefficients were 0.954 for Diagnocat, and 0.956 for
automatic segmentation. They examined the output images to determine why the mean
value for the total airway was higher in the DC measurement, even though there was
no statistically significant difference in total airway volume measurements between the
manual measurements, automatic measurements, and DC measurements in non-OSA and
OSA patients. Due to the low soft-tissue contrast in CBCT images, it was shown that the
DC algorithm also assesses the epiglottis volume and the posterior nasal aperture volume,
which results in greater values for airway volume measurement [30].

According to this systematic review the present literature is really limited as regards
studies that looked at the accuracy of artificial intelligence use for CBCT upper airway
analysis. In order to have strong evidence on how accurately CBCT airway analysis is
performed with the use of artificial intelligence, more randomized prospective studies
should be performed. Those studies should limit all kind of bias in order to provide high
quality evidence.

5. Conclusions

The pharyngeal airway may now be automatically segmented from CBCT images
thanks to a successful Al algorithm. According to the present literature, the automatic
segmentation can be put to clinical use. This is because it appears to be accurate in the
measurement of the airway but at the same time it appears to be fast and easy to use.
However, there were only 5 studies in the present literature to support these data and only
3 of them reported a low risk of bias. More studies in the future providing high-quality
evidence are needed.
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Abstract: The critical role of epiglottis in airway narrowing contributing to obstructive sleep apnoea
(OSA) and continuous positive airway pressure (CPAP) intolerance has recently been revealed. This
systematic review was conducted to evaluate available surgical treatment options for epiglottic
collapse in adult patients with OSA. The Pubmed and Scopus databases were searched for relevant
articles up to and including March 2022 and sixteen studies were selected. Overall, six different
surgical techniques were described, including partial epiglottectomy, epiglottis stiffening operation,
glossoepiglottopexy, supraglottoplasty, transoral robotic surgery, maxillomandibular advancement
and hypoglossal nerve stimulation. All surgical methods were reported to be safe and effective
in managing selected OSA patients with airway narrowing at the level of epiglottis. The surgical
management of epiglottic collapse can improve OSA severity or even cure OSA, but can also improve
CPAP compliance. The selection of the appropriate surgical technique should be part of an individu-
alised, patient-specific therapeutic approach. However, there are not enough data to make definitive
conclusions and additional high-quality studies are required.

Keywords: epiglottis; epiglottic collapse; obstructive sleep apnoea; surgical treatment; surgery

1. Introduction

Obstructive sleep apnoea (OSA) is a common sleep disorder characterised by repeated
episodes of partial or complete airway collapse at various levels of the upper respiratory
tract during sleep, which leads to a decrease or cessation of airflow [1]. OSA affects at
least 7.8% of the adult population, with prevalence exceeding 50% in some countries [2],
and is characterised by oxygen desaturation, sleep fragmentation and excessive daytime
sleepiness [3]. Untreated OSA is an important risk factor of cardiovascular disease, arterial
and pulmonary hypertension, arrythmias, diabetes and mortality [4].

The gold-standard method for OSA diagnosis is overnight polysomnography [3,5].
Airway obstruction can be single- or multi-level, including the velum, the oropharynx, the
tongue base and/or the epiglottis. Epiglottic collapse was reported to concern a relatively
small number of OSA patients and is often overlooked [6]. However, the actual prevalence
seems to be higher, as the diagnosis of epiglottic collapse can elude doctors and be un-
derestimated on awake endoscopy [7]. The addition of drug-induced sedation endoscopy
(DISE) to the diagnostic approach helps surgeons in identifying the level of obstruction and
provides the ability for more targeted treatment, increasing its success rate [8,9].

Continuous positive airway pressure (CPAP) is the first-line therapy in OSA, but
is often associated with poor compliance [9]. Among alternative therapeutic modalities,
surgical treatment constitutes an effective option in selected patients and especially in those
with narrowing at the level of the epiglottis [10,11]. The aim of this systematic review is to
provide an overview of the current literature regarding surgical treatment options in OSA
patients with epiglottic collapse.
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2. Materials and Methods

The Pubmed and Scopus databases were searched for relevant journal articles up to
and including March 2022. Search terms included ‘sleep apnoea’, ‘epiglottic collapse” or
‘epiglottis” or ‘epiglottic obstruction’, ‘treatment’ or ‘management’ or ‘therapy’. We aimed
to identify all full-text articles that examined the surgical treatment options for treating
epiglottic collapse in patients with obstructive sleep apnoea. The eligibility criterion for
inclusion in the review was a specific focus on the surgical treatment of epiglottic collapse
in an adult population (>16 years of age). Studies with no data on surgical management,
articles concerning paediatric patients (<16 years old), reviews and books were excluded.
Non-English articles and animal and model studies were also excluded. Two authors
independently performed the article search, article selection and data extraction. The
reference lists of the chosen articles were manually searched to further identify relevant
articles. The PRISMA guidelines were adapted for the current review.

3. Results
3.1. Search Results and Article Selection

The electronic database search identified 1181 articles. After the removal of 207 duplicates,
the articles were screened by evaluating the titles and abstracts and selection was made
based on the appliance of inclusion and exclusion criteria. A total of 169 articles were
selected and full texts were retrieved. After further evaluation of their full text, 154 articles
were excluded for the following reasons: language restrictions, full text unavailable, conser-
vative treatment of epiglottic collapse, paediatric patients, animal studies, anatomic location
of airway obstruction, books and reviews. In total, sixteen studies met the eligibility criteria,
as one additional article was added from the reference search (Figure 1). The articles were
categorised into three case reports (CRs), four case series (CSs), seven retrospective cohort
studies (RCSs), and two prospective cohort studies (PCSs).

Records identified through Medline and

Scopus search Records removed before screening:
(n=1181) - Duplicate records removed
(n=207)

|

Titles/abstracts screened

Excluded (1 = 805)
(Age <16 years, conservative

(n=974) _ treatment, animal studies, model
studies, books, non-English)
3 — Full-text articles excluded
Full text articles assessed for eligibility (n=154)
(n=169) (Age <16 years, conservative

treatment, animal studies, model
studies, books, non-English, full-
text unavailable)

1 additional article from
reference search

16 articles included

Figure 1. Literature search and article selection; n: number of studies.

The variations between the studies with regard to study type, patient characteristics
and type of surgery are outlined in Table 1. The quality of each study was evaluated by us-
ing the GRADE (Grading of Recommendations Assessment, Development and Evaluation)
system [12]. Additionally, Table 2 shows the preoperative and postoperative outcomes,
including the Oxygen Desaturation Index (ODI), the Apnoea Hypopnoea Index (AHI)
and the Epworth Sleepiness Scale (ESS) scores for each study, in order to evaluate the
effectiveness of surgical treatment on epiglottic collapse.
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3.2. Partial Epiglottectomy

A total of three studies were identified that reported CO, partial epiglottis resection
for the treatment of epiglottic collapse in OSA patients [14,18,27]. In a study published by
Catalfumo et al., twelve patients with epiglottis collapse underwent partial epiglottectomy,
with no serious complications. The results indicate that this operation can increase the
OSA treatment success rate by 10-15%, with a significant improvement in oxygen blood
saturation, apnoea duration and the apnoea hypopnea index (AHI) score after surgery [27].
Golz et al. performed U-shaped partial epiglottectomy with a CO;, laser in 27 adults
with OSA and laryngomalacia, uneventfully. Postoperative sleep studies demonstrated
a statistically significant improvement in 85% of patients and complete relief of their
respiratory symptoms. A significant decrease in the respiratory disturbance index (RDI)
was achieved in 77.8% of the patients [18]. Verse et al. [14] published a case report of a
70-year-old man who underwent a partial epiglottectomy using the CO, laser, due to a
very large epiglottis. After the surgery, the patient regained the ability to sleep in the
supine position with a reduced AHI score and complete disappearance of all respiratory
disturbances [14]. Not only the CO, laser, but also monopolar diathermy can be used
for partial epiglottectomy [15,23]. Oluwasamni et al. reported four cases undergoing
endoscopic partial epiglottectomy using monopolar diathermy to treat a floppy epiglottis.
This was found to be safe and effective with minimal morbidity [15]. Similarly, in a study
published by Jeong et al., the authors used monopolar electrocautery to proceed to partial
resection of the epiglottis, in order to improve CPAP usage. The patients were relieved
from the feeling of suffocation with a reduction in the AHI score and satisfactory use
of CPAP [23].

3.3. Epiglottis Stiffening Operation

The literature search revealed two articles that described the epiglottis stiffening op-
eration (ESO) as a therapeutic approach to epiglottic collapse in OSA patients [21,26].
Salamanca et al. [26] used suction cautery to cauterise the lower half of the lingual surface
of the epiglottis in the area between the lateral glosso-epiglottic folds to induce stiffening
and scar retraction of tissues as a result of secondary healing. The authors highlighted the
importance of reaching the perichondrium of the lingual side of the epiglottis, to induce stiff-
ening in the direction of median thyroepiglottic ligament. ESO was performed in 14 patients
without complications such as dysphagia or aspiration [26]. Leone et al. published a retro-
spective study, in which one patient developed a sleep-related breathing disorder, due to a
floppy epiglottis as a consequence of chemo- and radiotherapy for head and neck cancer.
The patient underwent an epiglottis stiffening operation without postoperative complica-
tions and reached a resolution of OSA with normalisation of the AHI after surgery (from
47.7 episodes/h prior to surgery, the AHI decreased to 4.7 episodes/h, postoperatively) [21].

3.4. Glossoepiglottopexy

Roustan et al. developed a surgical technique that provides a support to the epiglottis
without destroying its function during swallowing. They analysed a group of 20 patients
who underwent glossoepiglottopexy using a CO, laser and pharyngoplasty. There was
a significant reduction in the ESS score, AHI and ODI with normal swallowing in all
patients, postoperatively [28].

3.5. Supraglottoplasty

Supraglottoplasty with the intraoral and laryngoscopic approach was carried out
by Li et al. in one patient with OSA caused by laryngomalacia [17]. There was a good
response to treatment with improvement in snoring, daytime sleepiness and sleep apnoea.
Postoperative endoscopy revealed a reduction in the size of the epiglottis and arytenoids
without collapse of the supraglottic tissue.
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3.6. Transoral Robotic Surgery (TORS)

Three studies published the results of robotic-assisted surgery in the epiglottis for
OSA [20,22,25]. Shehan et al. [25] reported the first robotic-assisted epiglottopexy in the
adult otolaryngology literature. Namely, the authors described two cases with epiglottic
collapse undergoing robotic-assisted epiglottopexy. The first patient showed a decrease in
the AHI and ODI and the second patient had a significant decrease in the AHI and ESS [25].
Kayhan et al. [20] evaluated the results of combined multilevel surgery with transoral
robotic surgery (TORS) in patients with OSA and multilevel airway obstruction. DISE was
performed in all patients in order to identify the level of obstruction and determine the type
of surgery required. A total of 24 patients underwent a base of tongue (BOT) reduction and
epiglottoplasty. There was no need for tracheostomy in any of the patients. Sleep apnoea
was cured in 72% of the patients, whereas an additional 8% of the patients met the criteria
for surgical success. Another prospective study published by Arora et al. [22] included
10 patients who underwent TORS for tongue base reduction and epiglottoplasty. A 64%
success rate was achieved with a normal postoperative polysomnography in 36% of cases
at six months. There was a 51% reduction in the mean AHI score.

3.7. Maxillomandibular Advancement

Our search identified two studies by Liu et al. in which patients with OSA and
epiglottic collapse underwent maxillomandibular advancement (MMA) [16,19]. The first
retrospective cohort study included four patients with partial or complete epiglottic collapse
and a mean preoperative AHI score of 59.8 episodes per hour. Post-MMA, the AHI and
ODI scores had a statistically significant reduction, whereas postoperative sleep endoscopy
showed an improvement in the collapsibility of the epiglottis [19]. Subsequently, Liu et al.
published a retrospective cohort study of 20 OSA patients undergoing MMA. A total of 6 out
of 20 patients were found to have narrowing at the level of the epiglottis at the preoperative
assessment, which was resolved in half (three) of them after surgery. In contrast, three
patients had a residual epiglottic collapse despite surgery. The authors found that MMA
increases the stability of the lateral pharyngeal wall, followed by the velum and the tongue
base. The results were assessed with DISE and computational fluid dynamics [16].

3.8. Hypoglossal Nerve Stimulation

A retrospective cohort study by Xiao et al. included 13 patients who underwent
hypoglossal nerve stimulation (HNS) as a treatment for partial or complete epiglottic
collapse and obstructive sleep apnoea. The authors reported a significant improvement in
the AHI, ODI and ESS three months after HNS implantation [24]. In a study by Heiser et al.,
a 64-year-old male presented with residual OSA with an increased AHI and evidence of a
floppy epiglottis six months after upper airway stimulation [13]. A change of the electrode
configuration for stimulation from bipolar to monopolar produced a clear opening of the
epiglottis and the patient improved significantly.

4. Discussion

According to the guidelines published by the American Academy of Sleep Medicine,
a referral to a sleep surgeon should be considered for patients with OSA and a BMI of
less than 40 kg/m? who are intolerant or unaccepting of CPAP [29]. In adult OSA, airway
obstruction is often present at multiple levels and a thorough assessment of the upper
respiratory tract is necessary. DISE provides valuable information about the presence, level
and type of obstruction and can guide the selection of the appropriate surgical method,
increasing its success rate [9]. The role of DISE is crucial, especially in the presence of
epiglottic collapse, which is usually difficult to identify on awake endoscopy. Although the
role of the epiglottis in OSA was underestimated for many years, several recent reports
confirm the increased prevalence of this type of obstruction and highlight the importance
of targeted management in order to resolve OSA or improve CPAP compliance [7]. Our
review demonstrates that various surgical methods with satisfactory results and minimum

109



Life 2022, 12, 1845

morbidity exist. The selection of the optimal surgical option should primarily be guided by
the type of underlying pathology, although other factors, such as patient characteristics
and preference, and equipment availability, should also be considered.

The type of epiglottic collapse can be divided into anterioposterior, which is the most
common, and lateral collapse [30]. Before the advent of DISE, epiglottic collapse evaluated
by an awake clinical examination was reported to occur in 11.4% of OSA patients [28], but
its prevalence has increased since the wider use of DISE [30]. A study by Fernandez-Julian
et al. found that the epiglottis was involved in the obstruction of 24.1-28.4% of the patients
according to an awake examination, a rate that increased to 36.4% based on DISE [31].
Lan et al. [32] noted anterioposterior or lateral epiglottic collapse in 42.2% of their patients.
Another study using DISE in 324 patients reported a floppy epiglottis in 18.5% of them [33].
In most cases, epiglottic collapse co-exists with obstruction at other sites, whereas isolated
epiglottic collapse is seen in a significantly smaller number of patients, with a rate ranging
between 3.5% and 14.4% [18,34,35]. The prevalence of epiglottic collapse is significantly
higher when evaluating OSA patients who have previously failed upper airway surgery,
ranging from 44-72.9% [36,37].

The pathophysiology of epiglottic collapse remains not well understood and several
mechanisms have been proposed to explain this phenomenon. Epiglottic collapse may
occur secondary to anterioposterior collapse of the base of the tongue, pushing the epiglottis
backwards, or due to underdevelopment of the epiglottis, which leads to lateral collapse. An
underdeveloped epiglottis can cause laryngomalacia and sleep apnoea. Another described
mechanism is the complete isolated anterioposterior epiglottic collapse occurring during
inspiration, also known as the ‘trapdoor phenomenon’ [33]. In this case, the epiglottis
prolapses into the posterior pharyngeal wall during inspiration, causing airway obstruction.
Moreover, a previous history of radiotherapy for oropharyngeal or laryngeal cancer has
been reported to increase the risk for OSA by causing oedema and malacia of the epiglottis
and/or a floppy epiglottis [38].

The relationship between the shape of the epiglottis and its potential collapse is
still controversial. Sung et al. assessed 11 cases with isolated epiglottic collapse and
44 controls and found no differences in terms of epiglottic shape or curvature between the
two groups [35]. Another study showed no significant correlation between the position of
the epiglottis and the presence of collapse [33]. In contrast, Kanemaru et al. identified a
positive association between a concave posterior surface of the epiglottis and the degree
of airway collapse and, thus, the severity of OSA [39]. Catalfumo et al. [27] compared the
results of full polysomnography studies and found a correlation between the severity of
OSA and the position of the epiglottis. Kuo et al. [40] pointed out the connection between
the epiglottic length and epiglottic collapse, which can be screened with a CT scan or
cephalometry. An epiglottic length of more than 1.66 cm was indicative of collapse of the
epiglottis. Additionally, high hyoid mobility was correlated with epiglottic collapse in OSA
patients. In contrast, the epiglottic angle did not seem to play a role [40].

Satisfactory management in OSA patients presupposes the identification of the location
of the upper airway obstruction. Several diagnostic methods have been used to assess
upper airway patency and identify associated pathology in patients with OSA, including
awake flexible endoscopy, computed tomography (CT), magnetic resonance imaging (MRI),
cephalometry, intrapharyngeal pressure manometry and DISE. Since its first introduction
in 1991, DISE has gained popularity, as it allows a direct dynamic evaluation of the upper
airway during drug-induced “sleep” [6]. This technique is a useful method of assessing the
location, severity and pattern of airway obstructions. To better describe DISE findings in a
standardised way, the VOTE (velum, oropharynx, tongue base, epiglottis) classification has
been widely used with very good intra- and inter-rater reliability [8]. All patients should
undergo an awake fibre-optic nasolaryngoscopy prior to any surgical procedure to enable
the surgeon to fully assess the upper airway and identify any additional pathology. Those
with a high suspicion of epiglottic collapse should also undergo DISE, as it is challenging
to fully assess this type of obstruction on awake endoscopy [37].
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Although CPAP is the first-line therapy in OSA, its efficacy seems to be limited in
patients with epiglottic collapse [35]. The positive airway pressure can push the epiglottis
downward into the laryngeal inlet, leading to significant narrowing of the upper airway,
worsening of OSA and/or CPAP intolerance [30]. A recent study by Sung et al. suggests
that patients with epiglottic collapse have a higher CPAP adherence failure rate than
patients without epiglottic collapse [41]. Salamanca et al. and Shehan et al. also agree that
a poor response to CPAP in patients with epiglottic collapse occurs because the positive
pressure may worsen the epiglottic obstruction [25,26]. A collapsing epiglottis has been
found in 15-31.4% of adult patients with OSA who did not tolerate CPAP therapy or in
whom CPAP treatment was ineffective [28,42—-44]. Kim et al. confirmed this assertion by
publishing an article with an OSA patient with worsening epiglottic collapse during CPAP
application in a video presentation [45]. In case of residual obstruction after CPAP, an
upper airway reassessment should be performed to determine the presence and type of
epiglottic collapse [46], as these patients require different management.

Positional therapy and mandibular advancement devices are among the non-surgical
treatment options that have been suggested to manage epiglottic collapse. Both treatment
modalities seem to improve airway patency in those patients but only in mild cases, as in
the presence of severe OSA, additional treatment is usually required [45,47].

In contrast to conservative management, surgical therapy of epiglottic collapse seems
to be more effective. Several surgical techniques aiming to resolve epiglottic narrowing
have been reported in the literature with overall good results. The available operations
include less invasive techniques, such as partial epiglottectomy, glossoepiglottopexy and
supraglottoplasty, and relatively more aggressive techniques, including transoral robotic
surgery, maxillomandibular advancement and hypoglossal nerve stimulation. However,
the use of new technologies, such as diathermy and CO, and thulium lasers, along with the
gradual increase in surgical experience, have improved the safety of the operations [30].

It is known that the epiglottis participates in swallowing and is also involved in
preventing food aspiration by closing the laryngeal aditus during swallowing. Although
the main objective of surgical management is the improvement of upper airway patency by
resolving epiglottic collapse, the function of the epiglottis should also be preserved.

Partial epiglottectomy is an effective tool for patients with laryngomalacia or trapdoor
epiglottis. A carbon dioxide laser and monopolar diathermy have both been cited to
be useful in the surgical treatment of OSA caused by laryngomalacia [15,27]. Partial
epiglottectomy with a CO, laser has also been used to excise the redundant mucosa of
the arytenoids. This instrument provides a high degree of precision, while maintaining
homeostasis and minimising postoperative oedema. The technique was found to be safe
without complications. By cutting out the upper-middle one third to half of the epiglottis,
the aerodynamic shape of the hypopharynx is changed, resolving the obstruction caused
by the epiglottis.

It is often challenging to determine the optimal volume of effective epiglottic resection with-
out postoperative complications, as excessive epiglottic resection can cause aspiration, whereas
insufficient resection carries the risk of residual obstruction. Some studies suggest leaving a
residual 34 mm rim of healthy mucosa along the entire profile of the epiglottis [14,27,40]. Bar-
tolomeo et al. [48] report that V-shaped partial epiglottectomy minimises the risk of aspiration,
while ensuring satisfactory airflow through the epiglottic V during epiglottic movement.

The epiglottis stiffening operation (ESO) was first described by Salamanca et al. [26]
in 2019. Following this technique, stiffening and scar retraction leads to flexion of the
epiglottis towards the tongue base by secondary intention. The authors suggested leaving
some healthy tissue along the free border of the epiglottis to allow the activation of reflexes.
Overall, the ESO was found to be a safe and effective procedure with a shorter healing time
than partial epiglottectomy [26].

Another minimally invasive technique which can achieve resolution of epiglottic
collapse, while preserving the function of the epiglottis, is glossoepiglottopexy. Transoral
glossoepiglottopexy constitutes a safe and effective surgical treatment option for adults
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with OSA and epiglottic collapse and is associated with a lower risk of complications
compared to partial epiglottectomy [27,28]. This method provides stable support to the
epiglottis, protects its function during swallowing and creates a barrier for posterior falling
off the tongue base by reinforcing the wall of the airway [28].

Transoral robotic surgery (TORS) was first reported in 2010 as a modification of open
tongue base reduction and hyoid epiglottopexy to treat OSA [49]. It has been demonstrated
that TORS of the tongue base with or without epiglottoplasty by using a CO; or thulium
laser is a safe and effective alternative treatment option for selected patients, when other
treatment options failed. The ideal candidates are patients with an obstruction at the
level of tongue base and/or epiglottis and the procedure can be completed without major
complications or the need for tracheostomy or open surgery [22]. Although the surgeon
has no haptic feedback intra-operatively, TORS provides an excellent approach at the
hypopharynx with three-dimensional visualisation of the surgical field [20].

Maxillomandibular advancement constitutes an alternative surgical treatment for
patients with an intolerance to CPAP therapy, particularly for patients with severe lateral
pharyngeal and epiglottic collapse diagnosed on DISE. MMA is considered one of the most
effective treatment options for patients with OSA, but is associated with significantly higher
complication rates compared to other surgical options [50].

Non-obese patients with a history of previous CPAP failure or intolerance should
also be screened for upper airway stimulation [13,24]. Stimulation of the hypoglossal
nerve and activation of the genioglossus muscle unbars the base of the tongue and the
soft palate. Additional stimulation settings, such as changing the configuration of the
stimulation electrode, may optimise muscle recruitment to favour upper airway dilation
at the levels of the soft palate, tongue and epiglottis [13]. Despite the relatively excessive
surgical dissection required for implantation, hypoglossal nerve stimulation is a safe and
effective method with promising outcomes and low associated morbidity [24].

The aim of this systematic review was to assess the efficacy of surgical therapy in
patients with OSA and epiglottic collapse. The current evidence shows that several surgical
options with satisfactory outcomes and safety profiles exist. However, this review carries
out certain limitations and conclusions should be made with caution. First, a systematic
review was conducted but not a meta-analysis. The studies included were all either
retrospective or prospective observational studies. None of the studies was randomised or
multi-centre. Additionally, the outcomes were based on small sample sizes. There was also
a variation in the methodology and the duration of follow-up assessment after surgery. This
literature review included studies specifically mentioning the effect of surgical treatment in
patients with OSA and epiglottic collapse. However, it should be taken into consideration
that other techniques such as tongue base advancement may also affect airway patency at
the level of the epiglottis. Our literature search revealed that most studies have focused
on the impact of a surgical technique on the level of the tongue base or on upper airway
patency in general, without specifically evaluating and reporting outcomes on epiglottic
collapse. These studies are beyond the scope of this review and were excluded.

5. Conclusions

Since DISE has become a popular method for upper airway examination, the critical
role of the epiglottis in airway narrowing contributing to OSA has been revealed. Unfortu-
nately, CPAP intolerance or failure is relatively common in patients with epiglottic collapse
and, thus, alternative treatment options should be considered. Several surgical techniques
have been described in the literature, with overall satisfactory results and safety profiles.
The surgical management of epiglottic collapse can improve OSA severity or even cure
OSA but can also improve CPAP compliance. Moreover, as upper airway obstruction is
often multilevel, epiglottic surgery can also be combined with other upper airway pro-
cedures. The selection of the appropriate surgical technique should be made based on
the type of airway obstruction, patient characteristics and preferences, surgical skills and
equipment availability, as part of an individualised, patient-specific therapeutic approach.
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Nevertheless, our findings should be evaluated with caution due to the low quality of the
included studies. For that reason, there is a need for high-quality randomised trials with
large sample sizes to allow us to safely determine the effect of surgery in patients with OSA
and epiglottic collapse.
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